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Abstract

Microrobots have increasingly been associated with life science
applications in the last twenty years. It is the current belief that micro and
nanometer sized mobile agents will soon be able to accomplish many
therapeutic tasks in the body in a minimally invasive and targeted way. The
current goal of many research groups is to provide the tools and the methods
for their fabrication, navigation, control, and interaction with the human body.
The field has currently taken advantage of well-established MEMS
(microelectromechanical systems) technologies to fabricate devices that are
“small enough” for the purpose, while their intelligence, locomotion and
actuation abilities rely on complex externally automated platforms. The state
of the art is currently based on wireless magnetic manipulation, while
tracking methods range from computer vision to magnetic detection,
ultrasound, and thermal imaging.

The aim of this doctoral work is to show the possibility to achieve “on board”
additional features, targeted toward biomedical applications, by including
soft smart hydrogels during the fabrication process. These polymeric
networks resemble biological tissues in their chemical and physical
properties and are often used for biomedical applications, thanks to their
intrinsic biocompatibility. Moreover they are able to respond to external
stimuli, such as a change of pH, temperature, or concentration gradients.
Hydrogels are particularly attractive because their properties and actuation
can be tailored, with regard to their application, biological environment, or

kind of stimuli required.

Xii



In the first part of this thesis, soft hydrogel-based microrobots and micro-
and nanofabrication methods for shaping polymer and soft-materials for
robotics applications are briefly reviewed. These examples can be linked with
the more general trend in robotics to exploit soft polymeric materials for the
design of biomimetic robots, with enhanced properties compared to the
traditional stiff machines.

Following this introduction, four chapters describe the experimental work
that constitutes the core of this dissertation. Considering the current majority
of microrobotic prototypes, the first goal was to develop a strategy for soft
smart hydrogel coatings on hard complex substrates and overcome the typical
problems of delamination or poor actuation of the polymeric parts. This was
achieved by electrodeposition of chitosan, a pH responsive biopolymer,
which forms stable highly swelling hydrogels at basic conditions. Chitosan
can be cathodically electrodeposited on conductive substrates with different
shapes and architectures due to the induced electrolysis of water. The
formation of hydrogen at the cathode (substrate) leads to an increase of pH,
which, in turn, causes the immobilization of responsive chitosan films. This
method was used to manufacture smart drug delivery platforms for targeted
therapies in the posterior segment of the eye. The films provided a sustained
drug release by diffusion at physiological pH. Slight acidic conditions
(similar to the ones found in tumors or inflamed tissues) caused solubilization
of chitosan and significant acceleration of drug release. The described method
can be adapted for different available biopolymers (such as alginate, or
hyaluronic acid) and implemented for the fabrication of multifunctional smart
films on microdevices capable of responding to changes in the environmental

conditions.
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The second experimental work combines a self-folding, near infrared light
(NIR) sensitive bilayer, magnetic alginate beads, and a 3D electromagnetic
manipulation system in a targeted, on-demand drug and cell delivery
platform. This approach enables the fabrication of smart fully hydrogel-based
microrobots whose behavior can be remotely and reversibly controlled and
modified.

Self-folding assembly provided the flexible strategy to create 3D structures
of different shapes and sizes through photolithography. The intrinsic thermal
responsive properties of N-isopropylacrylamide (NIPAAM) were exploited
and modified with acrylamide (AAM) and graphene oxide (GO) to create a
highly-swelling, light-sensitive film with a phase transition around 40°C. The
layer was combined with a stiffer poly(ethyleneglycol) diacrylate (PEGDA)
film to reach a full-closed folded conformation upon swelling. Magnetic
alginate beads were encapsulated in the bilayer and used for magnetic
actuation and as cell scaffolds. Characterization of the material properties,
actuation, and manipulation in water environments are described and show
the potential of this prototype for in vivo applications in body fluids. The self-
folding bilayer was further characterized in an attempt to provide a modelling
tool based on the swelling and mechanical properties of the layers. Results
suggest that it is not possible to predict the final curvature with the traditional
analytical model of the Timoshenko equation of bending bilayers. Moreover,
this fabrication method and the bilayer configuration introduce deviations
from the behaviors of the single layers. These problems need to be taken into
account to approach the final curvature by means of finite element method
(FEM) based simulations.

Finally, the consequences of changes in shape in swimming biomedical

hydrogel-based microrobots are analyzed in terms of locomotion and

Xiv



actuation. Tubular shaped bilayers, which unfold forming open squares, were
made of nanocomposites responsive to NIR light or magnetic fields. The first
ones were used to study the drug delivery performance as a function of their
unfolded/folded states. The behavior of magnetic-responsive hydrogels was
investigated in a fluid environment and the drag forces simulated in the
different conditions and orientations to the flow. These studies illustrate again
the importance of responsive hydrogel materials in microrobotics and

constitute a step forward to fully autonomous medical microdevices.
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Sommario

Negli ultimi vent’anni, la microrobotica é stata sempre pitl frequentemente
associata al campo delle scienze mediche e biomediche. E’ infatti
convinzione comune che agenti mobili di dimensione micro e nanoscopica
possano essere presto in grado di compiere interventi mirati all’interno del
€Orpo umano in maniera da ridurre al minimo ’invasivita delle operazioni.
L’obiettivo comune di molti gruppi di ricerca impegnati nel campo ¢ di creare
gli strumenti e i metodi per la fabbricazione, il controllo e I’azionamento di
questi microdispositivi all’interno del corpo umano. Al momento, I’industria
dei MEMS (microelectromechanical systems) costituisce la base tecnologica
per la produzione di dispositivi che siano “ piccoli abbastanza” per lo scopo
finale, mentre I’intelligenza, la capacita di locomozione e attivazione dei
microrobot si basano su attrezzature esterne per il controllo magnetico, e su
mezzi di localizzazione che spaziano dal rilevamento ottico, a quello

magnetico a quello termico o a base di ultrasuoni.

Lo scopo di questa tesi di dottorato & dimostrare la possibilita di
raggiungere gradi di funzionalita aggiuntive, finalizzati a trattamenti
biomedici, attraverso I’introduzione di idrogeli intelligenti durante il
processo di fabbricazione dei microrobot. Gli idrogeli sono delle strutture
tridimensionali polimeriche che assomigliano ai tessuti biologici in termini
di proprieta fisiche e chimiche, e per questo e la loro naturale biocompatibilita,
sono spesso usati in applicazioni biomediche. In aggiunta, alcuni specifici
materiali sono in grado di rispondere a stimoli esterni, come un cambio di pH,
di temperatura o del livello di concentrazione di un soluto, modificando il
loro grado di interazione con I’acqua. Per finire, risultano particolarmente

attraenti per la loro flessibilita, ossia per la possibilita di modificare le loro
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proprieta, in base all’applicazione finale, al contesto e al tipo di stimolo

necessario.

Una prima parte della tesi propone una descrizione dei pochi esempi di
microrobot fabbricati con materiali idrogelici, descrivendoli come facenti
parte di una generale tendenza del campo della robotica e dei microsistemi di
adottare materiali soffici e polimerici. Questo cambiamento e legato
principalmente ad un approccio sempre piu biomimetico, e alla necessita di
creare strutture che possano interagire in maniera sicura con esseri viventi,

fino al livello cellulare.

Il lavoro sperimentale e descritto nei quattro capitoli centrali della tesi.
Considerando la natura della maggior parte dei prototipi microrobotici, un
primo obiettivo sperimentale era stabilire un metodo per la creazione di
rivestimenti funzionali a base di idrogeli su dispositivi e substrati metallici, e
superare i tipici problemi di delaminazione e limitata attuazione propri di
questi materiali. L’obiettivo ¢ stato raggiunto tramite un processo di
deposizione elettroforetica di chitosano, un polimero biologico sensibile a
cambiamenti di pH, in grado di formare degli idrogeli in condizioni basiche.
Il processo di elettrolisi dell’acqua in soluzioni di chitosano fornisce la
possibilita di creare gradienti di pH su superfici conduttive di diverse forme
e natura, ed é stato utilizzato per immobilizzare, in maniera controllata, film
sensibili al pH, per il rilascio controllato di farmaci nel segmento posteriore
dell’occhio. Si & dimostrato che i film di chitosano producessero un rilascio
sostenuto e prolungato in condizioni fisiologiche, e un rilascio aumentato,
accompagnato dalla dissoluzione delle matrici, in condizioni lievemente
acide, come quelle che si possono trovare in prossimita di tumori o zone
infiammate. Il metodo descritto pud essere adattato a diversi altri polimeri

biologici (come 1’alginato o I’acido ialuronico) e usato per la fabbricazione
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di parti intelligenti su microdispositivi, che sappiano rispondere a dei

cambiamenti di condizioni al contorno.

Un approccio alternativo al problema si basa sulla fabbricazione di
microrobot interamente composti da materiali soffici, il cui comportamento
puo essere modificato e controllato in maniera remota da un utente esterno.
Il secondo lavoro sperimentale presentato in questa tesi unisce la
fabbricazione di un doppio strato idrogelico autopieghevole e sensibile ai
raggi infrarossi, con delle microparticelle magnetiche ricoperte di alginato e
un sistema di manipolazione magnetica in tre dimensioni, a creare una
piattaforma robotica per il rilascio controllato e specifico di cellule e farmaci.
La tecnica degli origami polimerici é stata qui impiegata per la creazione di
strutture tridimensionali di varie forme e dimensioni tramite fotolitografia.
Le proprieta intrinseche dell’isopropilacrilamide, un polimero sensibile a
cambi di temperature, sono state modificate tramite tecniche di
copolimerizzazione con acrilamide e inclusione di ossido di grafite, per creare
un materiale sensibile ai raggi infrarossi, ad alto rigonfiamento e con una
temperatura di transizione intorno ai 40°C. Film di questo nanocomposito
sono stati integrati con uno strato piu rigido di polietilenglicol diacrilato a
formare strutture in grado di ripiegarsi completamente su se stesse tramite
interazione con I’acqua. Microparticelle magnetiche ricoperte di alginato
sono state utilizzate e inglobate in questi dispositivi per il duplice scopo di
fornire un supporto per il trasporto e rilascio di cellule e un substrato
magnetico per il controllo remoto. Il progetto e descritto nelle varie fasi di
caratterizzazione dei materiali, delle strutture finali, in termine di controllo
della posizione, dell’attivazione remota in acqua, per presentare al lettore

tutte le potenzialita della piattaforma per applicazioni nel corpo umano.
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La struttura a doppio strato idrogelico & ulteriormente analizzata con lo
scopo di fornire dati e un metodo per la modellizzazione della forma finale,
a partire dalle caratteristiche meccaniche e di rigonfiamento dei materiali
utilizzati. | risultati proposti mostrano come non sia possibile predire la forma
finale delle strutture attraverso il tradizionale modello analitico di
Timoshenko. Inoltre il metodo di fabbricazione e la stessa struttura a doppio
strato introducono delle deviazioni dal comportamento dei singoli strati
idrogelici, che devono essere tenute in considerazione per lo sviluppo di un
modello meccanico agli elementi finiti.

Infine sono analizzate le conseguenze relative a un cambio di forma in una
microstruttura a scopo biomedico, come quelle possibili nei dispositivi
descritti, con particolare attenzione relativa alla locomozione e allo scopo
finale. Per questo motivo strutture cilindriche, in grado di mutarsi e assumere
la forma di un foglio aperto, sono state fabbricate in maniera simile a quanto
descritto precedentemente con dei nanocompositi sensibili ai raggi infrarossi
0 a campi magnetici. | primi sono stati studiati come piattaforme per il rilascio
controllato di farmaci e la capacita di questi dispositivi analizzata nelle varie
configurazioni (cilindro o film quadrato). L’attivazione e locomozione dei
secondi sono state simulate tramite modelli agli elementi finiti con lo scopo
di verificare la variazione delle forze di attrito e la facilita di movimento nei

vari orientamenti spaziali.

Questi ultimi esempi dimostrano la possibilita di causare comportamenti
intelligenti o autonomi in microrobot, attraverso il solo utilizzo di materiali

sensibili o in grado di cambiare forma e dimensione.
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CHAPTER 1

The Nautilus was piercing the water with its sharp spur, after having
accomplished nearly ten thousand leagues in three months and a half, a
distance greater than the great circle of the earth. Where were we going now,
and what was reserved for the future?

Jules Verne

Introduction



1.1 Thesis motivation and background

There is perhaps not a better image of microrobotics than the one offered
by the popular science fiction movie “Fantastic Voyage”. The movie,
produced in 1966, was an adaptation of a short story co-written by the French
writer Jerome Bixby and the German Otto Klement in an attempt to
modernize the ideas of “Voyages extraordinaires” by Jules Verne [1]. In the
movie, a miniaturized submarine and the on-board team are injected into the
body of the scientist Jan Benes, with the difficult mission to remove a blood

clot from his brain and allow him to recover from his coma.

The image of a miniaturized mobile vehicle with some kind of on-board
intelligence capable of travelling inside the human body would remain for
many years in the popular culture as an example of something at the borders
of science-fiction. This was the opinion of the great Isaac Asimov when he
was asked to write the novel from the script. As reported in his autobiography
“In Joy Still Felt” [2], the American author “turned down the proposal out of
hand” claiming the impossibility of miniaturization of matter and protesting

against the lack of scientific accuracy and biological investigation.

Eventually, Asimov, who was associate professor at Boston University
School of Medicine at that time, wrote another novel, combining his
knowledge in biochemistry and human body with the catchy plot, to present

a more “scientific” version of the story.

Of course, the miniaturization of humans is still impossible for human
science and knowledge, however microrobots are currently a reality thanks
to impressive advances in the field of microelectromechanical systems
(MEMS) in the last 30 years.



Microrobots are defined as miniaturized robotic systems that are able to
operate at small scales, for example by handling and transporting micrometer-
sized objects, or by providing mobile sensing capabilities in a small volume.
Their applications include industrial processes, and targeted medical
treatments. This rather weak definition is based on scaling down the common
concept of a robot, a reprogrammable multifunctional working machine [3],
to the size of few micrometers up to a few millimeters. As with robots, the
design and fabrication of microrobots classically involves a variety of
disciplines, from mechanics, to physics, to computer science, to electronics.

Again in accordance with progress in robotics, microrobots are
increasingly being designed with biomimetic shapes and functions [4], and
more recently address biological and medical applications, in order to define
a new level of interaction with humans. This shift of interest has brought
researchers to explore the field of materials science and chemistry to find
ways to imitate various biological entities or mechanisms. The inclusion of
new materials has defined new ways to solve the challenges of the field of
microrobotics: how to embed intelligence in such a tiny volume, how to

achieve motion, how to accomplish a task.

From this perspective, smart hydrogels, polymeric networks capable of
changing their physical and chemical state in response to an environmental
change (pH, temperature, ionic strength, and electromagnetic fields)
constitute a powerful class of materials with enclosed mechanisms of sensing
and actuation [5]. Moreover, these polymers are biocompatible and, hence,
are widely investigated for biomedical and biotechnological applications. For
these reasons, hydrogels are especially attractive materials for medical
microrobotics [6]. However, there are some issues related to the integration

of soft hydrogels into microrobotic platforms which have strongly limited
3



their use. For example, problems arise in the fabrication of hybrid soft-hard
devices, where hydrogels attached to substrates often delaminate or limit their
actuation range. Also, it is difficult to achieve high forces or to realize

complex 3D conformations that are desirable for manipulation tasks.

A successful implementation of these materials in microrobotic agents
requires advanced knowledge in the physical chemistry of polymer networks
and the development of robust micro fabrication methodologies to

miniaturize them.

1.2 Aims of the thesis

Medical microrobots have been traditionally conceived of as microagents
able to swim or be steered in body fluids, and specifically designed for
medical targeted therapies, such as drug or cell delivery, small surgeries or
collection of biological data. Their fabrication has mostly involved hard

materials and techniques mostly employed in MEMS production.

The goal of this doctoral work was to develop robust methods to
incorporate stable and functional smart hydrogels on microrobotic platforms.
Two approaches are presented aimed at fabricating hard-soft hybrid or fully

soft microdevices.

The first approach is based on the evidence that the majority of
microrobotic platforms are made of hard bodies fabricated with traditional
MEMS technologies. For this reason, a method to immobilize stable,
millimeter-sized responsive hydrogel films on hard metallic substrates is

proposed and developed. The second strategy investigates the potential of

4



full hydrogel self-folding bilayers in creating smart soft actuators with a 3D
shape. These devices have been demonstrated to be capable of embedding
and releasing drugs and/or micro objects by an on-demand mechanism.

A second goal of this study is to investigate the numerous advantages of
the use of highly responsive smart hydrogels in microrobots. Apart from the
intrinsic properties of biocompatibility, sensing, and actuation, these
materials provide a chemical level of intelligence for microdevices. Moreover
their use implies the possibility of achieving autonomous or semi-
autonomous behavior. Autonomy, in a broad definition, calls for embedded
sources of intelligence that define a sort of behavior for motion, sensing, or
actuation tasks.

1.3 Dissertation outline

This thesis is structured in seven chapters, briefly described below.
Chapter 1 defines the general aim and organization of the thesis.

Chapter 2 is a review covering the current paradigm shift from hard to soft
materials in robotics, MEMS and microrobotics. The review also provides

the state of the art for hydrogel-based microrobots.

Chapter 3 proposes electrodeposition of pH responsive chitosan hydrogel
as a smart, flexible method for the integration of soft responsive coatings on
hard microrobots [1]. The work is part of a more general study about
minimally invasive therapies in the eye. It includes the characterization of

electrodeposited chitosan in terms of the morphology and the response of the



material to changes in pH. A strategy to modify the drug release kinetics of

the films is also presented.

Chapter 4 describes the design and fabrication of near-infrared light (NIR)
responsive hydrogel-based microrobots based on the mechanism of self-
folding bilayers [2]. The microdevices are fabricated by means of a
photolithographic process, which successfully coupled a layer of N-
isopropylacrylamide (NIPAAM)-based graphene oxide nanocomposite with
a stiffer poly (ethylene glycol) diacrylate (PEGDA) film. The internal stress
between the two layers ensures a 3D closed conformation which is used to
protect and carry magnetic cell laden alginate microbeads. These devices can
be opened by short exposure to a NIR light source. The platforms are used as
actuators for drug and cell delivery.

In Chapter 5 the design of the self-folding hydrogel microrobots and a
detailed characterization of their mechanical, swelling and folding properties
are presented. Timoshenko’s theory of bimetal thermostats [3] is used as an
analytical model in an attempt to predict the bending effect. As an alternative,
a finite element method based simulation is proposed to support the results of
the characterization of the bilayer.

Chapter 6 deals with the effects on locomotion and drug delivery of
medical tubular microrobots due to changes in their shape. Experiments and
finite element-based simulations of drag forces and drug release of closed
cylinders or rectangular plates suggest the possibility of changing the
behavior of microrobots by means of shape changing effects and the inclusion

of smart polymers.

Chapter 7 synthesizes the major findings of the presented research.
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CHAPTER 2

Then you better start swimmin’
Or you'll sink like a stone
For the times they are a-changin’

The Times they are a changing - Bob Dylan (1964)

Soft microrobots: the impact of materials on
the new generation of biomedical intelligent

microdevices



2.1 Introduction

Medicine and the medical industry are currently benefiting from the
development of microsystem technology (MST) over the last twenty years.
The integration of sensors, actuators and microelectronics into medical
devices and other related products simplifies many medical procedures, and,
at the same time, significantly reduces risks and side-effects for patients.
Clear examples of this progress are devices for home healthcare monitoring,
such as sensors or drug release platforms, clinical data collector systems, or
motion sensors for surgical tools and prosthesis positioning [1]. According to
recent market research, microelectromechanical sytems (MEMS) in medical
applications will grow from 1.8 billion USD in 2012, at an annual rate of 20%
over the next five years [2]. The implementation of automated control
systems with smart sensors and actuators will enable the development of
minimally invasive robotic medical treatments such as localized surgery [3],
implanting and positioning controllable structures [4] (sensors, stents,
occluders, and electrodes), or providing targeted drug or cell delivery [5].
Ideally these would affect delicate and hard to access areas of the body, such
as the eye, the brain, the central nervous system, the vascular network, and

the inner organs.

Microrobots, untethered mobile active microdevices, have the potential to
perform tasks that are beyond human skills, or that require extreme precision
and accuracy. The idea of using microrobots for minimally invasive therapies
is not new and has been formulated almost sixty years ago [6] by Richard
Feynman, who envisioned the possibility “to swallow the surgeons to “look
around” in the body”. However, practical examples targeting medical
applications were only proposed in the last fifteen years. Advances in physics,
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micro- and nanosystem technologies, computer science for vision and control
led to the production of several biomedical microrobotic devices such as
micro cameras for wireless endoscopy [7], biologically inspired magnetic
devices that could be steered, and tracked in complex 3D environments [8],
wireless oxygen sensors for eye diagnosis of hypoxia [9], drug delivery
carriers [10], and bacteria driven platforms [11]. Most of these efforts used
hard bodies, made predominantly of metals or alloys. Their manipulation was
achieved wirelessly by means of external magnetic fields created by
electromagnet coils [12, 13] or by permanent magnets [14]. Most efforts were
dedicated to manipulation and control, leaving the development of the
appropriate materials as a side aspect. However, materials can enhance the
properties of the microrobot and facilitate some tasks, such as sensing a

change of temperature, or maneuvering a micro entity.

The recent growing interest in soft robotics and biomimetics [15] is leading
to a new development in the field by boosting the integration of soft
responsive polymers in microrobotic platforms. In this chapter, we first
introduce the advantages in the use of soft materials in biomedical robotics
and MEMS technology. This motivates a paradigm shift in microrobot

fabrication and inspires future applications in the micro scale.

The second part concentrates on smart hydrogels. These are responsive
polymeric networks that are widely used in biological and biomedical
applications. Their intrinsic properties of sensing and actuation, together with
their synthesis flexibility, make them attractive candidates to be integrated in

microrobotic platforms.
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The third section summarizes recent research on soft hydrogel-based
microrobotics, mainly focusing on the challenges that have been addressed
and overcome due to the use of these materials.

The last part presents an outlook of the opportunities and challenges for the
development of intelligent soft micromachines for medical applications.

2.2 Soft polymeric materials in MEMS and biomedical
robotics

MEMS have been developed extensively in the last forty years and
successively integrated into commercial products, with the final aim to
miniaturize complex devices and limit their cost of production. Sensors,
actuators, power producing devices, chemical reactors and biomedical
devices have been produced thanks to a variety of materials and methods,
extensively summarized in previous reviews [16]. The MEMS field evolved
from the semiconductor industry, and the two are still strongly connected.
Indeed, most of the materials used in cleanrooms and related facilities are
mainly silicon, silicon dioxide and metals. Aside from that, diamond and
ceramics have been proposed for applications where hardness and resistance
are crucial [17]. To date, only a few polymers can be classified as “standard
materials” in MEMS. As described by Liu et al. [18] these materials, such as
SU-8, PDMS or other elastomers, exhibit properties that are not present in
standard silicon, including higher strains, lower costs of production,
unlimited size, a huge range of treatments to tailor their properties, or a higher
chemical and biological compatibility. Despite challenges in the fabrication

processes, these materials are now extensively used, especially for the
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production of lab-on-a chip devices in applications with living organisms [19,
20]. At the same time, the use of soft matter in MEMS parts and devices has
resulted in a young branch of robotics, soft robotics, which attempts to more

closely mimic the locomotion and actuation mechanisms of living entities.

Biological systems are mainly made of soft, elastic and flexible materials that
allow continuous morphing, or adaptation to different needs or environmental
conditions. Soft robotics directs its efforts at substituting partially or entirely
rigid joints, sensors, and actuators of traditional automated systems with soft
and highly deformable components in order to achieve a bio-inspired
behavior [21,22]. This change implies a significant challenge for the robotic
community, as it needs to include aspects of material science, shape design
and biology that were previously not considered [23]. Some of these concepts
have been well introduced by Ilievski et al. [24] in their paper “Soft-Robotics
for Chemists”, which stressed the contribution of developing new materials,
techniques and fabrication processes in the field. This work describes a new
kind of actuators called PneuNets, which were made of an embedded,
inflatable pneumatic network of elastomeric channels capable of bending and
achieve complex motions. The materials selection together with the
orientation design of the channels determined the response of the device and
the grasping ability of produced grippers (figure 2.1a). Other materials were
also incorporated in these devices in order to achieve a programmed
directional bending. In this case, a relatively hard layer of PDMS together
with softer, inflatable Ecoflex active layers were integrated. Additionally the
authors investigated several engineered surface textures to improve the

device performance in the manipulation of fragile objects.

Soft robots often make use of pneumatic systems. These systems have a

distributed actuation along the structure, thus making the modeling of their
13



mobility not possible by means of traditional kinematic schemes. Moreover,
due to their material composition limited forces and stiffness are achievable,
subsequently limiting their areas of application. Nevertheless, these
complications are balanced by the possibility of defining interactions with the
environment that are otherwise not feasible. A rigid robot arm, for example,
would need a specialized effector to grasp an object, with no options for
adaptation. Soft grippers, similar to the one mentioned before [25], or the
electrically driven pre-stretched devices described by Kofod et al. [26], can
use a whole arm system, and reconfigure their shape depending on the object.

The complex and adaptive behavior of soft materials has also been
exploited to build robots that can move in a biomimetic way. This is the case
of worm-like and caterpillar-like robots, extensively reviewed by Kim et al.
[27], (figure 2.1b). These devices have alternatively been produced with
pneumatic actuators [28] or a combination of a soft body with actuators made
of shape memory alloys [29, 30] to drive the reversible bending and to
achieve planar motion or rolling capabilities. An untethered version of the
same principle was developed by Saga et al. [31] by using a magnetic fluid
distributed in segments of a rubber cell body, and actuated by an external

permanent magnet.

Similarly, a variety of octopus inspired robots have been developed, using
compartmentalized actuation. The PneuNets system was recently adapted to
the shape of a tetrapod [32]. Pressure distributed in a sequential way and
controlled by an external user allowed the fabricated robots to execute
different motions and accomplish tasks that could be impossible for a “hard”
robot. Thanks to the use of light materials, the tetrapods were able to pass

over or underneath an obstacle (figure 2.1c).
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Alternatively, shape memory alloys (SMA) actuators have been used to
elongate or increase the stiffness of soft muscle fibers distributed
longitudinally and transversally in a biomimetic robot arm [33]. The
antagonistic behavior and control of the actuators produced complex motion

and locomotion [34].

Finally, muscular cells, interfaced with a soft deformable platform have
been used to achieve free swimming by imposing electric field stimulation
(figure 2.1d) [35]. This hybridization of synthetic and natural components,
although being inefficient for long-term applications and still not
biocompatible, translates the concept of tissue engineering to a wider field of
applications.

These soft materials are now being largely employed in MEMS, as the
evolution of electronic circuits [36], solar cells [37], and batteries [38] has
recently demonstrated [39]. However, there is still room for improvement and
integration of other materials for robotic applications. One possible direction,
currently poorly exploited, is the integration of smart responsive hydrogels in
robotic platforms. These polymers have the ability to incorporate autonomous
mechanisms of response that can be used for sensing and actuating
procedures without the need of an external user and in an untethered way.
However, applications in the large scale are hindered by the slow diffusion
process that drive their actuation and by their weak mechanical properties.
More adaptability and higher potential can be found in the microscale, where

diffusion paths are limited, and time of response can be reduced to seconds.
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Figure 2.1. a) PneuNets grippers acting on a boiled egg [24]. b) GoQbot, a
caterpillar inspired rolling robot. The total size of the SMA actuated device is
approximately 10 cm. [29]. c) Pneumatic tetrapod can crawl and undulate to navigate
around an obstacle [32]. d) Design and architecture of the medusoid built by seeding

rat myocardiac cells on a PDMS layer [35].

2.3 Smart hydrogels in MEMS

Hydrogels are three-dimensional (3D) polymer networks that are

crosslinked to form highly deformable matrices. Their hydrophilicity allows
16



them to retain significant amounts of water (or similar liquids) inside their
structure and modify their physical and chemical behavior accordingly. Gels
have been formed from either natural or synthetic materials, using a large
variety of methods, including change in the environmental conditions (pH,
temperature, and ionic interactions), photo or thermal induced radical
polymerization, enzymatic crosslinking, and have mainly been used for
biological and biomedical applications [40]. Their relevance and appeal
resides in the intrinsic properties of biocompatibility, high elasticity, and
deformability, together with the possibility of finely tuning their different
physical, chemical and mechanical parameters during the synthesis process.
Several papers review the variety of hydrogels that have been produced and
investigated and their main characteristics [41, 42]. Here, we briefly focus on
a class of polymeric networks, which are classified as “smart” because they
can reversibly change their physical-chemical status upon the application of
an external stimulus. This class of materials includes synthetic and natural
polymers that react to changes of pH, temperature, or ionic strength, thus
resembling, on a wider scale, the behavior of shape memory alloys [43].
Additionally, they include hydrophilic matrices, which have been made
responsive to stimuli such as light or magnetic fields by incorporating
nanostructures such as magnetic nanoparticles [44], carbon nanotubes [45] or
graphene foils [46]. They also include materials that have been tailored to
recognize particular molecules and change conformation, for example by
imprinting techniques [47] [48]. Finally there is a group of smart hydrogels

whose degradation is controlled depending on environmental conditions [49].

Incorporation of smart hydrogels into MEMS is a relatively recent idea that
has attracted great interest in the field of biosciences and has pushed

researchers to create or adapt previous fabrication techniques to the
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characteristics of these materials [50]. The resulting area of research has been
included into the broad discipline of BioMEMS [19, 51, 52], or has recently
found an alternative name in Microchemomechanical systems [53]. This last
term well represents the idea of a shift from electrical actuation, the most
extensive mechanism used in MEMS, to a chemical trigger of a mechanical
motion.

It is not the scope of this review to cover the full range of applications of
smart hydrogel-based MEMS [20, 52], which include drug delivery devices
[54], sensors [55], tissue engineering platforms [42, 56], microfluidic systems
[57], and small actuators [58]. We rather concentrate the attention on two
techniques that could be beneficial for the integration of smart hydrogels in
microrobotic platforms, smart surfaces and self-folding bilayers.

2.3.1 Hydrogel based smart surfaces

Hydrogels suffer from poor adaptability to various techniques of
microfabrication (for example etching or bonding) that limit their integration
into existing hard microsystems. Moreover, they easily delaminate from

surfaces due to their poor adhesion in the swollen state.

This problem can be addressed with functional binding coatings such as
like acrylate-terminate silanes [59] [60], or surface-initiated polymerization
techniques such as reversible addition—fragmentation chain-transfer (RAFT)
[61] or photografting [62]. All these techniques have been shown to be
successful and reliable, however, a significant loss of material performance,
due to the physical constraints, was observed, when compared to free
swelling hydrogels [63]. Smart surfaces formed by the attachment of acrylic

gels on substrates have been used to regulate fluid flow in microfluidic
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channels [64], or incorporated in sensing platforms [65]. Another smart
application is the use of thermoresponsive scaffolds to control the adhesion
of cells, proteins or analytes.

Poly-isopropyl acrylamide (PNIPAAM) is well known for its ability to
switch from a hydrophilic to a hydrophobic state above a certain transition
temperature (lower critical solution temperature, or LCST) [66]. This
reversible change of configuration and water content has been found to
deeply influence the adhesion of cells, which appear anchored to the
substrates above LCST, and spontaneously detach when the polymer swells
without damaging the tight intercellular junctions (figure 2.2a). Yamada et al.
were the first to speculate about the feasibility of creating cell sheets using
this approach and in this way substitute the traditional harsh methods for cell
harvesting [67]. Such a concept was then developed by Okano and coworkers,
which produced thin (30 nm) layers of PNIPAAM hydrogels and successfully
demonstrated the concept on blood platelets [68]. The cell sheet harvesting
strategy spread in the last 15 years to produce a variety of tissues [69]
including corneal epithelial cells [70], cardiomyocites [71] and keratinocytes.
Additional work was done to achieve 3D structures and combine different
tissues on the same platforms [72], to template cell adhesion with proteins
[73], or to integrate this mechanism in remotely actuated devices (for

example by light activation) [74].

A completely different approach to create smart polymer coatings on hard
surfaces relies on the ability of some natural polymers to respond to changes
of pH with a sol-gel transition. The electrophoretic mobility of these
macromolecules and the possibility to create pH gradients on electrodes by

electrolysis of water constitute the driving factors for the electrodeposition of
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hydrogel layers. This technique provides a temporally and spatially
controlled method for the functionalization of microdevices.

Chitosan has been the most extensively investigated polymer in the area
due to its pH sensitivity, high biocompatibility, low costs, and facile chemical
and physical modification [75]. Many chitosan properties, including the
possibility of being electrodeposited [76], stem from the presence of a
primary amine group in each polymer unit. At low pH the amines are
protonated while an increase over their pKa value (~ 6.5) produces a loss of
charges and solubility. Moreover, chitosan units possess accessible functional
groups for crosslinking or functionalization [77].

Electrodeposition was used to immobilize chitosan and protein on
substrates for enzymatic recognition (figure 2.2b) [78]. For example, Shi et
al. reported a two-step approach for the electrochemical activation of protein
assembly [79], involving the cathodic deposition of the polymer and the
subsequent activation of aldehyde binding groups by anodic oxidation.
Fluorescent labeling was used to show the successful immobilization of
proteins on electrodes. Alternatively, simple co-electrodeposition, exploiting
the electrophoretic mobility of proteins, was successful for creating chitosan-
hemoglobin films [80].

Electrodeposition has also been used to create composite films and
incorporate functional nanoparticles on surfaces. This is the case of carbon
nanotubes [81], gold nanoparticles [82], and hydroxyapatite [83]. Few
reviews [84] have covered the different options offered by electrodeposited
chitosan, such as the functionalization of microfluidics components [85] or
the assembly of lab-on-a-chip devices [86]. In parallel, other polymers have

also been electrodeposited to fabricate multifunctional biological assemblies
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on surfaces [87]. Alginate films were created by anodic protonation [88] or
by crosslinking through the formation of calcium ions and used for
controllable cell assembly [89]. Hyaluronic acid was electrodeposited
together with hydroxyapatite to create scaffolds for cell growth [90]. Gelatin
has been immobilized with chitosan by oxidation through tyrosinase
molecules [91]. All these examples reveal the ability of electrodeposition to
create stable and thick functional hydrogel layers, with no limitation given by
the size and the shape of the substrate. This technique is particularly attractive
for the microfabrication of complex microrobotic systems.

5
T>LCST [ T<LCST
s “5: 28 e » ‘l - 8 =~ J chitosan
R % o S ‘B eoro 0% Foote) &, "\I j ; e solution
é pH gradientl‘.'
i / i a4 AV
"
%/
A\ ® e o enzymatic
cornea <(/ 3 ® e © [ recognition
myocardium | I I
a) esophagus b) D

Figure 2.2. a) Cell sheet engineering through immobilization of thermosensitive
hydrogel layers on surfaces, and remote control of their temperature. The method has
been tested in vitro for different tissues (readapted from Richard Koepsel Website
drawings, www.ptei.org). b) Mechanism of electrodeposition of chitosan, for the

immobilization of hydrogel films, and protein assembly.
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2.3.2 Self folding devices

Self-folding is the result of the stress caused by material heterogeneities or
by the application of an inhomogeneous field on a responsive homogeneous
material. Both techniques have been explored [92] to create smart polymeric
devices, mainly for medical applications, however, the photolithographic
fabrication of bilayers with an active responsive part has been the most
popular method so far. He et al. [93] have been the first to fabricate a drug
delivery platform incorporating a pH-sensitive hydrogel which could curl
inside the intestine, and adhere to the walls of the organ for a confined
prolonged release [94]. Leong et al. successfully created a microgripper for
in vivo biopsy, and addressed the problem of limited strength of hydrogel
materials by coupling polymeric responsive hinges with a structural metal
film (figure 2.3a) [95, 96]. These microgrippers could close by means of
enzymatic degradation of gelatin or carboxymethylcellullose and be steered
to a specific position by means of magnetic fields. Zakharchenko et al.
reported the fabrication of a thermosensitive all-polymeric platform, which
could be magnetically manipulated, while at the same time exhibited
continuous degradation [97]. Rolled tubes of PNIPAAM magnetic
nanocomposites, or polycaprolactone (PCL) have been produced by
photolithography combined with spin coating and used for the manipulation
of microbeads or for the encapsulation of cells. A similar strategy was taken
by Pedron et al. [98] and Shim et al. [99], who produced star-shaped
structures (figure 2.3b) by means of a simple two-step photolithographic
method. Soft microorigami [100] have been produced from a large variety of
responsive materials and can fold to form several 3D shapes such as tubes
[101] or helices (figure 3c) [102].
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Self-folding films, like the previously reviewed smart surfaces, could also
be used for the fabrication of soft microrobots and intelligent platforms that
are able to perform specific goals in a controllable and programmable way
[103]. These systems can exploit the sensing and actuation abilities of smart
hydrogels as end effectors for manipulation and interaction tasks, while
providing mobility and control by means of wireless drive units.
Alternatively, they could use the sensitivity of hydrogels to an environment

to achieve a desired behavior or locomotion.
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Figure 2.3. a) Enzyme responsive grippers, made of magnetic metallic materials
and polymeric hinges [95].b) Star and Venus flytrap shaped hydrogel bilayers. Scale
bars are 200 um. c) Different designs of hydrogel bilayers are possible depending on
the geometry of the structure. Applications are from drug delivery, to encapsulation of
cells and bead, to microsurgery.
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2.4. Soft microrobots: state of the art

Despite the vast literature in material science and the clear advantages
demonstrated in MEMS applications, hydrogels have been rarely employed
for microrobotic platforms. The reason for this lack of attention can be
attributed to the relatively infancy of the field, and presumably to the
background and expertise of the micro-roboticists. As already mentioned,
most of the work done till now has focused on manipulation and control
challenges and in the use of traditional MEMS materials for the fabrication
of sensors and actuators [104]. The shift of interests towards biological and
medical applications has contributed to a more multidisciplinary
development of the research area also involving soft-materials scientists,

chemists and biologists.

The first demonstration of the use of hydrogels for medical microrobots
was reported by Osada et al. [105], who showed the possibility of creating
net motion on a hydrogel strip surrounded by a surfactant solution.

An electric field was used to drive the direction of association between the
surfactant and the stretched hydrogel causing controlled shrinking and
bending. Net motion was achieved by reversibly exploiting this mechanism
and by using mechanical hooks in order to avoid back-sliding. This work was
taken as a reference by other research groups. Kim et al. [106] designed a
clamp to be used in the gastrointestinal tract using thermosensitive
PNIPAAM hydrogels. By changing the state of a millimeter-sized structure
from hydrophilic to hydrophobic, the friction between the hydrogel and the
walls of a pig intestine could be increased. Net motion could be imparted to

an endoscopic capsule made of soft and hard parts by spatially controlling
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this transition with electro-heaters wrapped around the polymeric structure.
Their local activation allowed a controlled break of symmetry within the
capsule and the environment, which subsequently triggered the movement.
This mechanism was further characterized and explained by Yeghiazarian et
al [107]. In their review “Teaching hydrogels how to move like an earthworm”
[108], they described the concept of anisotropic activation of gel transition
and emphasized its great potential for the fabrication of cargo systems (figure
2.43). Wireless motion and actuation was also suggested by means of
controlled light adsorption, magnetic fields, and thermal gradients. The use
of these external stimuli constitutes an advantage for hydrogel-based
microrobots when compared to the ones based on electroactive polymers or
shape memory alloys, since they can be controlled in an untethered fashion
[109].

Net motion of hydrogel microstructures could also be achieved by
exploiting reversible bending of moisture sensitive hydrogel bilayers (figure
4b) [110]. Ma et al. proposed a series of composite hydrogels by coupling a
layer of polyacrylic acid/poly (allylamine hydrochloride) (PAA/PAH) and a
UV curable non responsive ester. A change in humidity caused the first layer
to expand and the entire structure to curl. Unidirectional walking was shown

on two-legged devices moving on a ratchet substrate.

Alternatively, self-oscillating hydrogel systems based on the Belousov-
Zhabotinsky reaction [111] of metal-ion oxidation and the consequent change
in hydrated volume were also investigated. The resulting structures

resembled ameboids in their shape and oscillatory movement.

The most impressive results in this category are the Aquabots developed

by Kwon et al [112]. A microfluidic-based method for UV polymerization
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was used to design and fabricate millimeter-sized full hydrogel structures
resembling living organisms (octopus, sperm and miriapods). The technique
produced different microrobots out of a variety of smart hydrogels.
Electroactuated Aquabots were shown to swim or walk by alternation of an
asymmetric (in duration and amplitude) electric impulse, which caused a
bending response in the “legs” of the devices (figure 2.4¢). A glucose-sensing
moving octopus was fabricated by combining electroactive “legs” with a head
containing glucose oxidase and horseradish peroxidase. In the presence of
glucose, a chain reaction would activate a fluorescent signal. This mechanism
could be slightly modified to add an induced drug delivery option.
Magnetically movable Aquabots were also fabricated out of hydrogel-nickel
nanoparticles and combined with a pH responsive mechanism to control the
drag of the device on demand. Finally thermoresponsive “arms” of NIPAAM

hydrogels were implemented for the capture and the release of targets.

This last example introduces the second field of applications for smart
responsive hydrogels in microrobotics. Manipulation of micrometer sized
objects, such as cells or beads, in complex environments is related to a series
of requirements. The handling should be “soft” and not harmful for the targets.
It should be carried out preferentially with a wireless method of actuation in
a relatively quick way and with the possibility of parallel interventions.
Micrometer sized hydrogels intrinsically satisfy most of these needs

facilitating the entire design of manipulation platforms.

The concept is well illustrated in the work of Hu et al. [113]. A
manipulation system based on laser-induced and controllable cavitation
bubbles were applied on structured poly(ethyleneglycol) diacrylate (PEGDA)
hydrogels for the direct contact and manipulation of single yeast cells.

Despite not being intrinsically responsive, the proposed hydrogels disks
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could steer and move on a planar substrate due to the bubbles generated by
the o-Si layer of the substrate and entrapped on their bottom [114]. The
temperature gradient generated at the bubble surface helped to lift the
structures and move them. The soft material acted as a buffer between the
cells and the bubbles reducing shear stresses and invasiveness of the system.
The researchers demonstrated parallel control and wireless actuation of
multiple hydrogel microrobots while performing different microassembly
tasks (figure 2.4d).

A third advantage of hydrogel-based microrobots was recently pointed out
by Palagi et al. [115]. By analyzing the problem of gravity compensation of
magnetic microrobots in case of gradient propulsion, the researchers
compared standard metal-based spherical microstructures with alginate
hydrogel-based magnetic beads of similar volume. Despite the inferior
magnetic properties of the latter, quasi-buoyant hydrogel structures of sizes
larger than a few tens of microns would require lower gradients with respect
to their counterparts when moving at relatively low speeds. This is mainly
due to the almost negligible need for gravity compensation and to the

decrease in the drag force effects when increasing the size of the microrobots.

Considering all the properties of smart hydrogels and the beneficial effects
of their use, it would be natural to suppose a large range of hydrogel based
microrobotic platforms for biomedical applications. Up to 2011, only one
work has successfully demonstrated the advantages of smart responsive
hydrogels in minimally invasive therapies. Tabatabaei et al. [116] explored
the potential of millimeter sized PNIPAAM magnetic nanocomposites
spheres for in vivo drug delivery applications. Magnetic steering and tracking
was proposed by gradient propulsion and imaging inside an MRI scanner

previously developed for in vivo applications [12]. Phase transition and
28



subsequent shrinking of the microrobot and release of water was achieved by
applied an AC magnetic field of 4 kA/m at 160 kHz. The work concludes
with the challenges related to the safety and efficacy of such treatments and
sets some important limitations related to in vivo applications. Nevertheless,
this work contributes to defining a new microrobotics approach which
focuses not only on control, manipulation and locomotion, but also on the
integration of different areas of research, including material science,

computer vision and medicine.
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Figure 2.4. A few examples of hydrogel based microrobots. a) earthworm-like
movement and cargo transport of a gel beads by phase transition of NIPAAM hydrogel
rods [108]. b) Locomotion of a walking device constituted of a humidity sensitive
hydrogel bilayer. The device is 2 mm long [110]. c) Example of octopus like Aquabot,
fabricated with electroactive hydrogels. The entire structure is 4-5 mm long [112]. d)
PEGDA laser responsive structure used for the assembly of cell-laden microgels.[113].
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2.5 Summary and perspective

Robotics is a multidisciplinary field involving researchers with different
backgrounds, including mechanics, computer science, biotechnology,
chemistry and material sciences. The integration of soft materials has not only
been seen as a step towards a more biomimetic approach, but has also brought
additional advantages derived from the intrinsic properties of the polymers

used.

The same trend has been observed in the microscale, where MEMS
fabrication increasingly involves the use of “intelligent” polymers, or the
development of methods to fabricate soft devices for biological and
biomedical applications.

Microrobotics, a branch of robotics that is strongly focused on minimally
invasive biomedical applications, can take advantage of this paradigm shift
by including the “appropriate” materials for different tasks. Smart responsive
hydrogels constitute a vast, flexible set of resources, ready to be implemented.
The ability to wirelessly respond to an external impulse, their
biocompatibility, the favorable scaling effects of diffusion law, the
established fabrication routes, and their light density and softness, are all
qualities difficult to combine in other classes of materials. These qualities are

all beneficial for the development of medical microrobots.
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CHAPTER 3

Sugarman
You 're the answer
That makes my questions disappear ...

Sugar Man-Rodriguez (1977)

Chitosan electrodeposition for microrobotic

drug delivery
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3.1 Chapter overview

This chapter describes a scalable method to incorporate smart hydrogel
components onto magnetic microrobotic platforms by means of controlled
electrodeposition of chitosan. The microrobots are intended to deliver drugs
specifically into the eye with an embedded sensitivity to the environmental

conditions.

As a necessary background for the understanding of the contribution of this
work, the state of the art in the field of electrodeposition of chitosan is briefly
reported at the beginning of the chapter.

Following that, a short report of medical issues related to the treatment of
posterior eye diseases is presented, together with the strategies that are
currently used. The advantages of a microrobotic approach to the problem are
briefly reported, and the ideal requirements of a medical microrobot are
analysed. Chitosan electrodeposition is proposed as one possible solution for
the incorporation of a smart hydrogel on microrobots. The polymer is used as
a smart matrix to release brilliant green (BG), a small model drug, in an

environmentally controlled way.

Results include a study of the electrodeposition performance in terms of
growth, quality of the layers, and electrochemical parameters. A chemical
and physical characterization of the deposited material is performed by FTIR,
Cryo-SEM, and optical imaging. Three possible treatments to modify the
characteristics of the matrices, neutralization, ionic crosslinking in an acid
solution, and ionic crosslinking in a basic solution, are proposed and analyzed.
A detailed overview of the drug delivery abilities of the different platforms

in simulated physiological and pathological (acid pH) conditions is presented
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to demonstrate the “intelligence” of the system. A final prototype is also
presented before outlining the contribution of the work to the area of
microrobotics and materials science and possible future directions.
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3.2 Electrodeposition of chitosan from aqueous

solutions

Electrodeposition (ED) is a vastly used and relatively inexpensive
processing technique that exploits the electrophoresis mechanism for the
movement and the deposition of charged particles on complex substrates. ED
is usually carried out in a two electrode cell (three in case of a reference
electrode), as shown in figure 3.1, where an electric source supplies current
and create a potential difference across the system. Deposition of films has
been explained with different theories. Hamaker and Verwey [1] proposed a
sort of sedimentation process where the pressure created by the accumulating
particles on the electrode overcomes the repulsive forces and results in a
deposit. Grillon [2] proposed charge neutralization and, therefore, a change
of solubility of particles in contact to the electrode to explain the deposition
of monolayers. Another plausible mechanism proposed by Sarkar et al. [3]
involves thinning of the electrical double layer of the particles to explain the
predominance of attractive interactions on the electrode. Additional theories,
especially applied to biomolecules, include the formation of a pH gradient by
oxidation of water, which drives a sol-gel transition. Most probably a
combination of all these theories helps to understand the physics occurring at
the electrodes. From a practical point of view, electrodeposition provides
coatings or free-standing structures with different properties depending on
the process parameters such as time, electric field, and chemical and physical

conditions of the electrolytic solution.
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Figure 3.1. Electrophoretic deposition cell showing the deposition of positively
charged particles onto the cathode due to the potential imposed between the two
electrodes.

In the last twenty years ED was employed for the development of a variety
of advanced biomaterials, including ceramic coatings [4], composites, porous
materials [5] and polymers [6]; the advantage of this technique is that it
produces uniform deposits with high microstructural homogeneity, and with
very simple and non-toxic procedures. Moreover, additional advantages are
related to the possibility of simultaneously manipulating biological entities
and produce biofilms [7]. Almost ten years ago a class of pH responsive
biopolymers was found to form stable films due to the application of an
electric potential between surfaces. Among these, the amino polysaccharide

chitosan was the first material to be electrodeposited by cathodic
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neutralization mechanisms [8], followed by anodic deposition of the acidic

polysaccharide alginic acid [9] and hyaluronic acid [10].

Chitosan is one of the most promising and the most studied of these
molecules due to its unique combination of properties. It is a polysaccharide
derived from naturally occurring chitin, one of the most recurring
biopolymers on earth after cellulose. Chitin can be found as a supporting
material of crustaceans, insects, fungal cell walls, nematodes eggs, and gut
linings (see figure 3.2). It consists of long chains of N-acetylglucosamine or
glucosamine, and it can be converted into chitosan with thermochemical
treatments by alkaline deacetylation in NaOH [11] or biologically through a
fermentation process [12]. Considering its sources, chitosan is abundant and
biocompatible. Moreover, it is biodegradable and metabolized by certain
human enzymes [13]. It is bioadhesive [14], and it also acts as a penetration
enhancer by opening tight epithelial junctions [15].

Most chitosan properties are derived from the presence of the primary
amine groups on its repeating units. At low pH the amines are protonated
allowing chitosan to be soluble in aqueous acid solutions. When the pH
exceeds the value of pKa ~6.5, the amines become increasingly deprotonated
resulting in a loss of solubility and the formation of stable pH responsive
chitosan films. The amine groups also play a key role in tailoring the
properties of chitosan as they can be bonded to other chemical entities by

means of covalent attachment or physical interaction [16-18].

Chitosan films can be produced from acidic solutions by different methods,
most of which are compatible with the presence of biological entities,
including casting or printing and self-assembly [19]. However, only

electrodeposition provides spatial and temporal control and more fabrication
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flexibility, because it enables chitosan to grow on 3D geometries or patterns

and complex shapes. The process can be performed in a simple and reversible
way for a variety of final applications.
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Figure 3.2. Chitin (upper left) and chitosan (upper right) are found in fungal cell
walls, crustacean shells, nematodes eggs, and insect exoskeletons. The deacetylation

process involves the loss of the acetyl group by fermentation or basic treatment and
the conversion from chitin to the pH responsive chitosan.
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3.3 State of the art in electrodeposition of chitosan

The first work in the area of electrodeposition of chitosan was performed
at the beginning of 2001 by Redepenning et al. [8] in order to render
electrodeposited hydroxyapatite coatings more “like living bone, a material
that could be viewed as a complex composite with mechanical properties very
different from crystalline hydroxyapatite”. The results of the composite
deposition of brushite and chitosan were characterized primarily by SEM
observation, X-ray powder diffraction and thermogravimetric analysis.
However, the first study considering the conditions for deposition was
proposed by Wu et al. as part of the Maryland Biochip Collaborative Group
[20]. The researchers showed that by applying a negative voltage in a slightly
acidic chitosan aqueous solution (pH 5, 1 w/v %), it was possible to prepare
micron-sized layers of insoluble polymer on gold electrodes. The rate of
deposition was monitored by profilometry for different conditions of solution
concentrations, time and applied voltage. Additionally, the effect of NaOH
neutralization after electrodeposition was investigated visually, and a sort of
smoothing effect was observed when compared to as-prepared samples. The
interest of the group focused later on the functionalization of miniaturized
systems for sensing applications, as can be seen in the works of Fernandes
et al [21], Park et al [22]. Yi et al [23], Lewandowski [24] Luo[25], Shi[26]
and Buckhout-White et al[27].

Many of these efforts straightforwardly explain strategies for spatially-
controlled assembly of biomolecules on electrodes and hard substrates using
chitosan as scaffold. By taking advantage of the chemical reactivity of the
amine groups of the polysaccharide and of the electrodeposition process,
fluorescent markers like GFP protein, DNA strands and active enzymes were
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immobilized with chitosan and deposited on substrates. The assembly

methods involved:

- Co-deposition after blending of the biomolecule in the chitosan
solution. This is also the case of other works by Zhitomirsky et al
[28] with hemoglobin molecules, and of the literature related to

glucose oxidase immobilization for sensor platforms [29].

- Covalent ex situ conjugation between the two molecules and
subsequent co-electrodeposition of the pH responsive complex.

- Electrodeposition of chitosan and subsequent in situ activation and

functionalization.

The same group investigated the mechanisms and the characteristics of the
chitosan electrodeposition process. The hypothesis that the hydrogel
deposition at the cathode surface resulted from a high localized pH was first
proposed and tested by applying a low current density to a very acidic
chitosan solution (pH = 2) in order to limit the pH gradient extending from
the electrode [21]. Simchi et al. [30] studied the linear film growth as a
function of pH and biopolymer concentration. A change of conformation of
the chitosan chains from a semi-rigid rod to a bulky helical structure was
hypothesized as a result of an increase of pH, thus explaining the decrease of
solubility and the aggregation into stable films. Cheng et al. [31] developed
a direct, non-destructive, in situ visualization method of the pH profile
created during the electrodeposition of chitosan by using a universal pH
indicator solution. They described the three reactions happening into the

electrolytic cell as:
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Anode: 2 H20 > Ox+4H* + 4e- (3.1)
Cathode: 2 H20 + 2e'> H2+2 OH" (3.2)
Cathode: Chitosan-NHs*+OH- - Chit-NHz + H20 (3.3)

Consequently, they linked the cathodic gelation to the number of OH-
anions created in reaction 3.2, and limited the influence of the electrophoretic
migration of chitosan molecules to a contributing effect. This was explained
by considering the much higher mobility of the hydroxyl ions as compared to
that of the chitosan cations, and was visualized by means of fluorescently-
tagged chitosan molecules. Physical crosslinking, responsible for the
hydrogel formation, was facilitated by the partial change of conformation of
the chitosan chains, and allowed gelation even without complete de-
protonation of the amine groups. That is to say, electrodeposited chitosan gels
are formed in an inhomogeneous way by entangling neutralized chitosan
molecules to partially positively charged zones, which move toward the
cathode thanks to the electric field and contribute to a pH dependent density

distribution of the film.

Zangmeister et al. [32] identified the reactions involved in the
electrodeposition of chitosan by cyclic voltammetry and matched the voltage
of deposition with the reduction potential of water (—1.1 + 0.1 V). Moreover,
they confirmed the open and conductive structure of the deposited chitosan
by checking the permeability of the film to charged redox species. Finally,
Liu et al. [33] investigated the influence of the addition of NaCl in the
electrolytic bath on the chitosan film formation. NaCl is known to screen
electrostatic repulsions, thus altering chitosan solution properties and

promote aggregation. Indeed, thicker, more compact and rougher films were

50



produced by electrodeposition, as seen by profilometry and AFM. QCM-D
measurements were performed to evaluate the increase of the swelling ability
of chitosan hydrogels as a function of the salt content increase in the bath,
and the respective decrease of the layer stiffness, and again revealed the

possibility to tailor the material during electrodeposition.

A wide area of applications of chitosan electrodeposition deals with the
fabrication of composite materials. Matrices resembling natural bone [8] have
been electrodeposited by introducing hydroxyapatite in chitosan solutions.
The same materials together with silver ions were electrodeposited on various
substrates to create an Ag* long term releasing matrix with prolonged
antibacterial properties [34]. In the same way, co-deposition or blending was
performed to achieve matrices with chitosan and other polymers, such as
alginate [35] or poly(vinyl)alcohol [36], for tissue engineering or drug
delivery.

Chitosan and functionalized carbon nanotubes have been shown to interact
covalently and co-electrodeposit on surfaces of stainless steel, thus increasing
the Young’s modulus and the fatigue properties of the substrate [37]. The
same principle has been widely used for sensing applications [38] by
exploiting the excellent electrical and electrochemical properties of the

nanostructures.

Recently graphene oxide and reduced graphene oxide have been attached
or immobilized into chitosan matrices to produce composites for sensing and
drug delivery applications [39]. This again showed that the field of the
electrodeposition of this biopolymer offers a huge variety of applications and

combinations for the field of MEMS and micro devices (figure 3.3).
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Figure 3.3. Electrodeposition of chitosan has been used in different areas of
research. The natural physical and chemical properties of the polymer make it

attractive for interaction with a large variety of molecules and entities, including

nanoparticles, enzymes, and other polymers.
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3.4 Motivation: a smart microrobot for drug delivery

in the eye

The number of eye diseases affecting the posterior segment of the eye
(vitreous, retina, choroid) such as age related macular degeneration (AMD),
diabetic retinopathy, diabetic macular edema (DME), and retinal vein
occlusion (RVO), is currently increasing with the aging world population.
Although laser therapy or vitreoretinal surgery still constitutes the standard
treatments, drug delivery has become progressively important and more
frequently used. Nevertheless, due to the nature of the eye and its anatomical
position and physiology, many challenges and complications must be
overcome in the design of ophthalmic drug delivery systems.

Topically administered eye drops or systemic administration suffer from
limited efficacy due to negligible intraocular penetration [40], rapid excretion
through lachrymal fluids or blood flow [41], and indiscriminate distribution
[42], which can lead to severe side effects. Intravitreal injections offer several
advantages over conventional methods by increasing the drug level without
causing systemic side effects. These injections are routinely applied in
clinical settings, though repeated sessions are needed in order to compensate
for the elimination of the drugs from the vitreous. This often causes often
patient discomfort and, in some situations, leads to complications such as

infections or irreversible damage [43].

Micro and nanofabrication technologies provide the possibility of
designing small-scale carriers capable of delivering precise doses of drugs as
near the target as possible. Ideally drug delivery systems should be
sufficiently miniaturized to reach the disease site but with enough volume to
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accommodate a relevant dose of drug (tens to hundreds of micrograms to be
comparable with the current doses of potent systemic drugs [44]). In addition,
they should satisfy biocompatibility and non-toxicity standards throughout
their desired time of action. Finally, the device should be trackable and able
to release drugs on demand based on external commands or local biochemical
changes. For example, altered biological conditions are usually accompanied
by local acidosis due to local accumulation of H* created by elevated

glycolysis, which could be exploited as a triggering condition [45].

Magnetic microrobotic systems have the potential to provide continuously
controllable sub-millimeter wireless platforms for targeted drug delivery.
These devices usually consist of soft-magnetic cylindrical or elliptical bodies
[46, 47] wirelessly moved by permanent magnets or, more efficiently, by
electromagnetic systems [47, 48]. Their size can reach that of recently
developed commercial drug delivery devices, like the Vitrasert [49] or the
Medidur [50] (few millimeters in length) so that they can be inserted through

a small incision in a minimally invasive way.

Their intelligence is mainly related to the externally controlled systems
used for their manipulation. However, the use of a smart material able to
respond to external stimuli can enhance the capabilities and the “intelligence”
of these devices. Including smart hydrogels into the previously described
microrobotic platforms constitutes an excellent and desired strategy for the

design of a new generation of micro devices.
Some requirements and constraints must be specified at this point:

- The fabrication method for the incorporation of hydrogels onto

magnetic microrobots needs to be compatible with the designed system and
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previous fabrication steps. It must work on magnetic bodies with complex 3-
dimensional shapes and geometries, and it should be applicable to a variety

of substrates.

- Additional processes to integrate a smart hydrogel into the platform
must be compatible with the incorporation of biological active components
such as drugs or cells. This implies avoiding hard chemicals, reagents or

extreme conditions.

- The chosen smart hydrogel should be able to incorporate a quantity
of active agents comparable to the ones stored in the commercial drug
delivery devices.

- The proposed material should release the stored drug in a smart
way by responding to an external imposed stimuli related to the pathological
condition. The release should be sustained and prolonged over days, if not

weeks.

Considering these constraints, we identified the electrodeposition of
chitosan as the optimal candidate for the desired applications.
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3.5 Materials and methods

3.5.1 Preparation of the solutions and the substrates

Chitosan from crab shells (CS, 75-85% deacetylation), sodium
tripolyphosphate (TPP, 85% assay), Brilliant Green (BG, dye content 90%)
and PBS were used for electrodeposition and drug release. All chemicals
were purchased from Sigma Aldrich and used without further purification.
Gold-coated silicon chips were used as substrates to prepare chitosan-based
films. The chips were obtained by evaporating a 150 nm gold layer (with a
50 nm titanium adhesion layer, and a 50 nm titanium protective layer) on a
<100> silicon substrate diced into squares of 10 mm each side. Before
electrodeposition the chips were cleaned by sequentially dipping them into
0.5 % HF (to remove the titanium protective layer), acetone, isopropanol and
Millipore Milli-Q-Water. The chips were immersed in Piranha (H2SOs: H202
7:3) solution for 5 minutes and briefly rinsed with Millipore Milli-Q-Water

to completely remove any organic contamination before use.

Chitosan solutions were prepared by adding chitosan flakes to 1% acetic
acid solution and stirred until full dissolution. After mixing overnight, the
solutions were filtered using a vacuum filter system to remove undissolved
particles, stabilized at pH 5.0 with the addition of drops of 1 M NaOH, and
brought to a final concentration of 0.5 w/v%. Electrodeposited chitosan-BG
films were obtained from electrolytes containing additional 0.1 w/v% (2 mM)

of BG. The pH of the chitosan solution was not influenced by this step.
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3.5.2 Electrodeposition of chitosan and post deposition treatments

The electrodeposition of chitosan films was performed in a three-electrode
single compartment cell using Ag/AgClI reference electrode and a platinized
titanium mesh counter electrode. A Gamry Reference 3000 (Gamry
Instruments, Usa) potentiostat/galvanostat controlled by a Gamry Framework
software was used to control the deposition. Chitosan layers were grown
galvanostatically for different times (2.5, 5 and 10 minutes) and different
current density conditions (5, 10, 15, 20, 40 A/m?) to study the dimensional
control of the process. The area of deposition was set to 0.5 cm?2. After
deposition, the chitosan coated electrodes were removed from the solution
and rinsed with water to ensure removal of unbound material. Following that,
different treatments were performed. Neutralization of the layers was induced
by shortly dipping the samples into 1 M NaOH solution (1 minute) and
subsequently rinsing with water. Crosslinked samples were deposited for 5
minutes, then neutralized (1 M NaOH for one minute), and subsequently
immersed in aqueous solutions of 10 w/v% TPP for 30 minutes. As the pH of
this solution influences the crosslinking reaction and efficiency, two solutions
with different pH, 8.5 and 5, were used. The first value refers to the natural
pH of a TPP water solution, the second was adjusted by adding drops of acetic

acid into the first solution.

A similar process was used for the preparation of drug releasing hydrogels
on gold chips. The deposition of the chitosan-loaded samples was carried out
at -1.5 mA/cm? for 10 minutes. Cyclic voltammetry was used to monitor the
consequent electrochemical processes occurring at the cathode between 0 V
and -3 V (vs. Ag/AgCI). Rinsing and neutralization were performed as
described above. Crosslinking was performed for 30 minutes at pH 8.5 or

alternatively for 10 or 30 minutes at pH 5.
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3.5.3 Electrodeposition on microrobotic platforms

Stainless steel micro-needles (UPC medical USA) served as three-
dimensional substrates to build up a drug-delivery magnetic microrobotic
prototype. An electrolyte containing cobalt and nickel salts and other
additives was used to implement soft-magnetic coatings on the needles.
Electrodeposition of chitosan-BG films was subsequently performed on the
three-dimensional magnetic microdevices. Electrodeposition of chitosan
films on the micro needles was performed at the same current density tested
on the chips for 70 minutes in order to provide the same amount of charge

with respect to previous experiments.
3.5.4 Characterization of the chitosan growth

The time dependent growth of the chitosan during electrodeposition was
recorded using a USB digital microcamera (Dnt Gmbh, Germany) focused
on the lateral profile of the growing hydrogel. The change in the intensity of
the transmitted light due to sol-gel transition and the profile of the deposition
was monitored. A quantitative and qualitative analysis of the process was
performed using the commercial software DigimicroScale 2.0. The swelling
characteristics of the different chitosan layers were also monitored in this
way. The dried thickness of the deposited layers was measured by
profilometry (Tencor model P10 Surface profiler, Tencor Instruments, USA)
and averaged over at least 5 measurements on each of 5 samples. Profilometry
measurements were also used to provide some insights on the resistance of
the matrices to dissolution or reorganization. Samples treated in different
ways after deposition were immersed in water for 1,2,3, and 6 days, and dried
at every time interval. Their thickness changes were monitored and compared

to the original sample.
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3.5.5 Cryo-SEM imaging

The surface and interior morphology were characterized by Cryo-SEM.
Sections of the electrodeposited layers were detached from the substrate
using a disposable biopsy punch and saved in their natural swollen state using
a high pressure freezing method (HPMO010, BalTec/Leica, Vienna, Austria).
A pressure of 2200 bar was rapidly applied prior to freezing with supercritical
liquid nitrogen. Cryo-fracturing was performed in liquid nitrogen by
scratching the surface of the samples before being transferred in a freeze
etching device (BAF060, BalTec/Leica, Vienna, Austria) and precooled at -
120°C under high vacuum. The hydrogels were then left at -100°C (ramp
90°C/hr) for 1 hour and subsequently brought back to -120°C (ramp 90°C/hr)
to sublimate the water. Finally, the samples were shadowed (evaporation by
electron beam) with tungsten within the BAF 060 from an elevation angle of
45° to an averaged layer thickness of 6 nm and then from a variable angle
between 45° and 90° for an additional 3 nm layer. Frozen and coated samples
were transferred under high vacuum (2.0x 10-7 mbar) at -120°C to a cryo-
SEM (LEO, Gemini 1530, Carl Zeiss, Oberkochen, Germany). The images

were taken at -120°C with an acceleration voltage of 2 kV.
3.5.6 Chemical characterization

Chemical analysis was performed on samples deposited for 20 minutes at
-1.5 mA/cm?. Non-crosslinked and crosslinked samples were scanned by
FTIR (FTIR Spectrum 100, Perkin EImer Waltham, MA, USA) over a wave
number range of 4600 to 600 cm™. The results were analyzed using the

commercial software Spectrum (Perkin Elmer, MA, USA).
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3.5.7 Drug delivery experiments

A preliminary analysis of the quantity of BG loaded onto electrodeposited
chitosan hydrogels was performed by completely dissolving the deposited
layers in 2 ml of PBS adjusted to pH 6.0 at room temperature. The solvent
was collected and measured by UV/VIS spectroscopy (Infinite M200 Pro,
Tecan AG, Mannendorf, Switzerland) at 624 nm. A minimum of five samples
was analyzed, and the influence of neutralization, ionic crosslinking and the

pH of the treatment were investigated.

In vitro release of BG entrapped in the chitosan matrix during
electrodeposition was performed for a minimum of five samples for each
condition, in PBS medium at pH 7.4 and pH 6.0 in order to mimic different
environmental conditions. Dried samples were placed in 2 ml of PBS buffer
at 37°C and allowed to swell and release the dye. At defined times the solvent
volumes were collected, measured by UV/VIS spectroscopy at 624 nm
wavelength and replaced with fresh solution (in order to mimic a perfect sink
condition). Release was monitored for three weeks, and the kinetics was
evaluated by fitting the in vitro data to different empirical models using
MATLAB (The Mathworks, Natick, MA, USA).
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3.6 Results

3.6.1 Analysis of growth and control of the thickness

The electrochemical deposition of chitosan was analyzed to define the
kinetics of growth at different experimental conditions. A roughly linear
profile was observed at various applied current densities. The results are
shown in Figure 3.4 where the central thickness of the layers is reported as a
function of time for the first 300 seconds of deposition. An increase in the
standard deviation of thickness at higher current densities and longer
deposition times was observed, together with the formation of hydrogen

bubbles entrapped in the layer.
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Figure 3.4. Thickness growth of the electrodeposited chitosan samples monitored
by in situ direct visualization. An increase in the time or current density allows the

formation of thick but less ordered layers.

61



Profilometry analysis of the deposited material, after being dried in air,
shows a rather non-linear behavior for most of the combinations of time and
current densities. At relatively low current densities or too short deposition
times, we observed a limitation in the thickness of the chitosan films. A high
standard deviation in the results is clearly visible when the layers were grown
at higher current densities or for relatively long times of deposition, thus
rendering the process less controllable. A linear behavior with low standard
deviations can be found for current densities lower than -15 A/m?, even for
10 minutes of deposition (figure 3.5). The layers deposited in this way
showed only little inhomogeneities related to the entrapment of hydrogen
bubbles.
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Figure 3.5. (a) Time dependency of the thickness of chitosan layers electrodeposited
at different current densities. (b) The same results can be read as a function of current
density to understand the effect of this parameter.

3.6.2 Post-deposition treatments

Neutralization was performed right after rinsing by dipping the samples for
one minute in a solution of 1 M NaOH. This process was also used to stabilize

the layers before ionic crosslinking with TPP, in the way described above.

Samples immersed in 1 M NaOH showed an instantaneous change in color
appearing whiter and more defined. No significant difference was observed

in the wet layer thickness during the process. However, when immersed in
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PBS after neutralization, the layers significantly swelled compared to the
original thickness (see figure 3.6a and b). In the same way, their dried
thickness, measured by profilometry increased when compared to their
respective not neutralized layers. Moreover, higher internal inhomogeneities

were found for every sample after this treatment (see figure 3.6c).

—Neutralized
12| |—Not neutralized

10

g
‘2 8f
13
o
£
S 6
=
=
4
ol
0 5 10 15 20
c) Current density [A/m?]

Figure 3.6. (a) and (b) show the effect of one minute neutralization in 1 M NaOH.
The hydrogel layers get significantly and visibly expanded by the treatment. (c)
Neutralization effect on samples deposited for 10 minutes. The process also modifies
the dried thickness of the layers by increasing their average thickness and producing

higher standard deviations, even at low current densities.

Crosslinking with TPP performed at pH 5 led to a fast and significant
shrinkage of the layers (by approximately a factor of four) followed by a
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recovery of the original thickness when re-immersed in water. When
measured by profilometry the deposited hydrogels were found to be
comparable in size but smoother than the non-treated ones in their

topography.

Crosslinking performed at pH 8.5 did not cause any visible change during
treatment. However, the dried samples appeared generally much thicker than

the non-treated ones with a less uniform surface profile.

The swelling ratio, defined as:

wet thickness (by in situ visualization) (3 4)

Swelling ratio=

dried thickness (by profilometry)

was also measured and found to be significantly affected by neutralization.
Samples treated at pH 8.5 or pH 5 recovered a behavior similar to the original
matrix after the neutralization step. All data relative to dried thickness and

swelling ratio are reported in table 3.1.
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Treatment Dried thickness Swelling ratio

(5 mins deposition) (5 mins deposition)
As deposited 4.7+0.5 11.7 £3.0
chitosan
Neutralized chitosan 58+1.9 20.1£55
(1 M NaOH, 1 minute)
Crosslinked pH 8.5 9.6 +34 10.8 £1.0
(30 minutes)
Crosslinked pH 5 5115 7.8+1.2

(30 minutes)

Table 3.1. Dried thickness, measured by profilometry and swelling ratio values for
four analyzed conditions of chitosan membranes. Swelling ratio measurements based
on a set of a minimum of three samples per condition obtained by comparative visual

and profilometric analysis, while dried thickness is the results of a minimum of five

samples for condition.

FTIR analysis was performed to confirm the chemical changes following

the different processes. Results are presented in figure 3.7.
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Figure 3.7. FTIR spectra for the differently treated chitosan layers. From top to
bottom, chitosan as electrodeposited (1), neutralized in NaOH (2), crosslinked at pH 5
for 30 minutes (3), crosslinked at pH 8.5 for 30 minutes (4).

The typical bands of chitosan chains related to the stretching vibration of
the amine and the hydroxyl groups are visible in all the curves at 3400 cm™,
together with the ones related to the amide groups (1655 cm-?). Neutralization
induces the appearance of new peaks around 1580 cm* and 1400 cm'%, which
are attributed to the N-H stretching of the amine groups and the removal of

acetate anions.

Crosslinking with TPP at pH 5 (curve 3 in the figure) generated new bands
at 1550 cm and at 1208 cm™ related to the anti-symmetric deformation in
NHs* ions and the anti-symmetric stretching vibrations of PO2" groups. These
peaks confirm the formation of ionic links between these groups. In contrast
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to that, curve 4, related to the crosslinking performed at pH 8.5, shows only
a very low signal for phosphorous groups at 1200 cm, and a general profile
resembling more the one of neutralized samples. This analysis seems to
confirm the fact that the generated matrix had properties coming both from
the interaction with phosphate groups and the concurrent presence of

hydroxyl ions.

The microstructure of the as-deposited and modified hydrogel networks
was investigated by Cryo-SEM, (figure 3.8). Images realized by the use of
the in-lens detector (3.8A for the as deposited samples, 3.8B for the
crosslinked at pH 5) revealed a gel pore size on the order of 500 nm for both
cases. The fiber-like structure of the non-treated hydrogels or the neutralized
layers appeared to be strengthened by the crosslinking process. Globular
structures were observed growing on the fibers (3.8D in comparison to the
control 3.8C, both obtained from a secondary lateral detector), with an
increased effect with longer times of processing or when the ionic complexes
were created at a lower pH.
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Figure 3.8. Cryo-SEM micrographs of hydrogel matrices obtained from two

different detectors. (A) and (B) show as deposited and crosslinked (pH 5) hydrogels,
respectively obtained from an in lens detector. (C) and (D) represent the same areas
taken from a secondary lateral detector which gives a better indication of topography.
The material presents a uniform porous structure and filamentous fibers when not
treated. Crosslinking with TPP thickens the structure and creates nodular structures

that become more visible when the process is performed in an acidic environment.

The different treatments influenced the stability of the layers after
repetitive immersion into water. In general, measurements performed on
samples deposited for 5 minutes at 1.5 A/m? showed that neutralization and
crosslinking were causing a significant reduction of the thickness of the layers
along the analyzed period of time. Untreated layers lost only 30% of their
original thickness after one week (figure 3.9), while neutralized chitosan
membranes decreased to more than half the original value. Crosslinking

induced either large inhomogeneity among the various sections of the
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different films (crosslinking at pH 5) or massive decrease of thickness (~70%
of the initial value).

B As deposited
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Figure 3.9. Layer stability of the differently treated chitosan films, as measured by
comparing the thicknesses measured by profilometry after different intervals of time.

Large variations were induced by crosslinking or alkaline treatments.
3.6.3 Drug loading and release experiments

Drug release experiments were performed after including BG as a drug
model in the electrolytic bath at a concentration of 2mM and co-
electrodepositing it on the substrates. The deposition conditions were set at -
15 A/m? for 10 minutes, following the results previously described. In this
way films with a relatively high thickness and acceptable homogeneity could

be deposited.

The influence of the addition of the positively charged small dye was

investigated by cyclic voltammetry. Curve 1 in Figure 3.10 shows a
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representative curve of a chitosan solution at pH 5. The onset of a large
current density increase and hydrogen evolution was observed past -1.0 V
and is attributed to the reduction of water (which occurs at potentials more
negative than E=-1.04 V versus Ag/AgCI[32]). The curve then follows a
linear trend at potential lower than -1.5 V. A similar pattern is recorded when
BG is added to the bath (curve 2). However, at the current density used for
our system (see dashed line), the drug loaded bath responds with a current 0.6
mA lower than the reference. This value and the shift of the curves reveal
quantitatively and qualitatively the decrease of conductivity of the entire

solution.

Records of the galvanostatic deposition of chitosan in the absence or in the
presence of BG are presented in Figure 3.11. The addition of the drug
modifies the initial deposition onset, probably because of the simultaneous
adsorption of the drug on the electrode. However, after the first few seconds
the two processes converge, eventually approaching a comparable potential
response after the first minutes.
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Figure 3.10. Cyclic Voltammetry recorded for baths containing 0.5 w/v% chitosan
(1) and chitosan with 2mM Brilliant Green (2). The arrow points to the average

condition of deposition experienced.
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Figure 3.11. Comparison of the evolution of the deposition of chitosan (1) and

chitosan+drug (2) during 10 minutes. The two profiles, though differing at the

beginning, tend towards the same stable condition.
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The amount of drug loaded during co-electrodeposition with chitosan was
evaluated by immersing the matrices in an acidic environment with pH < pKa
of chitosan, thus promoting their fast dissolution. Table 3.2 reports the values
detected when electrodeposition was performed from chitosan solutions
containing an initial concentration of 2 mM BG. The values are normalized
over the macroscopic area of the substrate (0.5 cm?) in order to provide a
scale suitable for the final application on a microrobotic platform. Taking the
first condition as reference, only 30 minutes of crosslinking at pH 5 induced
a significant loss of loaded material (final loading is ~46 % with respect to
as-deposited samples). By reducing this treatment to 10 minutes, no
significant change in the total loaded amount was recorded.

Condition Amount of drug loaded
(Hglcm?)
As deposited 77.83+10.21
Neutralized 72.72 £6.57
Crosslinked pH 5, 30 minutes 42.15+9.4
Crosslinked pH 5, 10 minutes 73.33+£1.23
Crosslinked pH 8.5, 30 minutes 80.33 + 6.32

Table 3.2. Comparison between the amounts of BG loaded in the non-treated and
treated electrodeposited chitosan hydrogels as measured after full release at pH 6 by
spectrophotometry.

The cumulative release profiles of the differently treated chitosan layers in
physiological media at pH 7.4 are shown in Figure 3.12. As-deposited
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chitosan hydrogel layers released ~ 60% of the loaded amount of drug in three
weeks. This value was obtained by comparing the results presented in table
3.2 with the total amount of drug released in the investigated time. In order
to confirm that the samples contained the same amount of loaded drug, the
matrices used for the experiment were subsequently immersed in pH 6, and
the remnant release was evaluated as a control. No discrepancy was observed.
Films crosslinked at pH 8.5 or neutralized showed a significantly lower

release with values respectively of 30 and 40% of the total loaded drug.
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Figure 3.12. Drug release profiles for samples immersed at pH 7.4. Curve 1
represents untreated samples. Curve 2 shows the effect of neutralization. The effect of
ionic crosslinking at acidic pH is shown by curve 3 (10 minutes of treatment) and curve
4 (30 minutes of treatment). Crosslinking at basic pH (curve 5) provides the slowest

release option.

Hydrogel layers crosslinked at pH 5 for 30 minutes exhibited an initial
burst release of 20% of the loaded drug occurred in the first 30 minutes
followed by three days of essentially zero order release. Subsequently, a final

plateau was reached corresponding to 60% of the total loaded BG. The initial
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burst release amount could be controlled by changing the crosslinking time

as it can be seen in figure 3.13.
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Figure 3.13. First 60 minutes of release at pH 7.4 for untreated and treated
samples. Neutralization linearizes the first release. The effect of crosslinking at acidic
pH is clearly visible producing a burst release. The amount of drug released
instantaneously is controllable by the time of treatment (10 minutes in light green or
30 minutes in dark green). Crosslinking at basic pH (pink) only slightly modifies the
pattern of neutralized samples.

The interpretation of the values obtained in the experiments was facilitated
by fitting the data versus a series of empirical equations [51, 52] that represent
the drug profiles as a function of time (Table 3.3 displays some models and a
qualitative description of each one of them). These models, though not
providing a complete parameterization of all the mechanisms involved in the
release (including diffusion, erosion, and degradation of the film [53]),
allowed us to classify the results and provide theoretical insights on the

different processes.
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Non-treated chitosan matrices and chitosan films treated in alkaline
environment show a typical Fickian diffusion driven profile. First order
kinetics, with different law constants, fits precisely the data coming from

chitosan treated in acidic environments.

The same analysis can be performed for the samples releasing under
different environmental conditions. As can be seen in figure 3.14, at pH 6.0,
all the chitosan matrices release almost the entire loaded drugs in only 72
hours. This amount is in average five times higher than the release measured
over the same period at pH 7.4. The Fickian diffusion release seen at pH 7.4
is replaced by a first order kinetics, common in this case for all the analyzed
conditions, with different release parameters. Interestingly, samples treated
at basic conditions exhibit a slightly higher kinetics constant than the
controlas opposed to what was observed at pH 7.4. The fitting parameters and
a classification of different cases for simulated physiological (pH 7.4) and
pathological (pH 6.0) conditions can be found in tables 3.3 and 3.4,
respectively.
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Figure 3.14. Drug release profiles for samples immersed at pH 6 simulating a
pathological environment. Release reaches the totality of the loaded drug in all cases.
Electrodeposited chitosan without modifications (1) appears to be less sensitive than
the neutralized (2) ones. Crosslinking at acid pH (curve 3 and 4) and at basic pH (curve
5) does not produce significant differences as at pH 7.4.
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Model Expression Application

Higuchi Model Qt — Kt/ Diffusion process based

Qe on the Fick’s law.

First-Order “_ ke Typical formula for
dt
Kinetics water soluble drugs in
or porous matrices. The rate
of the release is
Kt

LogC = LogCo ———— roportional to  the

8% = L08X0 " 5303 PP

concentration of the drug
in the matrix.

Table 3.3.Empirical mathematical models for drug release kinetics as described in
the literature [53].
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System Kinetic Mechanism r

constant

k (h™)

Neutralized Fickian
chitosan diffusion,
Higuchi Model

Chitosan First Order
crosslinked pH 5 kinetics

(30 minutes)

Table 3.4. Fitting of solute release data of chitosan electrodeposited matrices at pH
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System Kinetic Mechanism r

constant

k (h™)

Neutralized . First Order

chitosan kinetics

Chitosan 0.28 First Order 0.994
crosslinked pH 5 kinetics

(30 minutes)

Table 3.5. Fitting of solute release data of chitosan electrodeposited matrices at pH
6.0.

3.6.4 Electrodeposition on microcapsules
As a proof of concept, microcapsules with dimensions similar to

commercially available devices for drug delivery in eye [49] were produced
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by electroforming and functionalized with electrodeposited chitosan (figure
3.15). The process, performed for approximately 70 minutes, followed the
same pattern and showed the same characteristics recorded for flat gold chips.
The additional challenge of a three-dimensional surface and deposition
partially affected the final result and the possibility to create a loading matrix
for drug delivery. Although feasible and controllable, the deposition revealed
a visible higher level of inhomogeneity and voids created in the film.

Figure 3.15. Electroformed capsule functionalized with chitosan and BG drug. The
deposition was performed selectively on the implants using the current density tested

on gold chips. In the inset (a), a final implant with an additional needle.
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3.7 Discussion

The electrodeposition of chitosan represents an easy and flexible method
to functionalize conductive surfaces and provide a responsive layer for smart
sensing and drug delivery. Chitosan exhibits the inherent ability to change its
solubility when passing through the pKa (6.3) value of its amine groups. This
allows the immobilization of films on substrates, due to the electro generation
of hydroxide ions at the cathode of an electrochemical cell in aqueous
chitosan solutions. At the same time it provides a pH responsive behavior in
an important physiological pH range. It is well known that high proton
concentrations are commonly found in inflamed tissues (down to pH 5.4) or
around malignant tumors [54] due to the altered catabolism of glucose.
Chitosan solubility increases dramatically when passing from a physiological
environment to such pathological conditions, thus allowing a faster drug
release close to a hypothetical target. Moreover, chitosan films can be easily
chemically or physically modified with mild treatments, which appear to be
mostly well-matched with biomedical applications [18].

Electrodeposition from chitosan acidic solutions occurs due to
simultaneous formation of a locally high pH adjacent to the cathode, the
neutralization of chitosan amines, and the change of conformation of the
molecule in the new electrical state [30]. The process exploits the reduction
of water, which happens at potentials more negative than E = - 1.0 V, and is
accompanied by hydrogen evolution. Applied current density, duration of the
process, and chitosan concentration are the main parameters to control for the
deposition of films and the homogeneity of the layers. In situ visualization of
the linear growth rate and profilometric analysis of the dried films helped
define the optimal parameters for film thickness, homogeneity of the layer
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and drug loading. Current densities higher than —15 A/m? (average voltage
response -1.6V vs Ag/AgCl), or deposition times longer than 10 minutes,
although allowing fast growth, were usually unable to create uniform layers,
due to the massive inclusion of hydrogen bubbles in the films. Current
densities lower than -10 A/m? (-1.2 V vs Ag/AgCl) and short deposition times
provided relatively thin layers.

For this reason, -15 A/m? was defined as the reference for most of the
characterization processes and 10 minutes of deposition was fixed for the
experiments related to drug loading and release. Afterwards, the influence of
different post deposition dip coating treatments on the electrodeposited films
was characterized. Neutralization with NaOH and ionic crosslinking with
TPP at pH 5 and pH 8.5 were performed and the results investigated in terms
of microstructure, chemical composition, stability of the matrices, and
swelling properties. Neutralization with NaOH has been often used to ensure
complete conversion of the amine groups from a protonated to a deprotonated
state [20]. However, multiple consequences could be observed in terms of
chemical and physical behavior. Profilometric analysis and in situ
visualization of the treated layers showed a significant increase of the dried
thickness and the swelling capability (swelling almost double, when
compared to as deposited layers), together with a reduction of homogeneity
of the surface. The chitosan films appeared more hydrophilic, in accordance
to previous reported studies [55, 56], probably due to the simultaneous
appearance of alkoxide ions (from OH lateral groups reacting to form a salt)
and the deacetylation process, which removed acetate ions and increased the

presence of amide and amine groups.

Chemical imaging by FTIR was used to confirm our hypothesis. We

observed the appearance of a strong signal at 1580-1590 cm* corresponding
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to the stretching of amine groups, and another one around 1400 cm™ which
can be attributed to the deformation of CHs, CHz groups, following the
removal of neutralization of acetate ions. In this way we were able to enhance
the affinity to water of the electrodeposited matrices, a property that appears
to be useful for drug loading and delivery, actuation and even cell-hydrogel
interactions [55].

The same tools were used to characterize the ionic crosslinking with TPP.
This small molecule has been frequently used to produce polyelectrolyte
complex beads in a mild and not-toxic way for drug delivery [57]. The
process of crosslinking is time and pH dependent, since it involves the
interaction by diffusion of counter ions, such as the phosphoric groups P3Og*
of TPP and chitosan NHs*. In our system, chitosan appeared as a partially
neutralized matrix after electrodeposition with few cationic sites potentially
still available. TPP aqueous solutions are a mixture of hydroxyl and
phosphoric ions following dissociation of the molecule in water and have a
pH of 8.5. In order to maximize the interaction between the mentioned ions,
we adjusted the pH of TPP to 5 to eliminate the competing hydroxy! groups.

The nature of crosslinking appeared strongly modified by this change.

A short neutralization process was performed for all the matrices, as it was
seen to increase the effect of the crosslinking process and at the same time
the adhesion of the layers to the substrates. Following that, crosslinking was
performed for 30 minutes alternatively at pH 8.5 and pH 5.

Significant morphological and behavioral changes of the chitosan matrix
could be introduced by the ionic crosslinking at pH 5. The layers appeared
compact, with decreased swelling properties and a strongly reinforced matrix,

resistant to complete dissolution in acidic environment. Cryo-SEM revealed
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a thickening of the original fiber structure of the chitosan matrix with globular
units appearing around the network. Matrices crosslinked at pH 8.5 appeared
more similar to the neutralized matrices in the swelling, structure, and
dimensional behavior, with only a higher standard deviation in the dried
thickness measurements. We can assume that this general behavior is due to
a less efficient crosslinking caused by the competition between OH- groups
and trypolyphosphate ions at pH 8.5, while the higher roughness of the
surfaces is related to the formation of salt aggregates that affect the
uniformity of the layers, as recently reported in similar systems [33]. FTIR
strengthened our hypothesis by showing a strong signal of peak vibrations of
phosphate groups (1200 cm™) only for samples crosslinked in acidic
conditions. This enhanced mechanical strength together with the natural
properties of chitosan could be useful for more complex microrobotic devices
where chitosan would be functionalized with stable moieties for real time
sensing or tracking [58].

The stability of chitosan film thickness in a water environment was
significantly modified by the different treatments. Hydrogels immersed in
basic solutions (neutralized or crosslinked) lost half (or even more) of their
original thickness after the first 24 hours of experiment. More stability was
recorded for samples treated at pH 5 (although high standard deviations need
to be mentioned) or for untreated matrices. These data probably constitute a
sum of all the effects mentioned above. Tthe low stability of the films
subjected to neutralization or basic crosslink is related to the loss of salt
aggregates, poorly attached chitosan molecules, a relatively higher loosening
of the network. Samples crosslinked at pH 5 show a higher resistance,
probably due to the more compact and reinforced matrix. However, the

samples are presumably subjected to the same effect of loss of aggregates
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which is responsible of the high standard deviation recorded during the

measurements.

The characterization of the electrodeposited chitosan films was used to
provide guidelines and details on the drug loading and release capabilities of
these systems. BG was used as a model of an ionic drug due to its limited
size and common use as antiseptic for eye treatments (figure 3.16) [59]. Co-
electrodeposition with chitosan was found to be an efficient and non-toxic

method for loading drugs.

No significant dimensional changes during deposition were observed when
BG was added in the electrolyte during electrodeposition. Being a cationic
molecule, its presence in the bath modifies the general characteristics of the
process increasing the resistance of the solution. The difference was primarily
found in the first part of the deposition process. The initial deposition onset
was steeper than the one recorded for only chitosan deposition, probably due
to an initial motion and deposition of the dye on the cathodic substrate, which
would cause an increase in the resistance of the system. However, co-

deposition asymptotically tended to the values of pure chitosan deposition.

The system was able to store 40-80 pg/cm? of drug depending on the
applied series of treatments. This drug loading capacity could be further
optimized by adjusting different variables related to the electrodeposition
process. Longer process times introduce voids and imperfections and reduce
the reproducibility of the process but have the potential to increase loading to
hundreds of pug/cm?. Other parameters such as the applied current density [60]
and the concentration of the electrolytes in the bath considerably influence

the film structure and composition.

86



Comparative studies of the drug loaded chitosan matrices showed the
possibility of achieving different profiles and release kinetics by varying the
post-treatment conditions. For all the cases, prolonged release was observed
for approximately three weeks under physiological conditions involving a
fraction up to ~ 60 % of the loaded drug. A typical diffusion-based process
was recorded for the as-deposited samples, as well as for the samples
crosslinked at pH 8.5 or those simply neutralized in NaOH. These two
conditions showed a relatively more limited release (~ 40%) suggesting that
a zero order profile could be achieved by tuning the time and the intensity of
the treatment. Surprisingly, a burst release was attained with chitosan films
crosslinked at pH 5 with an effect increasing with the time of the treatment.
A plausible explanation could be found in the fabrication and processing used
for the preparation of the samples. A dip coating process in acid solution,
aside from providing optimal conditions for the ionic crosslinking, facilitates
a partial dissolution of the chitosan film. In contrast, TPP solutions at pH 8.5,
despite not being efficient for crosslinking, provide a further possibility to
stabilize the film through neutralization. Moreover, while one can assume a
uniform drug distribution in the deposited chitosan layers, a basic process
may have redistributed the drug away from the polymer/solvent interface or
induced its partial precipitation (as experimentally observed on a solution of
only dye).

Dimensional factors and swelling properties also play an important role in
the profile design [52, 61]. As shown before and briefly represented in figure
3.17, crosslinking at pH 5 produces a contraction of the matrix with a relative
reduction of the distance that the solvent has to penetrate. Assuming no
change in the layers porosity during crosslinking, this contraction has been

shown to provide dramatic consequences on the fractional drug release [62].
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Figure 3.17. Possible mechanisms of drug release from crosslinked and non
crosslinked films. Dimensional modification that occurs during the process may induce
the significant differences recorded during the experiments. Another possible reason
could be the distribution of the drug inside the matrices with BG tending to accumulate

at the bottom of chitosan films treated in alkaline solutions.
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All the layers exhibited strong pH responsive behavior when immersed at
pH 6. This was manifested by the increased drug release (almost 100% of the
loaded amount), reduced time of action, change of release kinetics and
complete dissolution of the matrix after three days for almost all cases. Only
TPP/chitosan films crosslinked at pH 5 retained their integrity, suggesting a
greater number of stable links. However, their sensitivity to the change in the
environmental conditions in terms of release could indicate an incomplete
crosslinking process, which would otherwise hinder this behavior [63]. In all
cases a strong swelling caused by electrostatic repulsion among the
protonated amine groups of the polymer network are responsible for the
increased diffusion and drug delivery [64]. Interestingly, in acid conditions,
layers neutralized with NaOH or crosslinked in basic solutions showed faster
release than the control suggesting a looser and weaker network.

In order to provide a proof for future work and investigations, tests of co-
deposition of the studied matrices and BG dye were performed on self-made
magnetic microneedles produced by electroforming. The parameters tested
on flat gold chips appeared to provide a successful coating over the entire
surface of the capsules. The relatively long time needed for the process,
however, was found to be a potential source of inhomogeneity. As previously
stated, hydrogen evolution effects become more evident with increasing
deposition time. Further studies, focused in the incorporation of more
relevant drugs, are still needed to define the full capabilities of the

investigated system.

89



3.8 Conclusions and outlook

The study proposed here represents a first step for the creation of complex
microdevices able to sense, act and react to complex environments such as
the human body. These features can be implemented in magnetic
microdevices by electrodeposition of a smart material in a controlled fashion.
The microdevices consist of a magnetic cobalt-nickel cylinder which
provides the locomotion, coated by a chitosan film, which is the pH-sensitive
drug delivery component. Due to their intrinsic properties, these chitosan
films exhibit a sustained release (approximately 1 month) in simulated
physiological conditions and an accelerated kinetics when the pH approaches
values similar to ones in inflamed tissues. Moreover, mild and non-toxic
treatments allow physicochemical modification of the chitosan matrices that
allow adjustments in the release profiles as a function of the targeted area and
therapy.

The platform possesses the following qualities that are beneficial for a

microrobotic platform for targeted drug delivery:

- itexploits a flexible and versatile fabrication technique for coatings

of magnetic microdevices, such as electrodeposition.

- It contains a responsive polymer, chitosan, whose properties are

naturally tuned for drug delivery in the human body.

- It takes advantage of a biocompatible and externally controllable
method (the pH of the environment) for loading a drug, tuning the

chemical properties of the films, and controlling the release kinetics.
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Nevertheless, the path towards final commercial devices for targeted
therapies requires additional steps.

Drug release studies on final devices, such as magnetic microrobots, must
be carried out to understand the similarities and the differences to the model
study. We demonstrated the feasibility of the technique by electrodepositing
the drug loaded chitosan on electroformed Co-Ni cylinders. We noticed that
the shape of the substrate influenced the deposit thickness and consistency.
Additional studies should include an optimization of the electrode for
electrodeposition on cylindrical microdevices and an in-depth analysis on the
biocompatibility of the used materials and methods.

Chitosan hydrogels are widely recognized to be biocompatible and
biodegradable in all its forms (nanoparticles, films, scaffolds) and in most
combinations with other natural materials (collagen, alginate, silk) [13, 17,
65]. Moreover, depending on the hydrophilic properties of the layers, cells
could be stimulated to attach or to detach from the matrices. CoNi substrates
are currently being investigated and treated to maximize their
biocompatibility. From this perspective, a gold coating covering the magnetic

material could limit the problem and be beneficial for the goal.

An invivo investigation of the potential of the platform, originally designed
for the treatment of posterior eye diseases, would need to include a specific
drug and not a model as BG. Additional studies on the compatibility of this
drug with the method would need to be conducted. An ionic drug would most
probably participate to the electrophoretic phenomena happening during
electrodeposition, while a non-ionic molecule would need a certain
interaction with the depositing chitosan films to be loaded into the device. In

vivo studies would also give insight into the enzymatic degradation kinetics
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of the different chitosan films, which would definitely influence the profile

and duration of the drug release.

These challenges and future experiments show the complexity of the full
problem and at the same time the potential of the presented work. Moreover,
only a few of the many options for chemical and physical modification of
chitosan films have been taken into consideration. For example, additional
features would be possible if chitosan were able to crosslink to specific
synthetic polymers, allowing their electrodeposition and the inclusion of their
properties on microrobots made of hard materials.
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CHAPTER 4

And if you feel that you can't go on. And your will's sinkin' low

Just believe and you can't go wrong.
In the light you will find the road. You will find the road

In the light-Led Zeppelin (1975)

An integrated microrobotic platform for on-

demand, targeted therapeutic interventions

Work partially published in:
Advanced Materials (2014), 26: 952-957

S.Fusco, M.S.Sakar, S.Kennedy, C. Peters, R.Bottani, F.Starsich,
A.Q.Mao, G.A. Sotiriou, S. Pané, S. Pratsinis, D.Mooney, B.J. Nelson.
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4.1 Chapter overview

This work describes the design and development of a prototype of a soft,
hydrogel-based microrobot, intended to move through the body lumina, carry
cells or drugs, and deliver them by external actuation using near infrared light
(NIR) in a targeted area. The prototype consists of two parts:

- a hydrogel bilayer film designed to carry drugs and create a
protected internal environment.

- Aseries of magnetic alginate microbeads proposed as cell carriers
and at the same time locomotion systems for untethered magnetic
manipulation of the full platform.

Self-folding of bilayer films constitutes a flexible, scalable and highly
reproducible strategy to fabricate hydrogel microcarriers with size and shape
adapted to the final task. For this reason, it is here proposed and integrated
into a microrobotic platform for automated manipulation and actuation. The
chapter starts with the state of the art in the field of self-folding polymer
bilayers. This is intended to give the reader information to understand the

background and the relevance of the work presented here.

Following that, the main requirements that microrobots must fulfill to
become vectors for minimally invasive therapies are identified. The use of
soft, smart hydrogels assembled in self-folding configurations is therefore
suggested to approach these challenges. The materials and methods section
covers the photolithographic-based method used to fabricate differently
shaped microdevices. The hydrogel synthesis process is briefly reported
together with the synthesis of graphene oxide, the nano-material used to
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produce near infrared light nanocomposites. Alginate magnetic microbeads
are then proposed as material for the dual task of untethered magnetic

manipulation of the full platform and cell transport.

Characterization of the hydrogel nanocomposites is realized in terms of
morphology (Cryo-SEM), swelling properties, cell interaction, and near-
infrared light actuation. Manipulation of the single alginate beads and of the

full platform provides the final proof-of-concept for the work.

A conclusion paragraph reports the observed challenges and the possible
additional features that could be implemented in the same platform.
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4.2. Self-folding: from nature to biomedical

applications

4.2.1 Self-folding in nature: a peculiar case of self-assembly

Self-assembly is the autonomous organization of small components into
patterns or larger structures without the use of any external intervention. The
concept is visible in nature at all scales, from the molecular nanocrystals or
DNA ribbons to the cosmic dimensions of planet systems [1]. It is mainly
driven by complex interactions between different forces, which are difficult
to control at the micro- and mesoscale [2]. Because of this, self-assembly has
rarely been used for the production of micro devices or microstructures [3]
despite being ideal for microfabrication (there is no need for long
experimental steps and the smart exploitation of natural forces can achieve
3D shapes from 2D patterns). Similarly present in nature, self-folding refers
to the reorganization and re-orientation of different connected planar units in
three-dimensional structures upon change of physical conditions. The
concept is highly exploited in plants, to achieve active motion upon

inhomogeneous changes in hydration states.

An example is the appearance of wrinkles on fruits left drying (figure 4.1a).
Leaves, in the same way, start to curl up before falling from trees. The pine
cones of the Aizoaceae use anisotropic contraction, related to a change of
humidity, to protect their seeds or release them when the right environmental
conditions are reached (figure 4.1b) [4]. Even more interesting examples are
related to rapid and reversible movements of some plant systems. The leaf
folding of mimosa pudica (figure 4.1c) is an adaptive movement in response
to mechanical disturbances (such as contact), which occurs in just a few
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seconds. The phenomenon involves the appearance of quick electric signals
and the change of turgor pressure through different vacuolar systems, which
causes an inhomogeneous bending of the natural “joints”. A few minutes later

the leaves reopen [5].

The same mechanism, a fast change of turgor pressure in some parts of the
plant, is responsible for the rapid closure of the Venus flytrap leaf, which
happens in approximately 100 ms (figure 4.1d). The trap consists of different
leaves, each one divided into two parts. The upper leaf has sensitive trigger
hairs positioned together with a pigment that attracts insects. The lower leaf
has a typical leaf-like structure. The closing process essentially involves a
change of the leaf’s curvature driven by an elastic energy release. The closure
is initiated by the mechanical stimulation of trigger hairs by insects attracted
by the pigment of the plant. The trigger opens water pores connecting the
upper and the lower layer of each leaf and fluid travels from one to the other
layer. This causes a fast relative volume change between the two hydraulic
layers and the closure to an energetically relaxed state of the plant. This state
is maintained for 5-7 days, allowing for complete digestion of the entrapped
prey to occur [6]. This rapid exchange in the amount of water in connected
plant tissues can result in various shape changes. Apart from the already
mentioned wrinkling and folding, twisting and bending are also observed due

to programmed orientation of the fibers of the plants.
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Figure 4.1. Different examples of self-folding mechanisms in nature. a) Wrinkles

are a common phenomenon involving the loss of liquids from fruits. b) The pine cone
releases its seeds by changing the state of hydration of the scales, normally after the
dry season, ¢) The Venus flytrap uses its active snapping mechanism of the leaves to
capture its preys. The speed of the closure is in the order of 100 ms. d) The mimosa
pudica uses a change in the turgor state of its two layers to close the leaves in a
protected conformation.

4.2.2 Self-folding in micro fabrication of biomedical devices

One of the challenges in manufacturing miniaturized biomedical devices is
to achieve a predefined 3D shape without complicated fabrication paths. Self-
folding represents an appealing strategy for fabrication at the small scale. It
allows the use of conventional microfabrication methods, such as
photolithography, molding, inkjet printing and electrodeposition, which are
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inherently 2D, to define templates that would spontaneously convert into 3D
structures, thus simplifying the task and reducing the complexity of the

process.

As previously mentioned, self-folding is the result of material
heterogeneities that are either stimulated (in nature) or can be engineered by
fabrication to appear at defined situations. Alternatively it can appear in the
presence of a heterogeneous field (such as a temperature gradient) that is

applied to homogeneous materials.

A number of different mechanisms can be used to force self-folding effects,
including pneumatic forces, surface forces, gradients of stress upon
inhomogeneous thin films, thermal or shape memory alloy actuation,
muscular actuation, and swelling [7].

Whitesides et al. developed a new class of robots by soft lithography, called
Pneunets, based on PDMS and Ecoflex, a soft elastomeric material, which
can be inflated causing curling of the final structures. The robots can be
actuated in different directions and different final shapes due to the inclusion
of fibers in programmed locations [8]. However, as one can imagine, these

devices must be tethered to allow air to actuate them.

Surface forces actuated systems are based on the minimization of
interfacial free energy between a material and a liquid drop by minimization
of the surface area. The concept has been demonstrated by Py et al. [9] on
small PDMS sheets in contact with water and expanded by Gracias et al., to
produce metal or polymeric based polyhedral structures, ranging from
millimeters to hundreds of nanometers, used as carriers or sensors [10].

However, a relatively high temperature is required during fabrication, thus
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limiting the use in a biological environment. Moreover, the folding is not

reversible.

The same group also proposed a series of containers formed by
differentially stressed bilayers, which fold automatically upon release from a
substrate. The inclusion of magnetic materials and thermally responsive
polymeric parts allowed magnetically driven transport to a desired location,
loading of cells, and removal of material [11-14]. Again, irreversible folding

constitutes the main limitation of the systems.

A new idea of self-folding that can overcome this problem is based on the
inclusion of muscle cells into artificial devices. The cells, grown on metallic
or polymer thin films, induce bending upon contraction triggered by
electrochemical signals. The technique, although providing repeatability and
reversibility, is still not robust enough, and encounters problems of
biocompatibility for theoretical in vivo applications [15].

The swelling of polymers has been used to produce hybrid soft-hard
structures, which could fold upon change of hydration. Smela et al. [16] used
electrochemically sensitive polypyrrole to drive the folding of gold based
devices. The exchange of ions caused by the application of a potential
changed the state of oxidation of the layer and created the strain responsible
for the folding. The process was miniaturized and operated in dry

environments [17].

Considering all the requirements needed for applications in biological
environments, swelling of hydrogel-based films appears to be an even more

attractive strategy due to a series of important features:
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- Thereisavariety of hydrogels that are sensitive to different stimuli,
such as pH or temperature, and can be tuned to provide a remotely
actuated mechanism [18] [19].

- Hydrogels are typically biocompatible and can be made to be
biodegradable [20], thus avoiding complications for in vivo
applications.

- Reversible swelling is a common feature, which allows the
theoretically infinite re-use of the fabricated devices.

- Hydrogels are widely used and studied for areas of applications that
are appealing for medical microrobotics (drug delivery, scaffolding,
etc...).

4.2.3 Self-folding hydrogel films: state of the art

Self-folding hydrogel-based films were first proposed in 1992 by Osada
and coworkers [21] as a biomimetic system converting chemical energy to
mechanical motion. The “muscle” was based on a millimetric strip of a gel,
which underwent reversible shrinking and swelling in an electric field due to
complexation with surfactant molecules, which were added in the
experimental setup. Three years later Hu et al. [22] proposed the concept of
exploiting differential swelling of a hydrogel double strip to achieve the same
bending effect. This work proposed the use of environmentally sensitive
hydrogels, such as polyacrylamide (PAAM) or N-isopropylacrylamide
(NIPAAM) to externally modulate the effect, thus opening a new path to the
use of hydrogels for complex active systems.

The idea was soon used for drug delivery systems. He et al. studied the
influence of pH sensitive bilayer strips on release kinetics of small drugs,
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either by using them as an external barrier enclosing a drug reservoir [23], or
by exploiting their bending to provide enhanced mucoadhesion and
minimizing the leakage of drug in porcine intestines [24]. Both efforts
employed soft lithography techniques to produce micro- and millimeter-sized
objects in PDMS molds.

The same fabrication technique based on microtransfer molding was used
with chitosan/poly (ethyleneglycol) diacrylate bilayers with the first one
being a passive non-swelling layer. Guan et al. [25] demonstrated a control
on the folding degree based on the modulation of the swelling properties of
the two layers and good agreement between the experimental curvature and
an analytical model of bending of elastic bilayers.

Luchnikov et al. [26] were the first to explore the self-folding technique
for the fabrication of microtubes. Microcontact printing was used to obtain

complex inner geometries, such as helices, or lamellae.

Standard photolithography was employed to produce pH-responsive valves
similar to the biological ones that can be found in veins [27]. Beebe and
coworkers studied the regulation of flows in a microfluidic system, theorizing

their use in more complicated chemical sensors.

Based on these preliminary studies, experimental work on hydrogel
bilayers followed different directions (figure 4.2). The main contributions in
the field are currently based on the work of lonov and coworkers [28, 29].
The Leibniz group exploited the use of the temperature-responsive hydrogel
NIPAAM to achieve control on the folding/unfolding of differently shaped
structures. Photolithographic methods applied on different 2D shapes have

provided examples of microdevices for the controlled encapsulation and
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release of cells, drugs and microbeads. Additionally, biodegradable moieties
or magnetic nanocomposites have been introduced to address the challenges
of in vivo use [30, 31]. The same group also proposed empirical laws
connecting the initial 2D shape to the final folded structure. For instance,
Stoychev et al. reported different scenarios for the final rolling of rectangular
bilayers. Following similar theories on inorganic systems [32], they
experimentally showed that diffusion-driven detachment of films from a

substrate could lead to the following:

- Long side rolling if the length of the rectangles is considerably
larger than the width and the deformed circumference, with these
two comparable between them.

- Diagonal rolling if the length and the width are comparable and the
deformed circumference comparable to the size of the bilayer.

- All side rolling when the width and the length are comparable and

much bigger than the deformed circumference.

Energetic considerations were taken into account in a finite element
method based (FEM) model, where the slow lateral diffusion and the
adhesion forces to the substrate were used as driving force and constraints for

the deformation.

Later, the same group of researchers showed that isotropic polymer
bilayers could achieve more sophisticated 3D shapes by exploiting the effect
of the swelling path and the use of shapes with convex or concave angles.
Four empirical rules were defined by the experimental results involving the
direction of swelling (from the periphery to the inner part of the geometries)

and the effect of the hindrance of already folded parts on neighboring features.
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The final fabricated features were similar to the ones that could be obtained

by having patterned hinges on homogeneous metal films [11, 12].

Final shapes resembling spheres or tubes have also been proposed with
materials that were responsive to pH [33]. A series of efforts have exploited
similar mechanisms of folding for anisotropically patterned films to obtain
complex shapes like cubes [34], saddles [35] or helices [36].

However, only a few examples have addressed the challenges involved in
a final biomedical application. Pedron et al. proposed thermoresponsive tubes
[37] that could act as protected scaffold for cardiomyocites in vitro culture.
The tubes were intended to be delivered to a targeted area and later degrade
and unfold upon thermal or biological stimulation. The work considered the
biological implications related to shape and the choice of materials, focusing
on cell culture and growth, but did not cover any aspects about the delivery
of the device at the final target.

Co-workers from the group of Gracias used polymer bio-origami as
scaffolds for long-term cell culture, theoretically simplifying the passage
from in vitro culture to the formation of final tissues [38]. Achieving 3D
configuration for cell cultures is challenging, and the procedure could help
both in vivo work (for instance the mimicry of vascular tissues) and research

to understand cell behavior in complex environments.

Finally, Baek et al. [39] provided a simple example to demonstrate that
self-folded tubes would be able to prolong the time of delivery of drugs, due
to the limited diffusion. This work envisions an additional property of
hydrogel bilayers for biomedical applications, which is the possibility to have

shape-related behaviors and to control them.
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Figure 4.2 Different shapes of self-folding are producing by organizing the bilayers
in geometrically different ways. a) Homogeneous layers produce symmetric structures,
while hinges(b) allow the formation of sharp edges. c) Helices can be formed by
triangular layers. Different applications have been investigated in the past in the field
of biomedical engineering. However, no multifunctional design has been presented till

now.
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4.3 Motivation: a soft, smart microrobotic platform

for cell and drug delivery

One of the core problems in the development of mobile untethered
microrobots for medical applications is the integration of mechanisms for
actuation and propulsion. Currently, the most popular approaches for
propulsion of microdevices rely on their wireless manipulation by magnetic
fields [40, 41]. The main reason for this is related to the relative
“biocompatibility” of magnetic fields, even at relatively high strengths [42],
and to the fact that they do not require any special environmental properties
such as conductivity and transparency. This approach allows for the precise
manipulation of magnetic objects toward specific locations in a 3D
environment by means of different setups. These setups include moving
permanent magnets [43], Helmholtz or Maxwell coils [44], and more
sophisticated systems [45, 46] including real-time tracking and automated
navigation. Many magnetically actuated microrobots have been recently
developed including helical swimmers [47], microgrippers [11, 48, 49],
magnetotactic bacteria based platforms [50], and soft microparticles [51].
Some of these microdevices have already been tested for in vivo or ex vivo
applications, showing the advantages of their use in remote and delicate areas
of the body, such as the eye, the large vessels in the circulatory systems, the
ventricles of the central nervous system, and the urinary track.

Among the many features of interest for intelligent micro robotic agents,
the ability to interact with the environment represents a desirable quality. A
possible way to approach the challenge is to include materials and methods

that naturally provide this ability in the fabrication process.
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A simple method to fabricate smart microrobots for biomedical
applications relies on the use of smart hydrogels [52] self-organized in three-
dimensional structures by self-folding [14, 16, 29]. Folding appears when two
coupled layers swell or contract differently in response to a specific chemical
or physical change, or to remote actuation. Conventional 2D
photolithography, compatible with a large variety of hydrogel monomers and
with the inclusion of biological entities, has been used in this field to create
different structures ranging from simple tubes to more complicated star-like
or sphere-like capsules.

We investigated the possibility to integrate near infrared (NIR) light
responsive hydrogel bilayers into a magnetic platform to demonstrate
wirelessly controllable micro agents for cell and drug delivery. The
microrobot exploits the concept of compartmentalization [53] and consists of
a group of magnetic alginate microbeads encapsulated by a hydrogel bilayer
structure (figure 4.3). The smart microstructures, resembling the shape of
biological entities such as jellyfishes or the VVenus flytrap, were fabricated by
conventional 2D photolithography. A two-step process was used to couple a
graphene oxide (GO) composite of a highly swelling thermoresponsive
hydrogel layer made of NIPAAM with a layer of poly(ethyleneglycol)
diacrylate (PEGDA). The first layer was specifically designed to collapse at
temperatures higher than 40°C or by short exposure to a NIR laser source.
This source of actuation was chosen as a controllable trigger mechanism,
because it can penetrate body tissues without causing damage even at
repeated doses [54]. NIR light-sensitive materials were recently presented in
the form of gold or graphene nanocomposites for selective cell detection and
destruction [55] [56] and drug delivery [57]. The second and passive layer
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was designed to achieve complete folding of the final structures upon

immersion into water.

The fabricated bilayers were used for two purposes: the first was to embed
in their networks a model drug for targeted delivery, and the second was
encapsulation of cell laden magnetic alginate microbeads. In this way, the
microbeads were protected by external foreign body reactions (for example,
by immune systems cells), and at the same time concentrated to provide
higher magnetization to the device and enough signal for tracking. These
complex structures could to be steered in 3D by means of a 5 degrees of
freedom (DOF) electromagnetic manipulation system and actuated on
demand. NIR remote control allowed the release of the material enclosed in
the internal compartment and the modification of the diffusion driven drug

release process (see chapter 6).
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Magnetic Self-folding

Alginate responsive Electromagnetic
Microbeads hydrogel Manipulation
for cell scaffolding bilayers

Figure 4.3. The microrobotic platform is the result of a combination of three parts;
magnetic alginate microbeads are used for cell scaffolding and magnetic manipulation.
Self-folding hydrogel bilayers are used for NIR actuation and load protection.
Electromagnetic manipulation systems are used for untethered steering in 3D.
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4.4 Materials and Methods

4.4.1 Materials

N-lIsopropylacrylamide monomer (NIPAAM), Acrylamide (AAM),
Poly(ethyleneglycol) diacrylate (average MW 575, PEGDA), 2,2-dimethoxy-
2 phenylacetophenone (99%, DMPA), Ethyl Lactate (98%, EL), anhydrous
hexane (95%) brilliant green dye, sodium nitrate (NaNOs), potassium
permanganate (KMnOs), calcium chloride (CaCl), iron oxide powder, were
purchased from Sigma Aldrich (USA). 1H, 1H, 2H, 2H-
Perfluorodecyltrichlorosilane (PFDTCS) and graphite powder were
purchased from ABCR (Germany). 1H,1H,2H,2H-perfluorooctanol was
purchased from Alfa Aesar (USA). The fluorinated oil HFE-7500 was
purchased from 3M™ Novec™ Engineering Fluid. The main NIPAAM
monomer was recrystallized after double treatment in n-hexane solution,
while all other chemicals were used as received. SU-8 photoresist and
developer and Lift-Off Resist (LOR), used as a sacrificial layer, were
purchased from Microchem (USA), while AZ 4562 photoresist and AZ 826
developer were purchased from Clariant (Germany). Protoanal LF20/40 high
molecular weight (~250 kDa) and LF10/60 low molecular weight (~120 kDa)
alginates were purchased from FMC BioPolymer (Philadelphia, PA, USA).

4.4.2 Graphene oxide synthesis and characterization

GO sheets were synthesized from natural graphite powder, by a modified
Hummers method [58]. Three grams of graphite (0.25 moles) and 3.6 grams
of NaNOs (~0.05 moles) were mixed in concentrated H2SO4 (~150 ml), and
the mixture was cooled at 4°C by immersion in a water/ice bath. After 30

minutes, 18 grams of KMnOs (~0.10 moles) were slowly added under
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rigorous stirring, producing a slight exothermic reaction, until 35-40°C. This
temperature was maintained and the reaction of oxidation maintained under
stirring for 7 hours, in which an increase in viscosity of a brown grey solution
was observed. Following that, water (150 ml) was slowly added producing a
large exotherm to 95°C. The dilute suspension, brown in color, was stirred
for 30 minutes and then further diluted with 200 ml of water and 6 ml of H202
(30 %), to reduce and solubilize the residual permanganate. Upon this
treatment the solution turned into a light yellow color. The diluted suspension
was stirred for additional 16 hours, after which it was filtered and the solid
product washed repetitively with diluted HCI and water until the pH reached
neutral values. The product was then dried in vacuum and exfoliated in
nanosheets by ultrasonication to produce a highly stable water dispersible
powder. Chemical analysis was performed on a sample of the reagent and the
final product to confirm the oxidation process. FTIR (FTIR Spectrum 100,
Perkin Elmer Waltham, MA, USA) was performed over a wave number range
0f 4600 to 600 cm. The results were analyzed using the commercial software
Spectrum (Perkin Elmer,MA, USA).

4.4.3 Hydrogel bilayer fabrication!

The microstructures were the result of a two-step, backside exposure,
photolithographic process (figure 4.4) [59], where two different layers were
subsequently created, without employing any alignment, on a glass photo
mask. Thickness of the layers was controlled by using SU-8 spacers
previously fabricated on the bottom silicon substrate. The masks were
designed on plastic foil (Selba S.A., Switzerland) and reproduced on glass
wafers by photolithography using the positive photoresist AZ4562. A 100 nm
chromium layer was evaporated on the substrates and removed from the

features areas by rinsing the photoresist from below with acetone and
115



isopropanol. The final masks were then coated with an LOR sacrificial
adhesive layer to provide a uniform adhesion of the hydrogel layers. SU-8
spacers of different thickness (from 1.5 to 40 um measured by surface
profilometry) were prepared by photolithography on SiO2 substrates. A non-
adhesive layer based on PFDTCS was added by vapor silanization overnight
and activated at 90°C to prevent adhesion of hydrogels.

After placing the mask on the spacer substrate, a hydrogel solution
composed of PEGDA with 3 wt% DMPA photo initiator and 50 wt% ethyl
lactate was infiltrated by capillarity into the photopolymerization cell and
polymerized at 365 nm for two minutes (Karl Stiss Microtec, 300 W mercury
lamp, 4 mJ/cm?, Germany). After separating the two substrates the 10 um
(nominal thickness of the SU-8 spacers) thick hydrogels remained attached
to the mask side ensuring the possibility for a second polymerization step. A
NIPAAM-AAM-PEGDA (molar ratio 85/15/0.5) solution, with 3 wt%
DMPA photoinitiator and 70 wt% ethyl lactate was used for the responsive
layer production. 3 wt% GO was added and dispersed into the solution by
ultrasonication (4000 J, by means of a probe sonicator, SONICS, USA). The
solution was introduced into the space between the photomask and another
substrate after removing the previously polymerized solution. Thicker
spacers were used in this case (40 pm), and polymerization was carried out
for additional three minutes. After UV curing the cell was opened and the

bilayers, attached to the mask, were released through immersion in water.

1. The process was developed in collaboration with Christian Peters, Micro

and Nanosystems. ETH Zurich.
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Figure 4.4. Flowchart of the two step process to fabricate hydrogel bilayers.
4.4.4 Cryo-SEM imaging

Sections of the gels were taken in their natural swollen state using a high
pressure freezing method (HPM100, BalTec/Leica, Wien, Austria). A
pressure of 2200 bar was rapidly applied prior to freezing with supercritical
liquid nitrogen. Cryo-fracturing was performed in liquid nitrogen by
scratching the surface of the samples before transfer to a freeze etching device
(BAF060, BalTec/Leica, Wien, Austria) and precooled at -120°C under high
vacuum. The hydrogels were then left at -100°C (ramp 90°C/hr) for 1 hour
and subsequently brought back to -120°C (ramp 90°C/hr) to sublimate the
water. Finally, the samples were shadowed (evaporation by electron beam)
with tungsten within the BAF 060 from an elevation angle of 45° to an
averaged layer thickness of 6 nm and then from a variable angle between 45°
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and 90° for an additional 3 nm layer. Frozen and coated samples were
transferred under high vacuum (2.0 x 10”7 mbar) at -120°C to a cryo-SEM
(LEO, Gemini 1530, Carl Zeiss, Oberkochen, Germany). The images were

taken at -120°C with an acceleration voltage of 2 kV.
4.4.5 Swelling studies

The swelling ratio and transition temperature of the hydrogels were
determined gravimetrically using gel discs (diameter 4.5 mm, thickness 2
mm) produced by UV polymerization (2 minutes at 365 nm). The gels (a
minimum of three per type) were produced and incubated in a water bath
(Julabo, Germany) at temperatures ranging from 25 to 55°C. At predefined
time intervals (minimum eight hours to ensure swelling equilibrium), the
samples were removed from water, carefully wiped, and their weight was
recorded. The Equilibrium Swelling Ratio (ESR) at each temperature was
defined as:

M
ESR=— (4.1)
Mg
where Ms and Mg are the mass of the swollen hydrogel and the dried mass,

respectively.
Volume swelling ratio (VSR) was defined in a similar way as:

VSR= % 4.2)

Va
with Vs and Vd being the volume of the swollen and the dried samples,

respectively. These were measured by monitoring the change of the major

dimensions of the gel discs with a digital camera (DNT, DigiMicroscale 2.0,
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Germany). The same tool was used to perform a temperature dependence
analysis of the folding-unfolding of some representative samples of the final
structures. Images were taken at different temperature set in a water bath until

complete opening of the bilayers.
4.4.6 NIR light actuation of the hydrogel nanocomposite

The photo-thermal phase transitions of the nanocomposite layer and of the
final double layers were investigated by irradiation in water by using a
focused NIR laser (wavelength 785 nm, 1.5 W power, laser spot 5 mm, SLOC
lasers, China). Heating of the samples related to time of irradiation was
monitored by means of a thermal camera (Flir, USA) until a reference
temperature of 60°C was reached. Different cycles of excitation and recovery
as well as different power levels were recorded to analyze the feasibility of
the method.

As a complement to these studies, a statistical investigation on the
repeatability of the actuation of the GO nanocomposite was performed.
Three different samples were exposed to two subsequent cycles of
actuation/rest (power set to 1.5 W, 7.8 W/cm?). As a control, we exposed
similar disks of pure NIPAAM-AAM-PEGDA hydrogels (without GO) to the

same cycles.
4.4.7 Fabrication of magnetic microbeads?

Magnetic microbeads were formed by nebulizing a mixture of LF10/60
(low molecular weight) alginate, LF20/40 (high molecular weight) alginate,
iron oxide and phosphate buffered saline (PBS) in a bath of calcium chloride.
High and low molecular weight alginates were first dissolved in deionized
water and dialyzed with a molecular weight cutoff of 3500 Da for one week
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in decreasing concentrations of NaCl in deionized water. After dialysis
alginates were mixed with activated charcoal for 1 hour and filtered (0.22-
um filter) to remove charcoal and then sterilized, frozen, and lyophilized for
2 weeks. Lyophilized alginate was dissolved in PBS at 2.5% wt. using a ratio
of 4:1, LF10/60:LF20/40 alginate, and mixed with 100 mg/ml of iron (I1, I11)
oxide powder (< 5 um diameter). This alginate/iron-oxide mixture was then
nebulized over a 100 mM calcium chloride bath. The alginate mixture was
forced through the nebulizer at 3.13 ml/min as nitrogen gas was used to
aspirate the alginate mixture at a volumetric flow rate of 30 standard cubic
feet per minute. Nebulized alginate/iron-oxide droplets crosslinked as
spheres in the calcium chloride bath (see Figure 1d) and formed magnetic
microbeads. Microbeads were rinsed three times in deionized water and

stored in deionized water until use.

Smaller, micron-scale magnetic beads were produced from similar
materials. Briefly, LF 10/60 alginate precursor (Pronovo) was mixed with
iron oxide particles (FesO4, 5 um) to a final concentration of 1% alginate in
deionized water and 2% ferrous oxide particles to form the aqueous phase.
The continuous phase was prepared from the fluorinated oil HFE-7500 with
1% biocompatible surfactant. The continuous and aqueous phases were
flowed into a polydimethylsiloxane (PDMS)-glass microfluidic device with
a flow ratio of continuous to aqueous phases of 8:1 using a syringe pump
(Harvard Apparatus). The resultant emulsion was incubated with 1.4 M CaCl
with gentle agitation for 30 minutes and subsequently broken using 20%
1H,1H,2H,2H-perfluorooctanol in HFE-7500.

2. The fabrication of magnetic alginate beads was carried out by Dr. Stephen

Kennedy, and Angelo Mao, Wyss Institute for Biologically Inspired Engineering,
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School of Engineering and Applied Science, Harvard University, Cambridge, MA,
USA.

4.4.8 Cytotoxicity tests

3T3 fibroblasts (ATCC, Manassas, Virginia, USA) were cultured in
Dulbecco’s minimal essential medium (DMEM) with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 10% CO2 at 37°C. The
hydrogels were firstly washed intensively by multiple immersions in DI
water, until no signal of unreacted materials was detected by UV-VIS
spectrophotometry. They were subsequently sterilized with UV light and
submerged in culture medium in a 6-well plate. After 24 hours of incubation,
the gel-conditioned medium was transferred to the cultured cells. Cells
seeded in fresh media were used as a control. After incubation for 48 h, WST-
1 reagent (Roche, Switzerland) was added to each well according to the
manufacturer’s instructions. Three hours later 50 pL of the solution was
transferred into a 96-well plate, and the absorbance was measured at 435 nm
to calculate the relative intensity of the absorbance. Ten parallel experiments
were done for every sample. The materials were also tested by direct contact

with cells for 48 hours.

To test the viability of cells inside the alginate beads, D1 mouse
mesenchymal stem cells (MMSCs) (ATCC, Manassas, Virginia, USA) were
cultured in Dulbecco’s minimal essential medium (DMEM) with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 10% CO:2 at 37°C.
Prior to micro bead encapsulation, D1s were rinsed three times in PBS
through centrifugal washing. D1s were pelleted and the culture medium was
replaced with a 2.5% wt 4:1 LF10/60:LF20/40 alginate, 100 mg/ml iron
(ILIN) oxide solution in PBS (without Ca?* and Mg?*), again through
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centrifugal washing. The D1, alginate, iron oxide and PBS mixture was
nebulized over a calcium chloride bath as described in the magnetic
microbead fabrication subsection.  After encapsulation, D1-containing
microbeads were rinsed three times in PBS (w/ Ca?* and Mg?*) and cultured
in 6-well plates in culture medium as described above. At one, three, and
seven days, LIVE/DEAD Cell Viability Assays (Invitrogen, Carlsbad,
California, USA) were performed to assess the results of and number of D1s

encapsulated per microbead.
4.4.9 Bead loading, magnetic manipulation and actuation

The magnetic alginate microparticles were loaded inside the sealed
compartments of the folded bilayers by mixing the two components in water
at temperature higher than 40°C. The subsequent cooling allowed the
hydrogel bilayers to close and to trap the beads inside.

Magnetic manipulation of the final platform was achieved by means of a 5
DOF electromagnetic system, which consists of eight stationary
electromagnets with soft-magnetic cores capable of producing magnetic
fields and gradients up to 50 mT and 0.5 T/m at frequencies up to 100 Hz.
Visual tracking was assured by a Leica M80 microscope (Germany) at 6.0 X
magnification, placed above the workspace. The NIR laser used for actuation
was included in the setup, mounted at an angle of approximately 60°C, at a
distance of 30 cm from the workspace. More details about the setup can be

found in the publication by Kummer et al. [45].

122



4.5 Results

4.5.1 GO hydrogel nanocomposites: fabrication and characterization

GO sheets were synthesized by means of a controlled oxidation of graphite
with KMnO4 and NaNOs in concentrated H2SOs. It should be noted that the
reaction involves the generation of toxic and explosive gases (NOz, N20a4,
ClO2). The reaction process could be in this sense optimized by introducing
H3POy4 as reported by Marcano et al [60], or substituting NaNOs, as described
by Chen et al. [61].

The produced black powder was filtered and allowed to dry, and then
analyzed by FTIR to confirm the oxidation state (figure 4.5a). Compared to
the blank spectrum of graphite powder, the GO was characterized by the
following features: O-H stretching vibrations at 3400 cm, stretching
vibrations from C=0 at 1720cm?, skeletal oxidation from unoxidized
graphitic domains around 1600 cm, bending vibration from C-H groups at
1400 cm!, and C-OH stretching vibrations at 1220 cm™ [62,63] [62, 63]. The
analysis confirmed the presence of a small percentage of unconverted
material. However, a separation between the oxidized and the non-oxidized
powder was automatically performed when the graphitic material was
dissolved into water-like solvents and sonicated. GO was able to form stable
solutions in water, or ethyl lactate (the solvent used for the fabrication) for

hours, thanks to the presence of oxidized groups.

The dispersion of GO in solutions of NIPAAM-AAM-PEGDA hydrogels
by ultra-sonication and the consequent polymerization (4 mins) produced
hydrogel-based nanocomposites with a slight brown color. The internal

structure analyzed by Cryo-SEM revealed a pore size in the order of 100 nm
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and a uniform distribution of nanometer-sized graphene sheets (visible in

figure 4.5b, as white dots).

Swelling properties of the two layers involved in the fabrication of self-
folding devices, PEGDA and NIPAAM-AAM-PEGDA, were analyzed
gravimetrically. Results (figure 4.5c) show that PEGDA hydrogels are able
to double their weight by absorption of water, without significant changes in
the range of temperature between 25 and 55°C. NIPAAM-AAM-PEGDA
hydrogels are, instead, strongly thermoresponsive, passing from an
equilibrium swelling ratio of ca. 16 to a full collapse (ESR ~ 2, comparable
to the PEGDA layer) at around 43°C. The same experiment, performed on
GO nanocomposites revealed a significant influence on the swelling ability
of the hydrogels, with an ESR ~ 10 (around 3 times the original volume)
found at room temperature. No difference was reported in the temperature of
transition of the gel.
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Figure 4.5. a) FTIR analysis of the oxidation process of graphene. B) Cryo-SEM
imaging of the polymer network of the nanocomposites. The white dots are the
graphene sheets dispersed around the matrix. c) Weight swelling ratio of the two
polymer layers (red and black) used in the microstructures. The graphene oxide
nanocomposite has a significant decrease of swelling ratio when compared to the

hydrogel (blue).d) Volume swelling ratio of the two layers.

The inclusion of the nanometer-sized GO sheets allowed the fast and
reproducible photothermal actuation of the matrix, by means of a 785 nm NIR
laser. Different power levels of the laser sources were tested in order to fully
characterize the feasibility of the actuation process by NIR. In general it was

always possible, even at low power levels to reach a feasible temperature for
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actuation (T > 40°C) (figure 4.6a). However, a full control over the induced
temperature could be reached only in a certain power range (1-1.7 W, 5-8
W/cm?). Insufficient power levels could not provide enough energy to raise
the temperature over 40 °C, while excessive power levels would produce
temperatures higher than 80 °C almost immediately. By setting the power to
1.5 W, we achieved an almost linear temperature raise (figure 4.6b), with an
average layer response time in the order of seconds. The actuation was fully
repeatable upon several cycles of exposure (figure 4.6c), without any
detectable change in the material. Complementary to the representative
curves, three different samples were exposed to two subsequent cycles of
actuation/rest (power set to 1.5 W, 7.8 W/cm?). The kinetics (figure 4.6c) of
the process was found similar for both the phases of the experiment in all
three samples. As a control, we exposed similar disks of pure NIPAAM-
AAM-PEGDA hydrogels (without GO) to the same cycles. Results show that
it was not possible to induce any increase of temperature, even after

continuous exposure for more than 40 seconds (figure 4.6d).
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Figure 4.6. a) Temperature response of a GO hydrogel nanocomposite to different
levels of power of the laser source. B) Laser sensitivity to IR laser exposure at a power
of 1.5 W. The almost linear kinetics was perfectly controllable at this energy lever.c)
Representative curves of the temperature change of the double layer as a function of
NIR exposure-rest cycles. The process appears repeatable in terms of time and for
different samples. d) Control sample (without GO) exposed to laser source showed no
change in temperature, even when exposed for almost a minute.
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4.5.2 Beads fabrication

Magnetic alginate beads were produced by adding dropwise the solution of
dissolved alginate and FesOs over a calcium chloride bath. The size of the
drop was limited by nebulization, thus giving particles in the order of 30-100
um (see figured.7a). Additionally, a microfluidic device was used to mix the
alginate-iron oxide mixture together with fluorinated oil; the emulsion was
prepared to reduce and stabilize the size of the drops, according to recent
works [64]. After that, the micro-droplets were crosslinked using calcium
chloride and removed from oil by means of perfluorooctanol. This allowed
reducing the size of the beads down to 10 um (see figure 4.7b).
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Figure 4.7. a) Standard process of bead fabrication. The nebulization of a solution
of alginate and iron oxide into a calcium chloride bath allows the formation of
microbeads. Scale bar is 100 um. b) Microfluidic driven process for the formation of
micron sized magnetic alginate beads. (1) A microbead precursor aqueous solution
containing iron oxide and oil are injected into a microfluidics device to generate
magnetic microbeads. (2) Within the device, oil is used to pinch off micro-droplets of
alginate/FesOs. The scale bar is 200 um. After being processed in the microfluidics
device, micro-droplets are crosslinked using calcium chloride and removed from oil

alginate microbeads. The scale bar is 10 um.
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4.5.3 Backside photolithographic fabrication of hydrogel bilayers

Hydrogel bilayers with different shapes (from simple tubes to cross-
shaped, jellyfish-like, and Venus flytrap-like structures) were produced
following a two-step photolithographic procedure, reported elsewhere [59].
Hydrogel layers were patterned in an assembled chamber composed of a glass
photomask and a silicon wafer with thin SU-8 spacers. The SU-8 spacers
were used to fix the thickness of the layers. Additionally, the hydrogel layers
were forced to adhere to the glass mask using a highly hydrophobic silane
functionalization of the silicon substrates and a polymeric lift-off layer on the
mask side. In this way, no alignment was needed between the two steps of
the fabrication process. The closed conformation of the photolithographic
chamber allowed limiting the scavenging effect of oxygen during UV-

photopolymerization.

The process was able to produce layers thicker than 10 um. Fabrication of
thinner layers suffered from a mismatch between the set thickness and the
obtained one, possibly due to the viscosity of the used solutions, which tended
to expand the space between the substrate and the mask. Layers thicker than
40-50 um were found to be inhomogeneous on a 4-inch wafer.

A 10-pm thick spacer was used for the PEGDA layer, followed by a 40-
pm thick second substrate. These values were found experimentally to be
enough to ensure the complete closure of the platforms. The opposite order
was found to produce misalignment, due to swelling of NIPAAM features in
their own solution. Despite not being optimized, the fabrication process
allowed an efficient and repeatable production of completely self-folded

features.
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Figure 4.8. Schematic representation of the photolithographic chamber. The 2D
shapes drawn on the photomask (upper left) fold into 3D microstructures, shown in the
optical images after release. Scale bar is 200 um. The process exploits backside
exposure and the use of anti-adhesive coating to avoid misalignment between the first
and the second step.

4.5.4 Cytotoxicity tests on the hydrogel bilayers and on alginate beads

The hydrogel bilayers revealed a high presence of monomers and unreacted
materials concentration after fabrication. Therefore, the samples were
repetitively rinsed with distilled water until the signal of their solution,
recorded by UV-VIS spectroscopy, showed no contamination (figure 4.9a).
Additionally, they were sterilized by UV light before any cell toxicity test.
Ten parallel experiments of WST assays were done to evaluate the toxicity
of gel-conditioned cell medium towards fibroblasts in comparison to control
(fresh medium) cell cultures. Results, in figure 4.9b, show that the cell culture
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was able to resist and proliferate, without being influenced by the bilayers.
Direct contact for 48 hours showed similar results, confirming the absence of
cytotoxicity of the used polymers.

LIVE/DEAD assays were performed with mesenchymal stem cells,
cultured and encapsulated in the alginate microbeads during the fabrication
process. For this reason, the cell culture medium was substituted by a mixture
of alginate, iron oxide solution and PBS. The mixture contained roughly 10°
cells/ml. The fabrication process showed a limited influence on the viability
of the cell. However, the encapsulation provided the right conditions for the
proliferation of the culture; as it can be seen in figure 4.10, the viability
increased after 7 days, to a value significantly higher than the initial one.
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Figure 4.9. a) UV-VIS spectrophotometry measurements were performed after every
wash of the sample in DI water and the spectrum was recorded and compared to a pure
DI water background. The difference between the two signals was mainly found around
the wavelength of 230 nm. This wavelength was considered and checked until no
difference between the signal and the background was recorded. b). The WST-1 assay
was conducted to measure the cytotoxicity of the hydrogel bilayers. We monitored the
viability of fibroblasts after incubation directly with bilayers (direct contact) or
hydrogel-conditioned medium (medium-conditioned method) for 2 days. No
statistically significant decrease in the proliferation was observed compared to the
control in both cases. However, when the media was conditioned with our hydrogels,
surprisingly, proliferation was actually enhanced (***, p < 0.001 when compared to

controls). Error bars represent the standard deviation.
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Figure 4.10. LIVE/DEAD Assays were used to assess the viability and proliferation
of D1s mesenchymal stem cells encapsulated inside magnetic alginate microbeads. (a)
The viability is statistically lower on day 1 because some cells did not survive the rough
microbead fabrication process (i). However, D1s proliferate very rapidly, so by day
3, the cells that did survive split leading to a statistically greater number of viable cells
(ii).  (b) Fluorescence micrographs of live (green) versus dead (orange-red)
encapsulated cells on days one, three and seven. The scale bars are 200 xm and 500
um. In part (a), values are represented as means with standard deviation. * indicates
statistical significance (p < 0.05) compared to day 1 values.
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455 Characterization of the bilayers and preparation of the

microrobots

To confirm the material choice and formulation, the bilayers were
characterized in terms of shape change dependence on the external
temperature. The opening of the structures was found to be completed at
around 38 °C, a temperature slightly below the one observed for the full
collapse of the thermoresponsive layer (figure 4.11). Their transition was
completed in the order of tens of seconds due to their limited size, which
facilitated the process of water diffusion. The temperature-dependent
unfolding of the bilayers was used to load magnetic alginate microbeads into
their internal compartment. The procedure was performed by simply mixing
the two parts together on a hot bath followed by the cooling and the folding
of the hydrogel films. Depending on the shape of the bilayers, different
configurations and organization of the beads could be found. Long Venus
flytrap-like structures were able to create a sort of ordered distribution of the
beads along the main axis, thus having a more defined magnetic axis.
Jellyfish-like structures encapsulated the beads with no preferential order into
their spheroidal shape. In both cases, the microbeads remained confined
inside after complete cooling and throughout the magnetic manipulation

experiments.
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Figure 4.11. Optical microscope images of temperature dependent unfolding of long
venus flytrap-like hydrogel bilayers. The closed configuration at body temperature
allows remote actuation in a physiological environment.

4.5.6 Manipulation and actuation

Magnetic manipulation of the final platform on the surface of water was
achieved using a 5-DOF electromagnetic manipulation system, previously
designed for in vivo applications in the eye. Real time, closed-loop servoing
of individual alginate beads was first performed by implementing a
proportional controller. Once a bead was selected, the visual tracker was able
to recognize it (blue frame in figure 4.12). The system then calculated and
applied the required magnetic gradients to move the beads along pre-planned
trajectories (the gray circles in the figure). Next we demonstrated automated
maneuvering of hydrogel bilayers carrying magnetic microbeads using real-
time optical tracking (figure 4.12d). An eight-figure trajectory was used as a
target, and the robots were able to move along the path several times.
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Rotational frequencies (f > 4 Hz) could be used to decouple the motion of
the microbeads from the surrounding structure. This movement was possible
even after more than seven days, thus revealing limited interaction between

the internal surface of the bilayers and the cell-loaded alginate beads.

Exposure to laser irradiation allowed fast unfolding of the structures and
sudden release of the particles stored in their internal compartment (figure
4.12¢). More specifically, most of the microbeads were released by the rapid
conformal changes of microstructures during unfolding. The release was
completed by subsequent external magnetic field stimulation. Although the
process was demonstrated to be repeatable and stable, problems were created
by the attenuation of the NIR light source and thermal effects in water.
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Figure 4.12. a) Magnetic manipulation of platforms and NIR activated release of
microparticles. a) Encapsulation of magnetic particles inside folding microstructures
b) Octomag electromagnetic manipulation system integrated with NIR laser. c)
Manipulation of single alginate beads. d) Microrobot manipulation over a selected
pattern. The robot follows the preplanned trajectory. Red circles denote target
destinations and the circles turn into blue as the robot passes over them. e) NIR

activated release of microparticles. The scale bars are 200 um, 50 um and 500 pm.
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4.6 Discussion

This work combines the design and fabrication of a NIR light responsive
hydrogel bilayer, the fabrication and use of magnetic cell-laden alginate
microbeads, and a magnetic manipulation platform to provide a
multifunctional, controllable micro agent for drug and cell delivery. The
device is envisioned to be injected near the area of intervention, steered in the
body fluids by magnetic field gradients to the target and then actuated by NIR
light stimulation. After the task is completed, they could navigate to a
reachable area of the body and removed by a second injection.

A simple and efficient two-step photolithographic process [59] was
adapted and optimized from previous work [33, 37] to fabricate full
polymeric structures. These structures ensure a closed and protected
compartment in their relaxed swollen state, and can reversibly unfold to
release their encapsulated material. The fabrication method has the
advantages of being compatible with a large variety of photopolymerizable
materials allowing further combinations and solutions for the platform. For
example, biodegradable materials have been used recently in hydrogel
bilayers [30], thus allowing fewer problems in terms of post-intervention
removal. The shape of the devices was defined by the initial 2D design on
the photo mask. The spheroid was created from a symmetrical 8-arm star, and
the Venus flytrap from an elongated version of the previous design. Stars or

tubes were also produced, although not presented here in the final form.

The size of the final structures was maintained on the order of 1 mm or
below using inexpensive materials such as foil masks and microfabricated

polymer spacers. Although in vivo steering of magnetic devices with a
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comparable or larger size was recently demonstrated [41, 48] for different
areas of intervention, the proposed method is completely compatible with the
fabrication of smaller devices using high-resolution chromium masks and
metal spacers. These smaller agents could be easily navigated inside the main

arteries as demonstrated with microparticles by Pouponneau et al [65].

Complete closure of the hydrogel bilayers was assured by tuning the
material properties and the thickness of the two defined layers. PEGDA was
chosen as an internal inactive layer due to its properties of cell compatibility
(as recently proposed also by Jamal et al. [66]). Its thickness was fixed
experimentally to the nominal value of 10 pm, the minimum thickness

achievable with the current fabrication setup.

The NIR responsive layer was formed by synthesizing and dispersing GO
(3 wt% of the monomer weight) into a NIPAAM-AAM-PEGDA hydrogel
solution in ethyl lactate. The hydrogel solution was designed and synthesized
to achieve different tasks, namely:

- Athermoresponsive behavior ensured by the intrinsic properties of
NIPAAM (which has a lower critical solution temperature, LCST,
of ~ 30°C).

- A thermo induced collapse of the hydrogel at around 40°C. The
shift of LCST to the desired temperature was achieved by
increasing the quantity of hydrophilic groups into the hydrogel
formulation due to a 15 mol% quantity of AAM [67]. The molar
ratio between NIPAAM and AAM was experimentally found, by
analyzing different combinations and characterizing the
temperature dependent swelling behavior of the resulting polymers.
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- A high swelling ratio, which was achieved by minimizing the
quantity of PEGDA crosslinker to a value of 0.5 mol%.

- A low viscosity and complete compatibility with the fabrication
setup. This was possible by adding a 70 wt% quantity of ethyl
lactate. This solvent did not influence the functionalization of the
spacers and the mask used in the photolithographic chamber, and
at the same time increased the fluidity of the solution, filling the
chamber by capillary forces.

A short UV exposure (2 minutes) allowed the formation of highly flexible
hydrogels. GO, which has been recently proposed as a low cost material for
NIR composites [68, 69], was produced and dispersed by ultrasonication into
the ethyl lactate based solution. No significant difference was found in the
polymerization time, although GO is known to have absorbance at 365 nm
[70].

The nanocomposite was characterized in terms of morphology (Cryo-SEM
revealed a network pore size in the order of 100 nm and a homogeneous
distribution of the graphene sheets on the matrix) and swelling properties. As
reported in the results, the inclusion of GO sheets into the nanocomposite
significantly changed the swelling properties of the layer when compared to
the pure hydrogel, while not affecting the LCST value. This result differs
from that previously found in similar systems, where GO increased the
swelling ratio and lowered the phase transition of NIPAAM polymers due to
the hydrophilicity of the nanomaterial [68]. We believe that the difference is
related to the limited interaction of GO with the hydrogel (there is no
functionalization that chemically links the GO sheets with the polymer
network) and the presence of agglomeration and impurities. Optimization of
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the synthesis of GO and the dispersion method could affect this result and the

swelling properties.

As reported previously, the photo excitation of GO with an NIR laser leads
to the generation of excitons which emit heat warming the surrounding matter
[71]. The mechanism of heat transfer was used to cause rapid photo thermal
actuation of the hydrogel networks. The collapse of the nanocomposite was
achieved upon irradiation by a 785 nm laser at different power levels, from
0.7 W to 2.3 W, with different kinetics. A reference of 1.5 W (20 W/cm?) was
chosen for most of the experiments due to the control and reproducibility of
the procedure and the results. This value is reported to be in the range of
physiological photothermal interaction between the tissue and the source of
heat [72]. Additional efficiency and improvement in the heat transfer could
be achieved by a straightforward tuned reduction process on GO [73], or by
covalently crosslinking the sheets to the hydrogel matrix [68].

The hydrogel nanocomposite was polymerized on the top of the PEGDA
layer, due to a short UV exposure (3 minutes) through the glass mask. A
nominal thickness of 30-um was found to be enough to ensure complete
closure of the folding structures upon swelling in water. The formed bilayers,
constituting the outer compartment of the microrobot, were found to change
their shape from a closed to a completely open configuration around 38°C, a
temperature slightly below the one observed for the full collapse of the
thermoresponsive layer. A slight increase in the quantity of AAM (5 mol %)
in the initial solution was sufficient to shift this value to 40°C. The transition
could complete in a few seconds, and a similar timescale was found for the
NIR light actuation of the microstructures, once the laser was focused on

them.
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We also tested the cytotoxicity of the bilayers, and no significant decrease
in metabolic activity of fibroblasts was found. Fibroblasts were kept for 48
hours in contact with gel conditioned medium. These studies constitute only
the first experiments needed to assure no harm in in vivo applications.
Additionally, one could exploit the intrinsic properties of NIPAAM to
modulate the adhesion of cells and proteins, which constitute the first step
toward a foreign body reaction. For example, NIPAAM surfaces have been
used as coatings to achieve anti-fouling or cell-releasing effects due to the
high hydrophilicity at T < LCST [74].

To complete the microrobotic platform, magnetic alginate microparticles
were fabricated and loaded inside the sealed compartment of the folded
bilayers. Alginate, a natural biodegradable polysaccharide, is often chosen as
a gelable polymer for long-term and sustained delivery of both drugs and cells
[75]. Alginate gels can be formed in relatively mild pH and temperature
conditions using divalent cations as crosslinkers and can be made in a sterile
process, which is useful for cell encapsulation [76]. Here, iron (I, I11) oxide
particles (10 wt% FesOs, < 5 pum diameters) were encapsulated in alginate
matrices resulting in soft magnetic ferrogel microparticles. The procedure,
involving nebulization of alginate and iron oxide suspensions in a calcium
chloride bath was also found to be compatible with the encapsulation and
growth of mesenchymal stem cells, as was shown by the LIVE/DEAD assays
performed for one week after fabrication. Cell viability was higher than 80%
after seven days of incubation. It is likely that cell viability and proliferative
capacity can be greatly improved by modifying alginate with RGD adhesion
ligands, and by optimizing the cell density at which cells are seeded in the

beads. Additionally, because iron oxide limits our ability to visualize cells
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located more deeply in the interior of individual beads, cell densities/numbers

are likely higher than indicated in figure 4.11.

Procedures to scale down alginate beads ranging from 50-100 pum, to 10-
pum were also tested, using a microfluidic injection based on fluorinated oil.
This, together with the previously mentioned works about nanometer size
bilayers, allows us to think that the full system can be easily scaled down

from this prototypical size.

The microparticles were loaded inside the photoresponsive bilayers in a hot
bath by simple mixing the two components. The number and the orientation
of beads trapped inside the bilayers varied depending on the shape of the
folding films and the size of the microbeads. This self-assembly technique
was not fully investigated, but it was empirically found to influence the
magnetic properties of the final platform [77], in some cases facilitating the
magnetic manipulation (such as for Venus flytrap-like structures).

Automated and complex 3D locomotion of the microrobots by means of a
5-DOF electromagnetic manipulation system was tested and shown to be
effective in water environments, when the structure could be suspended on
the surface of the experimental area or was free to swim in water. The robots
were found to stick easily to the bottom or the borders of the swimming
chambers, significantly affecting their swimming abilities. However, these
experimental problems could be readily solved by functionalization of the
fluidic chamber or by use of larger setups. Tracking was achieved by visual
detection of the alginate beads. In vivo applications could exploit the IR signal
of the GO [63] or magnetic tracking of the beads [65] (the detection could be
facilitated by self-assembly of the beads inside the bilayers). Photothermal
actuation was found to promote the release of the alginate beads, due to the
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rapid conformal changes of the bilayers upon exposure and to magnetic field

stimulation.

To conclude, we demonstrated the feasibility of the microrobotic platform
as a potential and “intelligent” carrier for cell loaded alginate beads.
Additionally, studies were performed on the capability of the hydrogel bilayer
to load and release drugs by diffusion or by external actuation. These studies

are presented in chapter 6.
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4.7 Conclusion and Outlook

The proposed microrobotic platform possesses most of the required
features that we envision for biomedical applications including 3D magnetic
steering, the ability of carrying drugs and cells, and spatiotemporally
controlled delivery. Compared to similar work found in the literature [37, 39,
48], this study presents for the first time a full approach to the problem by
developing the “appropriate” materials and integrating them into an

automated system.

The fabrication methods used for the design of the microrobot have been
proposed and described to demonstrate the simplicity of the solution.
However, they were not optimized for large scale production, and interesting
potential for future work in this direction exists.

The definition of the thickness of the layers could be improved by ensuring
complete adhesion of the two opposite substrates (the glass and the spacer),
and by using better techniques of spacer production. SU-8 spacers were often
found to be affected by poor homogeneity when the thickness was set to
values higher than 28 pum due to imperfection in the spin coating process or

extreme viscosity of the used solutions.

High-precision glass masks are needed for the down scaling of the process
in order to achieve nanometer sized layers and to reduce the total dimension

of the device to a few microns.

GO synthesis can also be optimized to increase the state of oxidation and,
therefore, the efficiency of the photothermal actuation. In this way, less
material would be needed with less influence on the swelling properties of
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the hydrogel, or with the advantage of decreasing the required power for

actuation.

Aside from optimization of the processes, challenges related to real in vivo
applications also exist. With an approximately 10-fold shrinkage in the total
dimension, the devices will become small enough to access remote places of
the body such as the hepatic arteries, the hollow areas of the subarachnoid
space, the gastrointestinal tract and other large cavities filled with fluids. The
released magnetic beads could be navigated to even smaller conduits in the
body, allowing a modular approach to the problem of cell and drug delivery.

This strategy would require investigation of the penetration of the
electromagnetic fields and of the efficiency of the manipulation/actuation
process in a biological environment, as well as additional biocompatibility
tests. Nevertheless, the platform, based on smart and biocompatible materials,
can provide a solid basis for future therapeutic targeted interventions.

The following chapters are intended to more deeply explore the potential
of this solution, and to give a better understanding of the phenomena behind

the self-folding of hydrogel bilayers.
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CHAPTER §

And all this science, | don't understand
It's just my job five days a week
A rocket man, a rocket man

Rocket Man-Elton John (1972)

Towards the modeling of hydrogel bilayer

actuation
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5.1 Chapter overview

Hydrogel bilayer actuation is often based on the application of a
homogeneous stimulus (swelling, temperature or NIR light, for example) to
an inhomogeneous material. Researchers have been able to achieve different
3D shapes by conjugating two hydrogel layers with different volumetric

change, and diversifying their mutual orientation [1, 2].
The system offers two levels of control of the desired final configuration:

- The first level is the tuning of the properties of the two materials.
An advantage of acrylic hydrogel systems, such as the ones presented here,
is the possibility to easily set their physicochemical properties during the
synthesis process in order to achieve the desired values of stiffness, swelling,
and interaction with the environment (degradation, or diffusion of
substances).

- The second level is the geometrical combination of the two layers.
The thickness, the mutual orientation, the presence of hinges, and the initial
2D shape are all contributing factors, as can be seen in the works of Stoychev
et al. [3, 4] or Jamal et al. [5].

Evaluating and understanding the influence of each material or geometrical
parameter is, therefore, a crucial first step in designing and modelling the

behavior of these actuation systems.

Here, we propose the results of the characterization studies performed on
hydrogels used to build the bilayer systems seen in chapter 4 for drug and cell
delivery. The chapter starts with a brief overview on the synthesis and
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structure of acrylic hydrogels with a special attention on the main theories
used to describe their network and properties. A review about the common
methods to characterize hydrogel swelling and mechanical properties is then

presented.

The state of the art on the modelling of bilayers is also part of this chapter.
The analytical model of thermal bending of bilayers originally developed by

Timoshenko [6] is analyzed together with a series of numerical approaches.

Following that, the chemical, swelling, and mechanical properties of
NIPAAM-AAM-PEGDA 85.15.03 (the three numbers define the molar ratio
between the monomer and the crosslinker quantity in percentage), and
PEGDA are experimentally defined. FTIR was used to chemically
characterize the two hydrogels. Gravimetric and optical measurements were
performed to study the kinetics of swelling, the influence of the different
chemical components on this parameter, and the influence of nanoparticles
and interpenetration processes. The data obtained were also used to define
those values that, according to theory, fully represent a polymer gel: the
polymer volume fraction in the swollen state, the molecular weight of the
polymer chains between two crosslinks, and the mesh size. Mechanical
characterization of the materials was performed by rheological
measurements, to quantitate the inherent elastic behavior of the materials.

Uniaxial tensile tests were also performed.

We completed the experimental analysis with a visual quantitative study
on different rectangular bilayers produced by photolithography. The features
were produced with different initial thicknesses of the two layers, and their
geometry and radius of curvatures were measured at room temperature and at
43°C.
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The obtained data were introduced in the Timoshenko formula for bending
of bilayer thermostats. The deviation between the theory and the experimental
results were analyzed, considering the original assumptions and evaluating

possible sources of errors.

Alternatively, the data were used to support an FEM based model that
could better approximate the final configuration. This part of the work will
help future analysis on bilayers and provide material for the improvement of

the full experimental setup.
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5.2. Synthesis and characterization of acrylic hydrogel

structures

5.2.1 Synthesis and physical structure

Hydrogels are hydrophilic polymer networks, which are mainly
characterized by their ability to absorb an amount of water thousands of times
more than their dry weight. This is primarily due to the presence of
hydrophilic functional groups attached to a polymer backbone, while the
resistance to dissolution is ensured by the presence of cross-links between
network chains [7]. A large range of polymer compositions has been used to
fabricate hydrogels, including natural materials, synthetic ones, and
combinations thereof [8]. Synthetic acrylic hydrogels are the most commonly
utilized, due to the relative ease of controlling and tuning their properties.

A common synthetic route is based on a free-radical cross-linking
polymerization, which implies the formation of radical molecules, their
attachment to a monomer and the propagation of the phenomena until
spontaneous termination [9] (figure 5.1a). Among the different ways to start
the reaction (thermal decomposition, redox reactions, plasma, sonication,
electrochemical electrolysis), photo polymerization offers spatial and
temporal control, fast curing rates, minimal heat production[10], and the
possibility of performing in situ polymerization. This is highly desirable for
different  biomedical applications or molding processes. UV
photopolymerization generally uses a photoinitiator that has high absorption
at a specific wavelength of light to produce radical initiating species. In the
case of acrylic hydrogels the photoinitiator is dissolved in the hydrogel
precursor solution together with the chosen monomers, a solvent, and a
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crosslinker. Upon exposure to light, a bulk polymerization process allows the
formation of chains by propagation of the radical among the molecules
containing an accessible carbon-carbon double bond [11].

The resulting hydrogels exhibit properties defined by the materials
involved in the polymerization process and by their relative concentrations.
Materials include the monomers, the crosslinker, the photoinitiator, and the
solvent (figure 5.1b and 5.1c). The quantity of photoinitiator, for example,
defines the number of radicals that are formed upon exposure, and therefore
the number of chains that are contemporarily growing. By increasing this
parameter, smaller chains form and entangle, thus creating a brittle
macrostructure. The solvent used to dissolve the solid monomers and
photoinitiator dilutes and increases the physical distance between the
different molecules into the precursor solution, thus decreasing the rigidity of
the network. The monomers and their functional groups define the affinity to
water and other substances and the response of the full matrix to different
stimuli such as pH or temperature. Finally, the degree of crosslinking
determines the connections between the different chains and therefore the
rigidity of the networks and mainly the mechanical properties. These
properties are strictly interdependent. For example, a hydrogel that possesses
a high degree of swelling will certainly have poor mechanical properties, due
to the massive water content. Conversely, a very stiff material will not be able

to store a lot of liquids inside its polymer networks.
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Figure 5.1. a) Free radical polymerization mechanism. Starting from the bond
cleavage of photoinitiator, free radicals keep forming and propagating, eventually
leading to a chain. b) and c) The synthesis process defines the main properties of the

hydrogel.

Three important parameters have been identified as essential to define the

structure of polymer networks:

- the polymer volume fraction in the swollen state (V2s), which is a
measurement of the fluid retained by the hydrogel. It is defined by
the ratio between the volume of the polymer V; and the volume of
the swollen gel Vgel, or as the reciprocal of the volume swelling
ratio VSR:

Vp

V2 s=—2-=VSR* (5.1)

Vgel
- The number average molecular weight between cross-links, M,

which can be related theoretically to the degree of crosslinking, X:
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M
M. = 2—; (5.2)
where Mo is the molecular weight of the repeating unit of the
polymer. Swelling experiments can be again used to define this
parameter.
- The network mesh size, & which is indicative of the distance

between consecutive junctions, cross-links or tie points.

These parameters are determined based on two prominent theoretical
treatments, equilibrium swelling theory and rubber elasticity theory [12].

5.2.2 Equilibrium swelling theory

In a crosslinked polymer material, the solvent absorption leads to the
expansion of the network. This swelling is possible due to the elastic
stretching of the polymer chain fragments (strands) between the crosslinking
points. The stretching of the chain fragments increases their elastic retroactive
force, which counteracts the network’s expansion. The balance of these two
opposing contributions governs the equilibrium volume of the polymer
network. This is analytically described by Flory Rehner theory [13] and

Gibbs free energy equilibrium:
AGtotal = AGelaStic + AGmixing + AGionic (5-3)

Here, AGmixing is related to the compatibility between the polymer and the
solvent and is often expressed as the polymer-solvent interaction parameter,
1. Differentiation of equation 5.3, with respect to the number of solvent
molecules results in an expression in terms of chemical potentials. At
equilibrium zero net chemical potential is observed and this equates the

elastic and mixing potentials. An expression can then be derived for the
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determination of the molecular weight between two adjacent crosslinks,

prepared in the presence of a solvent [14].

1 2 (Vil)[ln(l—vz,s)+v2,5+)(1(v2,5)2]
. v (5.4)
Me Mn v2,s % V2,5
z,r[(m) ——sz’r]

Here, M is the average molecular weight of the polymer chains prepared
in the absence of crosslinks, v is the specific volume of the polymer, V1is the
molar volume of water, Vzris the polymer volume fraction in the relaxed
state, which is defined as the state of the polymer after polymerization and
before swelling. Adaptations of this formula can also be found for ionic
hydrogels where ionic strength is taken into account [15].

5.2.3 Rubber elasticity

The parameters related to the elastic potential and the mixing potential can
be determined from the rubber elasticity theory [16]. This theory, originally
developed for vulcanized rubber, was adapted to hydrogels, due to the
similarity of the response of the two systems to applied stress. Again, this can
be correlated to the molecular weight between crosslinks by the following

equation:

1
RT 2M 1\ (v,5)\3
T=p—(1——c) (a——z)( 2'5) (5.5)
MC Mn a UZ,T

where 7 is the stress applied to the polymer sample, p the density of the

polymer, R the universal gas constant, T is the absolute temperature, Mc the
desired molecular weight between crosslinks.
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M. can be strictly correlated to the mesh size of a hydrogel. This parameter
defines the space between macromolecular chains or alternatively the pores
of the network. The definition of the mesh size passes through the correlation

length &, which is the linear distance between two adjacent crosslinks:

1
&= a(r?): (5.6)

Here « is the elongation ratio of the polymer chains in every direction, and
(r2)2 is the root mean square of the end-to-end distance of the polymer
chains between two neighboring crosslinks. The elongation ratio is related to
the swelling through the polymer volume fraction vz, s:

1
a=7v,s 3 (5.7)

The second term in equation 5.6 can be calculated using the Flory
characteristic ratio, Cn, the length of polymer backbone bonds (for vinyl
polymer is 1.54 A) and N, the number of links per chain that can be calculated

as.
1 1
(r?)z = I(C,N)> (5.8)
2 M,
N = M_r (5.9

Mr is the molecular weight of the repeating units of which the polymer

chain is composed.

Mechanical tests and swelling measurements allow the calculation of the
parameters defining the molecular structure of a hydrogel. This is strongly
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related to the crosslinking degree of the polymer network, which can be due
to a number of factors, such as covalent bonding, entanglements, hydrogel
bonding, ionic bonding, etc. Similarly, the quantity of crosslinks influences

the swelling and deswelling kinetics of polymer networks.
5.2.4 Swelling kinetics of hydrogel networks

Swelling is the dynamic process of transition from a glassy or partially
rubbery state to a relaxed rubbery condition. Except for hydrogels with very
large pores, where convection could play a role, this process is mainly driven
by diffusion. Computational analysis utilizes Fick’s law to quantify the
concentration dependent movement of solvent into the gel:

% = V(D(C)VC; (5.10)
where D is the concentration-dependent diffusion coefficient of the species i
in the gel. When an initial glassy hydrophilic polymer is placed in water, the
molecules of the solvent begin to diffuse into the glassy region with a defined
front, which moves inward at a velocity u. The molecules cause stress to the
glassy system and an increase of the radius of gyration of the polymer
molecules, which is macroscopically seen as swelling. Depending on the

characteristic of the polymer, two main categories can arise [17]:

- Fickian, or case I transport, which appears when the glass transition
temperature (Tg) of the polymer is well below the medium
temperature. In this case, the polymer chains have high mobility,
and the water penetrates easily in the rubber network. In slab

samples, case I diffusion is accompanied by a linear increase of the
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polymer weight gain (mass uptake) as a function of square root of
sorption time.

- Non-Fickian diffusion process, which appears when the Tq is well
above the experimental temperature. In this situation, the chain
relaxation influences the diffusion. Case Il transport is
characterized by a rate of mass uptake that is directly proportional
to time. Anomalous transport is observed when diffusion and
relaxation rates are comparable.

A mathematical law can be used to describe all these behaviors, as
proposed by Korsmeyer et al [18]:

— = kt" (5.11)

The constant k and n are characteristics of the solvent-polymer systems.
The diffusion exponent is related to the transport mechanism (table 5.1), and
assume slight different values depending on the geometries [19, 20]. The
same authors specified that this law is able to model a maximum of 60% of
the entire phenomena. Better models were then developed to cover all the
kinetics (Berens-Hopfenberg model [21]) and to differentiate the relaxation
from diffusion (Peppas model [22]).
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Release exponent Solute transport Rate as a

(n) mechanism function of time
0.5 Fickian diffusion, t 05
Case |
0.5<n<1.0 Anomalous transport tnt
1 Case Il transport t
n>1 Super case I tnt
transport

Table 5.1. Interpretation of swelling mechanisms in polymeric films based on the

model of Korsmeyer and Peppas.

The short time approximation of these models can be used to define the
diffusion coefficient of water (or any other solvent) into the polymer matrix.

Similarly, the theory of Tanaka and Fillmore [23] attempts to explain the
deformation of the network caused by solvent diffusion. The linear
formulation, presented in 1979, describes the spatial and temporal
displacement u(r, t) of a point in a spherical gel of radius r from a swollen

state in the following way:

2—1; =D % {rlz [% (rzu)]} (5.12)
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4p
_(K+Y
f

D (5.13)

where D is the diffusion coefficient, K and p are the bulk and shear modulus
of the polymer network alone and f the friction coefficient between the

network and the fluid medium.

The authors proved experimentally a scaling law, which defines the time
of swelling 7 as a function of the characteristic length L of the gel:

T=— (5.14)

Tanaka theory fails to capture some physical phenomena accompanying
the swelling and to confirm some significant experimental results [24]. In
parallel, a linear theory was adapted from Biot’s study of soil consolidation
to describe the deformation of a gel as if it were a continuum. The theory
proposed by Scherer et al. [25] allows the determination of the stress-strain
relation by knowing the pore pressure (a volumetric chemical potential index,
similar to the water potential in plant physiology), the shear modulus G, and

the Poisson’s ratio v of the network:
= Y ) _KHo s
o;j = 2G (e” t5 ekk&]) - 8ij (5.15)

where §;;=0 when i#j, Ef is the volumetric strain, Q is the volume per

0.
solvent molecule and is the pore pressure.
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By considering small strain displacement, equation 5.15 can be rewritten

as:
G
GV?u; + & tpi =0 (5.16)

where ui are the gel displacements. Darcy’s law can be used to relate the flux

J of the gel to the pore pressure gradient:

Dyp;
_ “pbbi
Ji= — (5.17)

where D is the permeability of the network and # the viscosity of the gel
liquid. Using the mass balance for the pore liquid, introduced by Biot, one

can write:

de

2, — 0¢
D Ve = py (5.18)
D, = 25 (5.19)
n
_2G6(1-2v)
B =="— (5.20)

where Ev is the longitudinal elastic modulus, D¢ the cooperative diffusion
coefficient. Equations 5.16 and 5.18, with the appropriate initial conditions,
define completely the quasi-static deformation of the elastic gel [26, 27].
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5.2.5 Characterization methods of hydrogel properties
Hydrogel materials have been characterized in terms of:

- Chemical analysis

- Biocompatibility tests

- Morphological properties

- Swelling and diffusion properties

- Mechanical properties

The presence of specific functional groups and the quantity of crosslinking
play a crucial role in the definition of all these areas. A common way to
determine these data is to use different spectroscopic techniques based on
infrared or UV-visible light, nuclear magnetic resonance (NMR), or mass
spectrometry. FTIR detects the specific chemical groups in the material by
exciting them at a particular wavelength and recording the stretching or
bonding vibrations [28]. Similar techniques are based on attenuated total
reflectance (ATR). X-ray diffraction (XRD) is used to determine the
crystalline nature of substances [29] and to define the amorphous/crystalline
ratio in the final compound. UV-VIS spectroscopy can provide information
on the gelation level of the material as well as on the presence of impurities
or composites, and on the phase transition of responsive materials. NMR
allows obtaining the detailed information about morphology, molecular

organization, specific interactions, and internal mobility of gels [30].

Biocompatibility can be considered an intrinsic property of hydrogels once
the toxic un-reacted materials of the synthesis process have been rinsed away.
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This is due to the massive presence of water, which provides chemical and
physical compatibility with the host biological systems. In vitro cell culture
tests are often used as initial tests to evaluate the cytotoxicity of the
synthesized materials. These tests can be performed either by direct contact
between the cells and the hydrogels, or by elution (incubation of the cells with
a physiological solution previously in contact with the material). In vitro tests
can also be carried out to evaluate the anti-fouling properties of the synthetic
materials. Serum absorption tests can be performed as well as contact angle
tests with blood (sessile drop method). Hydrophilicity of the material
influences the adsorption of blood and cells, as has been demonstrated by
dynamic platforms based on NIPAAM [31] [32].

In vivo tests in animals evaluate the toxicity of the synthetic materials in
more complex dynamics. These tests involve the evaluation of the
biodegradability of the polymers and the effects of the products of
degradation on the biological environment.

Scanning electron microscopy (SEM) and Cryo- and environmental-SEM
procedures [33] allow the imaging of the polymer network morphology in its
hydrated state, thus revealing the shape, size, and distribution of pores in the
matrix. Laser scanning confocal microscopy is used for the same purpose
[34]. Surface topography is normally investigated by atomic force
microscopy (AFM) or by optical profilometry, with specific attention on the

change of the features between hydrogels and xerogels (dried networks).

Swelling measurements constitute the main area of investigation of
hydrogel materials. Characterization is usually performed in a gravimetric
way by monitoring the change of weight of samples upon immersion in water.

The same principle can be used to study the stimuli-responsive behavior of
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the material [35] and to evaluate the actuation kinetics of hydrogel based
components [36]. Important information about the structure of the network,
such as mesh size, the average molecular weight between crosslinks, and the
diffusion coefficient are normally evaluated from swelling measurements
[37-39].

Parallel to these studies, drug release kinetics of differently sized and
shaped hydrogels is often an object of investigation. Different models have
been proposed to cover all the possible mechanisms of release [40] and
complex active systems involving nanocomposites have been employed to

control this phenomenon [41].

Several methods are used to examine the mechanical properties of
hydrogels, which constitute an essential aspect in various biomedical
applications, such as tissue repair, replacement, and drug delivery. Tensile
testing or strip extensiometry, involving the application of a tensile force to
strips of material held between two grips, are used to obtain a stress-strain
chart. These tests can be used to evaluate the elastic or viscoelastic properties
of hydrogel materials, by elongating the material strip to a particular length,
and examining the stress-relaxation response over time at a constant strain.
The destructive nature of the test and the difficulty to block hydrogel samples
constitute the main drawbacks for this method. On the other hand,
compression tests allow the use of different geometries but suffer from the
same limitations of the previous ones. Lately, indentation has become
increasingly popular due to the possibility to characterize the micrometer
sized features of the polymer network. Indentation exploits a shaped indenter
connected to a force transducer to record the force required to achieve a
certain depth into the tissue. Online measurements of the elastic and

viscoelastic properties are possible, and data can be fit to find important
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information about diffusivity [26, 42]. However, variations in the results are

introduced due to different geometries of the indenter [43].

Rheology has often been employed to monitor the gelation process and the
change from a viscoelastic to a mainly elastic material of polymer networks.
The storage modulus (G’) and the loss modulus (G ’’) measured upon a range
of frequencies in oscillation experiments provide correlation between the
kinetics of the sol-gel transition and the resulting mechanical properties [44].
Little work has been reported on the rheology of bulk crosslinked hydrogels.
Nevertheless, these measurements are able to offer a full insight on the
mechanical nature of the matrix and provide an alternative way to swelling
to determine the mesh size [44, 45] and the stimuli response of the polymer

network.
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5.3 Modelling the bending of a hydrogel bilayer

The simulation of the bending behavior of a hydrogel bilayer exposed to a
change of hydration has recently been the object of a multidirectional
investigation. The literature offers analytical models adapted from the
original theory of bending of metal bilayers and finite element modeling
methods that take into account different boundary and material conditions.
The problem should include a multiphysical approach, based on mass
transport and large deformation, but is often simplified by considering only
the mechanical aspect of swelling, which is an isotropic expansion. Here we
propose a short review of the state of the art and the progresses made in
analyzing complex bilayer geometries, associated with the design of actuators

and microdevices.
5.3.1 The Timoshenko beam theory and other analytical models

Classical beam theory by Timoshenko [6] was first used to model bilayer
bending under thermal expansion. The model is based on five ideal

conditions:

- It is assumed that the coefficients of expansion remain constant

during heating.
- The materials are both elastic.

- The beam thickness h is small compared to the radius of curvature:
h<<R.

- The curvature along the width can be neglected and deflection is

only a function of the length.
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- The strain throughout the bilayer is determined only geometrically

by the curvature.

Let us consider two metals welded together and uniformly heated from To
to T. As seen in figure 5.2, the inner layer, or layer | is characterized by a
thickness hi, a Young’s modulus E1 and an expansion coefficient oa.
Similarly, the outer layer, or layer Il is represented by the parameters hz, Ez,

az.
We consider h=h1+ha, as the total thickness of the strip

M:M; M:M:
q ﬁ
h1,E1,a1 +AT R f1 P ?1?‘2

h:,E.,a. AT
E= elastic modulus P= force
a = strain of the films M = bending moment
h= thickness of the layers p= radius of curvature
h= total thickness (h:+h:)
n= EJ/E:
m=hi/h:

Figure 5.2. Bending theory according to Timoshenko for bimetal thermostats. The

main parameters of the analysis are listed in the figure.

An analysis of the forces P acting on a section of the metal, bent convex

down (02> a1), yields:

PR~ M, + M, (5.21)

2
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Letting p being the radius of curvature of the strip, Eil1 and Ezl2 the
bending stiffness of layer 1 and layer 2 (with | area moment of inertia of the

layer), we can then write:

El; PR Ejlj+Esl,

5.22
p p 2 P (:22)

Similarly p and P can be calculated by considering the deformation related
to the thermal expansion. For reasons of continuity, the two layers must have
the same longitudinal elongation. Therefore:
Py hy

B T2 ay(t —to) —

P hy
Eh,  2p (5.23)

a(t—ty) +

where the first term is the temperature strain, the second the bending strain,
and the third is defined as the pressure/tension strain (the signs are related to

the fact that layer | is subjected to compression and layer |1 to tension).

By using equation 5.23, we can rewrite everything as a function of the

curvature 1/ p:

1 _ (az—aq)(t—t,)
p T h ,2(E111+E3I3) ( 1 1 ) (5.24)
2" h E1l1 Ezly
Or again:
h E h3 h3
_1=m,_1=n,11=_1,12=_2 (5.25)
hy E, 12 12
1 6(ay—aq)(t—ty,)(1+m)?
1_ (az—ay)(t-t,)( ) (5.26)

p N h(3(1+m)2+(1+mn) (mz +%))
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Tip deflection ¢ can be calculated with simple trigonometric rules and

starting from the radius of curvature as:
§="L

= — 5.27

" (5.27)

The radius of curvature is inversely proportional to the film strain and is

mainly dependent by variations of m, which represents the ratio between the

thicknesses of the two layers. It is important to stress the limitations of the

theory, which is applicable only for elastic deformations and does not predict

the direction of folding.

Nevertheless, the analysis of Timoshenko has often been proposed to
model micro actuators folding, and repeatedly used as reference for hydrogel
based bilayers [1, 46]. Guan et al. [47] matched the experimental results of
the folding of chitosan PEG-methacrylated bilayers with the formula of tip
deflection. They calculated the Young’s modulus of the swollen network by
tensile tests performed on dry samples and imposed some correction factors

due to the peculiarity of the materials.

Christophersen and Shapiro [48, 49] used the same mechanical approach
to derive an analytical model to predict the curling of a gold/polypyrrole
bilayer, upon electrochemical actuation. The formula of Timoshenko was
revisited based on the fact that the properties of the polypyrrole change along
the section of the bilayer, and it was expanded to include a third adhesive

layer between the metal and the polymer.

Kelby et al. [50] analyzed gold/poly glycidyl-methacrylate (PGMA)

bilayer objects, by experimentally measuring the swelling factor of the
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polymer layer, and fitting the mechanical and geometrical data into the

Timoshenko formula by nonlinear regression.

Baek et al. [51] propose self-folding PEGDA based tubes for in vivo
sustained release of drugs. They used a formula adapted from Timoshenko
theory and applied to surface coatings, to understand the mechanism of
rolling, and to calculate the inner radius of the gel tubes. The authors
particularly focused on the trends suggested by the formula, confirming its
validity by using their experimental results on mechanical and swelling

characterization.

Very recently, Palleau et al. [52] presented a series of gels, which were
reversibly folding, due to electric stimuli and the controlled diffusion of
cations inside the hydrated anionic gel network. The bending of the imprinted
gel, due to a local increase of crosslinking, was experimentally characterized
by visual imaging, by indentation and by swelling measurements. The fit
between the experimental data and the theoretical trends was again only
possible by introducing a correction factor, here justified to take into account

the diffusion process mechanism in the gel.

This short literature review shows that the Timoshenko formula generally
provides insight about the curvature of polymer-based bilayers. A perfect
match between experimental data and analytical models is possible only by

introducing corrective factors and revisiting the proposed assumptions.
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5.3.2 FEM based models of bilayers

Aside from analytical models, numerical methods have been often used to
approach the problem of instabilities and shape changes of thin hydrogel
sheets during the swelling process [53]. In a similar way, recent models have
taken into account the complex bending of a bilayer in three dimensions.
Alben et al. [54] demonstrated that the final 3D shape of thin plates depends
mainly on the development of the regions of double curvature at the edges of
the 2D shape. They built an elastic model of a bilayer attached to a substrate
and found the displacements minimizing the elastic energy for different
actuation strains. The work also provides experimental results on the bending
of polypyrrole/gold bilayers that prove the validity of the bending direction
prediction. However, the model cannot cover deflections much smaller than
the width of the bilayers, thus excluding phenomena like shape overlapping.
Stoychev et al. monitored the rolling of thin hydrogel films [4] upon swelling,
distinguishing long side, diagonal and all side rolling. A diffusion study
allowed them to confirm the importance of edge detaching and adhesion
forces on the preferential direction of rolling. The experimental study was
supported by a FEM based simulation of the diffusion patterns, based on
Fick’s law, and by a thermal expansion model of two elastic materials. They
used a fixed substrate as a boundary condition and they found that high levels
of strain at the edges are able to drive the folding in different ways, depending

on the geometry of the bilayer.

Jamal et al. [55] investigated the radius of curvature of different PEG
bilayers, by changing the molecular weight of the polymer chains. The
experimental results were supported by a FEM simulation of the deformation
kinetics of the hydrogel structures. The model minimizes the stress defined

by hyperelastic theories, and the chemical potential of the system, and uses
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the shear modulus, the bulk modulus, and the Flory Huggins interaction
parameters as the input values for the two materials. A good agreement was
found between the simulation and the experimental results.

Very recently, work from Guo et al. [56] focused on the programmable
deformation of a temperature sensitive hydrogel bilayer and modelled the
mechanical behavior of the gel as a hyperelastic material. The free energy of
the gel, composed of an elastic part, a mixing component (from solvent and
polymer), and a chemical component, was used to derive the expression of
stress to be minimized for the most probable final 3D configuration. The
method showed the possibilities offered by different spatial combinations of
bilayers.
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5.4 Motivation: predicting the actuation of a hydrogel
bilayer

Hydrogel bilayers have been recently employed as platforms for the
encapsulation and release of cells and drugs [2]. Their self-folding
mechanism relies on a difference in swelling and mechanical properties
between the two layers, while the presence of a stimuli-sensitive layer allows

external or remote control on the shape.

The design and prediction of the final shape of the polymer platform is a
complex problem due to the nature of the materials. Hydrogels exhibit a union
of liquid and solid properties that allow them to behave in a very different
way depending on their swelling degree. Moreover, their properties can be
tuned during the synthesis process, by modifying, for example, the monomer
concentrations, the photoinitiator, the solvent quantity, or a combination of
these parameters. Nevertheless, the prediction of the behavior of hydrogel
bilayers, based on their physical and geometrical properties, represents a
critical aspect that could allow significant reduction of the experimental

workload.

Attempts to fit experimental data with Timoshenko’s theory for bending of
uniformly heated bilayer metal strips [6] (equation 5.27) were recently
proposed in different polymer-metal [48] or polymer-polymer systems [47,
51]. Most of this work relied on correction factors of the materials properties
or modifications of the formula, which compensated for the physical

difference between metals and hydrogels.
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Previous publications have proposed parametrical studies to investigate the
influence of the thickness, the mechanical properties, and the expansion
coefficients of the hydrogel layers on the final 3D shape [4, 5]. Some of them
were supported by linear and nonlinear numerical models providing insight

in the rolling mechanism of hydrogel strips [54].

Here we concentrate on a thermoresponsive double layer similar to the one
recently used for the design of self-folding microrobots fabricated by
photolithographic  coupling of NIPAAM-AAM-PEGDA  copolymer
(85.15.03) and PEGDA [57]. We report a detailed characterization of the
swelling and mechanical properties of the two separated layers. Hydrogels
were subjected to tests of unconstrained absorption of water where the
duration of the process and the final values of expansion were investigated
and compared to the literature. The swelling kinetics measurements were
used to extrapolate values of mesh size and molecular weight between
crosslinks of the two layers, thus defining the microstructure of polymer
network. Additionally, temperature dependence of the swelling expansion
coefficient was also investigated for the two layers, to provide additional
material for the analysis of the temperature-driven bilayer unfolding. We
completed the study by showing the influence of different parameters in the
equilibrium swelling ratio of the hydrogel layers. The effect of the co-
monomer AAM and of the crosslinking quantity shows the flexibility of the
system. Finally, we analyzed the possible drawbacks and complications
derived from the used fabrication method, and we identified the
interpenetration of the two layers as a possible source of uncertainty.
Swelling measurements identified the possibility of having large variations

from the original polymer properties.
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Oscillating rheology was used to characterize the mechanical response of
the two materials. Frequency sweeps were applied at defined amplitude
values to monitor the viscoelastic behavior of the soft hydrogels. The results
were integrated with tensile tests performed on samples cut in strips. For
NIPAAM-based hydrogels, these last experiments were performed at three
different temperature conditions (22°C, 33°C and 44°C) in order to provide

values of material sensitivity to changes of environmental conditions.

Following the analysis of the single layers, we performed a parametrical
study of the influence of the thickness ratio between the two layers on the
final curvature. Different features with a rectangular shape were fabricated
by photolithography [58]. Their geometry was visually evaluated at two
different temperatures (22°C and 43°C). The thicknesses of the layers
measured at higher temperature were assumed to be the ones in the unswollen
state, as the two cases have been demonstrated to be comparable. In this way,
we reduced the influence of the uncertainties related to the fabrication
process. The evaluation of the width, the thicknesses, and the curvature of the
bilayers in the fully swollen state, and in the collapsed state, allowed an
analysis of the real expansion rates of the layers, in the final bilayer
configuration, and a critical evaluation of the limitations of the proposed
fabrication method. These data were also used to estimate the capability of

Timoshenko’s beam theory to predict the final structures’ curvature.

In parallel, a FEM-based model was developed by means of commercial
finite element software ABAQUS, which took into account the new
expansion rates, and the other experimental values. The model offers a better

approximation to the final observed bilayer curvatures.
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5.5 Materials and methods

5.5.1 Materials

N-lIsopropylacrylamide monomer (NIPAAM), Acrylamide (AAM),
Poly(Ethyleneglycol) Diacrylate (average MW 575, PEGDA), 2,2-
dimethoxy-2 phenylacetophenone (99%, DMPA), Ethyl Lactate (98%, EL),
anhydrous hexane (95%) were purchased from Sigma Aldrich (USA). 1H,
1H, 2H, 2H- Perfluorodecyltrichlorosilane (PFDTCS) was purchased from
ABCR (Germany. 1H,1H,2H,2H-perfluorooctanol was purchased from Alfa
Aesar (USA).The main NIPAAM monomer was recrystallized after double
treatment in n-hexane solution. All other chemicals were used as received.
SU-8 photoresist and developer and Lift-Off Resist (LOR), used as a
sacrificial layer, were purchased from Microchem (USA), while AZ 4562
photoresist and AZ 826 developer were purchased from Clariant (Germany).

5.5.2 Hydrogel fabrication

Hydrogels for the swelling and mechanical characterization were produced
by UV-photopolymerization at 365 nm. NIPAAM-AAM-PEGDA hydrogels
were fabricated by briefly mixing the three main components in ethyl lactate,
and adding DMPA as photoinitiator. PEGDA solution was diluted in a certain
quantity of ethyl lactate as well. DMPA was added as photoinitiator. The
solutions were then polymerized after being poured into self-made molds or
by direct photolithography. The molar ratio between different components
was changed, and the resulting hydrogels were characterized by swelling

experiments.
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Interpenetrated polymer networks of the two layers were produced by
letting the dried gels of one type swell into the other hydrogel solution. After
reaching equilibrium, the swollen gels were exposed to UV and allowed to
swell again in water. In this way, NIPAAM-AAM-PEGDA copolymers
swollen in PEGDA solutions (NIPAAM-IPN-PEGDA) and PEGDA
hydrogels swollen in NIPAAM-AAM-PEGDA copolymer solutions
(PEGDA-IPN-NIPAAM) were fabricated.

The hydrogel bilayers used for the parametric study of the curvature are
the result of a two-step, backside exposure, photolithographic process [58] as
described previously in chapter 4. The thickness of the layers was defined
using SU-8 spacers previously fabricated on the bottom silicon substrate,
while the 2D features were designed on plastic foil masks (Selba S.A.,
Switzerland) and reproduced. The spacers varied from 1 to 40 pum in
thickness. For these experiments a hydrogel solution composed of PEGDA
with 3 wt% DMPA photoinitiator and 50 wt% ethyl lactate was used as the
first non-swelling layer. The thermo sensitive layer was polymerized from a
NIPAAM-AAM-PEGDA (molar ratio 85/15/0.3) solution, with 3 wt%
DMPA photoinitiator and 70 wt% ethyl lactate After UV curing (2+4
minutes) the bilayers, attached to the mask, were released through immersion

in water.
5.5.3 Chemical analysis

FTIR spectra of NIPAAM hydrogels and PEGDA samples were collected
on a FTIR spectrometer (Nicolet is 10, Thermo Scientific, MA, USA). All
data were recorded at room temperature in the spectral range of 4000-600 cm-
! by accumulating 32 scans with a resolution of 4 cm™* by using dried milled

particulates.
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5.5.4 Swelling experiments

The swelling capacity of different hydrogels was characterized by
gravimetric and optical methods. The gels (a minimum of three per type) were
produced and incubated in a water bath (Julabo, Germany) at temperatures
ranging from 25 to 55°C. At predefined time intervals (minimum eight hours
to ensure swelling equilibrium), the samples were removed from water,
carefully wiped, and their weight was recorded. The Equilibrium Swelling

Ratio (ESR) at each temperature was defined as:

M
ESR=— (5.28)
Mg
where Ms and Mg are the mass of the swollen hydrogel and the dried mass,
respectively.

Dimensional swelling ratio was defined in a similar way as:

DSR= 2 (5.29)

Dgq

and measured by monitoring the change of the major dimensions (D) of the
gel discs, by means of a digital camera (DNT, DigiMicroscale 2.0, Germany).
From the data of swelling of the diameter and height of the gel samples, a

volumetric swelling ratio was calculated in a similar way.

VSR=£ (5.30)
Va

The same tools were used to perform swelling Kinetics experiments on
NIPAAM-AAM-PEGDA (85.15.03) and PEGDA (3wt% photoinitiator) by
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monitoring the state of the gel samples until no significant change was

recorded.
5.5.5 Rheological measurements

Rheological measurements were performed using a universal dynamic
spectrometer (figure 5.3a, UDS 200, Anton Paar GmbH, Switzerland) with
parallel plate geometry (50 mm diameter). Samples of ca. 50 mm diameter
and 0.7 mm thickness were cut and constrained inside the two plates by an
applied normal force of 2 N. Hydrogel skidding was avoided by the internal
rough surface of the plates. An amplitude sweep (0.01-100%) was performed
on every set of samples to define the linear viscoelastic range (LVR). Then,
a frequency sweep from 1 to 600 Hz was performed at a defined amplitude
(1% for NIPAAM hydrogels, 0.001% for PEGDA) within the LVR, taking
care of maintaining the samples hydrated during and in between of
experiments. The real G’ and the imaginary G’’ were measured, and the

complex modulus G* calculated from these data.
5.5.6 Tensile tests

The uniaxial tests were performed on a custom-made test setup (see figure
5.3b). The machine consisted of a tensile test tool with two hydraulic
actuators (242 Actuator, MTS system corp, Eden Praire, MN, USA), each
with 2.7 kN capacity, mounted horizontally on a steel plate, and immersed in
a temperature controlled water bath. The full setup was installed on a
vibration isolation table. Load cells (100 N, SMT S-type, Interface Inc.,
Scottsdale, AZ, USA) were applied for force measurement. Contactless
measurement of the in-plane displacement field was achieved by a video

extensometer system (uniDac Fast, Chemnitzer Werkstoffmechanik GmbH,
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Chemnitz, Germany) consisting of a CCD camera (Pike F-100B, Allied
Vision Technologies GmbH, Stadtroda, Germany) and a focusable 0.25x
telecentric lens (NT55-349, Edmund Optics, GmbH, Karlsruhe, Germany).

Hydrogel samples of NIPAAM-AAM-PEGDA and PEGDA were cut in
strips of defined dimensions (length, width, thickness) 50 x 10 x 2.5 mm and
25 x 5 x 0.25 mm, respectively, and were fixed to the load cells by means of
custom-made clamps equipped with sandpaper. Uniaxial tensile tests were
performed on a minimum of three samples per type in water at a constant
speed of 2 mm/min till fracture and at 22°C. NIPAAM based hydrogels were
also tested at 33°C and 43°C.

Raw data in the form of load-extension curves were converted into

engineering stress-strain from the initial sample dimensions.

L
£ = P 1 (5.31)

O'_F 5.32
=- (532)

where Lo is the initial length, F the measured force and A the cross-section of
the samples. The elastic modulus was found by simple linear fitting of the

resulting curve.

For the Poisson ratio calculations, the width of the sample at a given time
interval was measured using the photos of the samples, taken every two
seconds by the recording system. By comparing the pixel size (0.03
mm/pixel) with the change in dimensions of the layer (values analyzed every
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30 seconds), an average value of lateral deformation was found and used as
follows:

AW w-w,

- IL (5.33)

where W and Wo are the cross-sectional dimensions and L and Lo the

longitudinal dimensions.

Figure 5.3. a) Parallel plate rheometer for the dynamic mechanical analysis of
hydrogel discs. b) The same materials were tested in uniaxial tensile experiments in a

temperature controlled water bath by means of a biaxial test machine.
5.5.7 In situ imaging of the bending of rectangular bilayers

A series of rectangular features (1.4 mm x 0.4 mm and 1.3 mm x 0.26 mm)
were produced by photolithography, with PEGDA as the non-swelling layer,
coupled with a NIPAAM-AAM-PEGDA (molar ratio 85.15.03) swelling,
thermo responsive layer. The thickness of the two layers was changed by
using different SU-8 spacers. The radius of curvature, side lengths and
thicknesses achieved after complete swelling, at 22°C, were recorded by

means of a common optical microscope (5x magnification, LEICA, USA)
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and calculated from optical images by using the software ImageJ (NIH,
USA). Similarly, the analysis was performed also at 43°C, which
corresponded to a condition of full collapse of the NIPAAM layer. This
condition was taken as reference to evaluate the initial geometrical
parameters of thickness and side length of the samples. This assumption was
taken to limit the uncertainty introduced by the fabrication process. The
comparative visual analysis of the features at the two conditions (swollen and
collapsed) was also used to estimate the real swelling ratio and expansion of
the single layers in the bilayer configuration.

5.5.8 FEM simulation !

ABAQUS software (3DS, France) was used to model the self-folding
behavior of rectangular hydrogel bilayers. The main concept behind the FEM
model was the use of experimentally obtained time-dependent dimensional
expansion values as input material parameters for the active and passive
layer. The bilayer was modeled as the result of two isotropic linearly elastic
layers attached together by a surface constraint at their interfaces. The
constraint ensured equal deformation of both layers. The initial conditions of
length and width were set according to the performed experiments (length 1.3
mm, width 0.26 mm and 1.4 mm, width 0.4 mm). The Poisson ratio was
assumed to be 0.5 for both the materials, while the Young’s moduli and the
thickness of the layers were taken from experimental results. Dimensional
swelling parameters taken from Kkinetic tests on the single layers were
converted to coefficients of expansion (o1 and a2 for in plane and thickness
direction) and first used to define the growth rates in the model. Similarly,
other expansion coefficients were calculated, taking into account the
constrained swelling of the layers in the bilayer configuration and the results

of the experiments described in section 5.5.7. Quadratic 3D node brick
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elements from the ABAQUS standard library (C3D20) were used as meshes.
In order to mimic the experimental boundary conditions (the layers are
attached to a substrate when they are fabricated), a user-defined subroutine
was written to spatially alter a for the initial time steps. This procedure is
comparable to simulate the diffusion path occurring before the layers are
detached from their substrate. Bending and final curvature could be analyzed
by means of the visual interface of the software.

1. The model was developed in collaboration with Gautam Munglani, Institute for
Building Materials, ETH Zurich.
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5.6 Results

5.6.1 FTIR analysis

Figure 5.4 presents the FTIR spectra of the two synthesized hydrogels.
NIPAAM based hydrogels are characterized by a broad band appearing
between 3600 and 3200 cm'!, related to the N-H stretching vibrations of the
secondary amide and the vibrations of the hydroxyl groups present in water.
Despite the long drying process, non-freezing bound water remained attached
to the polymer molecules through hydrogen bonds. The fact that the peak is
quite evident is a sign of the water affinity of the copolymer. The area around
2900 cm? is typical of all organic compounds, being related to the
asymmetric and symmetrical stretching of C-H groups. Peaks at 1650 cm!
and 1545 cm are assigned to the stretching vibrations of the amide I and |1
bonds (C-O and N-H) and overlap with the signal of unreacted vinyl bonds.
However, the presence of the band of alkene groups at 1410 cm™, seems to
suggest an incomplete polymerization of the compound. The area around
1380 cm? is characteristic for the vibrations of isopropyl groups, and
therefore critical for a hypothetical analysis of the quantity of NIPAAM in
the copolymer. A signal of the presence of PEGDA crosslinker can be seen
in the peak at around 1720 cmL. This is much more visible in the PEGDA
hydrogel curve, and corresponds to the C=0 stretching vibrations from ester
bonds. Apart from that, characteristic peaks are visible at 1098 and 1342 cm-
1 which correspond to CO symmetric stretching and CH2 bending,
respectively. An important aspect to be noticed is the absence of a signal at
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around 1620 cm, which corresponds to the presence of C=C vinyl unreacted
bonds. The result seems to indicate the complete polymerization of the
monomers in the solution [59]. In the same way, the absence of a strong signal
around 3500 cm* shows the limited presence of hydroxyl groups in the gel,
substituted by the acrylate polymer.

3 [—NIPAAM 851503
g
a
Q
c
]
k=
G 3200 2900
c
= 1600 {f h1sas
| 1 | 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm’ T]

| | [——Pecoa)
) —— PEGDA
2
g
L]
Q
c
s
€
g
& 1098
= T~

| 1 1 1 | 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm’ T]
Figure 5.4. FTIR spectra of NIPAAM and PEGDA based hydrogels, used for the
bilayers.

5.6.2 Swelling kinetics

Figure 5.5 reports the swelling induced kinetics of growth of the major
dimensions of hydrogel cylindrical samples evaluated by direct visual
analysis. The typical diffusion driven exponential profile was monitored until

no significant increase in the dimension could be recorded by the camera. As
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illustrated in figure 5.5a, (related to NIPAAM based hydrogels, 2.5 mm
diameter, 2 mm height), swelling in radial and thickness directions follow a
similar pattern. However, quantitative differences can be found, due to
various reasons. Swelling hydrogels showed significant wrinkling and
buckling zones that were hard to evaluate. These hydrogels tended to stick to
the walls of the experimental cell, temporarily limiting the diffusion and
growth in certain directions. Another aspect was related to the shorter
diffusion path for the height than for the diameter. For this reason, the height
swelling reached equilibrium faster than the other dimension, as predicted by
the equation 5.14. Both the dimensions reached the same equilibrium
swelling ratio of ~2.6 after approximately 24 hours. Calculation about the
volume changes during swelling allowed us to estimate a water uptake on the
order of 20 times the initial volume.

Figure 5.5b reports the results related to the swelling of PEGDA samples.
The difference with the previous material is quite evident. These hydrogels
are able to uptake an amount of water equal to ~50% of their dried weight, in
an amount of time significantly smaller than one day. Their maximum
dimensional swelling ratio is on the order of 40% of the NIPAAM copolymer

values. The difference between the two layers is reported in table 5.2.
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Figure 5.5. a) Swelling kinetics of cylindrical samples of NIPAAM 85.15.03. b)
Experimental results about PEGDA show a shorter swelling time, and a smaller
expansion at the end of the process.

Smaller samples were also monitored, in order to confirm the theoretical
scaling law introduced by Tanaka and Fillmore [23] (equation 5.14) and
commented by Peppas et al. for different gel shapes [19]. By analyzing
samples with the height of 0.4 mm (1/5 of the previous value), we found a

characteristic swelling time of ~ 60 minutes. This value fits perfectly with the
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one predicted by the scaling law (equation 5.14, used with the experimental

values gives 57.5 minutes as a result).

Polymer NIPAAM PEGDA
85.15.03
Dimensional 2.63+£0.14 1.13 £0.00

equilibrium swelling

ratio

Volume equilibrium 20.04 £1.06 1.44 £0.41

swelling ratio

Time of swelling ~1 day ~240 minutes

Table 5.2. Experimental data on the kinetics of swelling of cylindrical samples

(diameter ~2.5 mm, height ~2 mm)

5.6.3 Diffusion coefficients and swelling related parameters
The experimental values of the swelling volume were used to estimate the
mass water uptake M/Mq at each point, by using the following equation:

My _ Vi=Vo

= (5.34)
Moo  Veo—Vo

Equation 5.11 was used to fit the experimental curves, and to confirm the

diffusion driven mechanism of water absorption. The portion of release curve
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where M/Mx<0.6 was plotted in a logarithmic version against the logarithm
of time, and a linear tendency was found for all the experimental set of data.
N was found to be on the order of 0.5, by evaluating the slope of the curve.
Based on this, the collective diffusion coefficients of the two polymers could
be calculated following the two approximations introduced by Peppas et al.
[19] and frequently reported in the literature:

M pt 11/2
ﬁ =4 [ﬁ (5.35)

3 1
My _ 4 Dtyijz _ (DY) _m(Dt)2 Dtz _2a|g (Dt _
Moo 4(11:112) n (naz) 3 (naz) +4 (71:12) l 8 (TL’aZ)
3 2
Dt \2 2w ( Dt
2 () -5 () ] (5:36)
Results are reported for the two polymers in the first two lines of table 5.3.

The first approximation (eq. 5.34) is able to provide a fitting to only part
of the swelling curves (circa 15%), while the second equation can cover 90%
of the data, and it is defined specifically for cylindrical samples [19]. For this
reason it can be considered more accurate and was taken as references of the

behavior of the polymer.

The data collected for the swelling kinetics were used to define the polymer
volume fraction Vzs (equation 5.1), one of the important parameters that
define an hydrogel structure. The other two parameters, namely the molar
mass between two crosslinking points (equation 5.2) and the average mesh
size were calculated for the NIPAAM copolymer by using the method
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proposed by Fanger et al. [60]. Equation 5.37 defines the distance r between
two crosslinking points in the unswollen gel as:

1 1
r=1[ %]ECnE (5.37)

where 1 is the length of a single C-C bond (0.154 nm), Mc is the molar mass
between two crosslinking points, M is the molecular weight of the repeating
unit (which can be calculated from the molar masses of the two monomers
and their ratio in the gel), and Cn is the characteristic ratio, related to the
disordered state of a chain of polymer (for acrylates, it is often used the value
of 6.9 [38, 61]). Assuming a statistical copolymerization, Mc can be
calculated for NIPAAM copolymer, according to the following equation:

n(AAM)
n (PEGDA)

Mc = n(NIPAAM)

) M(NIPAAM) +

M(AAM) + M(PEGDA)  (5.38)

where M is the molar mass of the monomers, and n is the number of moles
used in the formulation. Defining the values for equation 5.37 allows one to
estimate the mesh size for the two polymers, by the following:
T

§=—7 (5.39)

V2s 3

In parallel, Peppas-Merrill equation (equation 5.4) could be used to
evaluate Mc for PEGDA hydrogels. The parameters of average molecular
weight of PEG oligomers, Flory Huggin’s polymer solvent interaction, and
specific volume of PEGDA in its amorphous state were taken from previous
publications [62] and completed with the experimental data. Results are
reported in table 5.3 for the two systems. It can be seen that the highly
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crosslinked short chains of the PEGDA give rise to very narrow mesh sizes
one order of magnitude smaller than the NIPAAM copolymer.

Polymer NIPAAM PEGDA

85.15.03

Diffusion coefficient 2.88x107 1.23x10°°
(cm?/sec), 15% curve

approximation

Polymer volume 0.05 0.7

fraction (v2,5)

Estimated mesh size 7.88x107° 3,5x10°10

Table 5.3. Hydrogel parameters calculated from the swelling data.
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5.6.4 Temperature dependence of the swelling ratio. Influence of

synthesis parameters

Figure 5.6 shows the influence of temperature on the mass swelling ratios
of differently synthesized NIPAAM-co-AAM-PEGDA hydrogels. A very
low percentage of crosslinking (0.3% on the number of moles in the synthesis
solutions) produced polymers with high affinity for water. The incorporation
of different percentages of hydrophilic AAM groups significantly affected
the swelling ratio and the temperature of full collapse of the polymer (low
critical solution temperature, LCST). Figure 5.6a presents a clear insight on
this effect by showing a shift of the LCST from 30°C till 45°C, and a doubling
of the swelling ratio at 25°C from the NIPAAM homopolymer (100.0.03), to
the copolymer with the highest percentage of AAM (80.20.03). An increase
of the quantity of PEGDA strongly decreased the water uptake of the
resulting polymers, as can be seen in the analysis carried out on pure
NIPAAM hydrogels (figure 5.6b). The dramatic change of properties is
related to the short size of the PEGDA chains, which contributes to the
crosslinking and to the stiffness of the resulting matrix. The values reported
here, though specific for this original system, agree with the trends reported

in previous publications related to NIPAAM based networks [63].
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Figure 5.6. Temperature response of different NIPAAM based copolymers and
homopolymers. The code used in the legend refers to the molar ratio between NIPAAM,
AAM and PEGDA. a) The influence of AAM in the composition can be seen in the
equilibrium swelling ratio and in the temperature of full collapse of the hydrogels. b)
Temperature response of NIPAAM homopolymers with different crosslinking values. A
slight increase of PEGDA molarity in the formulation decreases massively the swelling

ratio and the water uptake of the structures.

The difference between the polymer presented here and the one reported in
chapter 4 is significant. A slight decrease of PEGDA quantity (from 0.5% to
0.3%) increased the swelling ratio by a factor of 2. The difference between
these two polymers and the curve related to the PEGDA hydrogels are
showed in figure 5.7. For PEGDA, a constant value of mass swelling ratio

was found along the temperature range (1.98+0.07).
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Figure 5.7. Mass swelling ratio for the copolymers used for the hydrogel bilayers

in chapter 4 (dark blue and red) and in this chapter (light blue and red).
5.6.5 Inteprenetration: analysis of the equilibrium swelling ratio

The fabrication process of the hydrogel bilayers requires injecting the
NIPAAM-AAM-PEGDA solution in the gap between the mask and the SU-
8 spacer substrates after PEGDA layer has been polymerized. This procedure
implies the possibility of creating interpenetrating networks, by mixing of the
two solutions or by swelling of the first polymer in the second solution. The
blends of these two polymers exhibit different characteristics with respect to
each one of the separated polymers. Swelling tests were performed to show
the possible influences of this step on the final layers. Table 5.4 shows the
significant results of possible scenarios that can be encountered between

NIPAAM-based and the PEGDA solutions. The list also includes the case of
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directly mixing two solutions in a ratio that is related to the thickness of the

two layers, as proposed in chapter 4.

Control samples (NIPAAM-AAM-PEGDA and PEGDA hydrogels) were
also checked. Their response agrees with the one presented in the previous
experiments (see table 5.2), showing a good repeatability of the synthesis
process. A limited influence of the interpenetration can be seen for PEGDA
hydrogels swollen in NIPAAM solutions and subsequently exposed to UV to
create a blended matrix. The dimensional swelling ratio seems to be more
sensitive than the weight related value with an increase of ca. 20% on the
simple PEGDA polymer. Taking into account the fabrication steps, this
scenario is most probable and slightly modifies the properties of PEGDA
layers.

Conversely, NIPAAM is able to swell much more than the respective
PEGDA hydrogels, even when the solvent is another polymer solution and
not water. The results of the interpenetration are in this sense dramatic, with
a 7-fold decrease of the weight swelling ratio and a dimensional swelling ratio
reduced of the 30%. This scenario is considered very unlikely to be happening
during the fabrication of the bilayers. Slightly more probable is the mixing of
some remaining PEGDA solution with the NIPAAM solution during the
second photolithographic step, due to not perfect drying processes. An
analysis of the most pessimistic scenario (no drying or removal of PEGDA
solution, and inclusion in the second solution with a ratio 4:1) shows that the
resulting IPN hydrogels would have a weight swelling ratio 13 times lower
than the original NIPAAM formulation and a swelling expansion of only
160% instead of 275%.
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Polymer Weight Dimensional swelling

swelling ratio ratio

PEGDA 1.60+0.12 1.07+0.10

PEGDA-IPN- 1.62+0.02 1.26+0.02
NIPAAM

NIPAAM 85.15.03 48.86+7.70 2.75+0.41

NIPAAM-IPN- 7.12+0.58 1.95+0.04
PEGDA

NIPAAM mixed 3.64+0.09 1.60+0.03

with PEGDA (ratio
4:1)

Table 5.4. Analysis of the equilibrium swelling ratios of interpenetrated polymer
networks resulting from PEGDA and NIPAAM based polymers.

5.6.6 Rheological studies

The viscoelastic properties of the hydrogels were characterized by
oscillatory rheometry and led to the definition of the storage moduli G’ and
the loss moduli G**. The first one is indicative of the stored energy (elastic
portion) and the second one is proportional to the dissipated energy during a
cycle of deformation. The bulk hydrogels were first characterized by
amplitude sweeps at a fixed frequency (10 Hz) to identify the linear
viscoelastic range (LVR) of the material, the area where both the curves of
the storage (G’) and the loss modulus (G ’’) show a constant plateau. Beyond
this area corresponds to irreversible deformation and the appearance of micro
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cracks in the sample. Based on these preliminary experiments, a constant
amplitude value was chosen for PEGDA samples (0.001%) and NIPAAM
based hydrogels (1%). A normal force (3 N) was exerted in order to maintain
the contact between the fully swollen samples and the plates of the
instruments, and frequency sweeps were performed. Figure 5.8 shows the
near frequency independent behavior of G’ for both the samples in the range
between 1 and 600 Hz. This range corresponds to the rubber plateau, and
allows us to consider these samples as “perfect gels” [45]. Moreover, G’
exceeded G’ over the entire range of frequency used, for NIPAAM based
hydrogels (G /G ’’>10), indicating a predominant elastic behavior, as the one
of crosslinked polymers [64]. The same trend could be seen, but in a less clear
way, for PEGDA samples. High standard deviations were noticed for G’ and
G’’. However, in this case, a predominant elastic behavior could be estimated
[65]. Data related to the rheological measurements and limited to the stable
part of the rubber plateau (1-100 Hz) are reported in table 5.5.
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Figure 5.8. Dynamic moduli G’ and G’ of NIPAAM 85.15.03 (a) and PEGDA (b)
hydrogels, as a function of frequency, between 0.01 and 600 Hz.
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Polymer PEGDA NIPAAM 85.15.03

G’ storage modulus 144.86+25.35 2.74+0.08
(kPa)

G”’ loss modulus 16.68+4.72 0.15+0.01
(kPa)

Table 5.5. Experimental values of the shear modulus obtained from the rheological

measurements.
5.6.7 Tensile tests

Figure 5.9 shows some representative curves of the mechanical response
of PEGDA (5.9a) and NIPAAM copolymers (5.9b) to tensile stress. For this
last case, rectangular samples were tested in three different temperature
conditions to analyze the effect of the induced deswelling on their behavior.
A linear trend can be seen for all the samples and the conditions reported here
demonstrating the completely elastic behavior at the strain rate chosen for the

experiments.

PEGDA samples have a Young’s modulus of ~10 MPa (table 5.6), a value
in the same order of magnitude of previous works on PEG polymers [66] with
short polymer chains or a high level of crosslinking. An ultimate failure stress
of ~800 kPa and a maximum strain of 0.05 show the relatively high fragility
of the samples.

NIPAAM copolymers exhibit a much lower stiffness and a capability to
stand higher deformations before failure. The Young’s modulus at room

temperature (25 °C) is three orders of magnitude lower than the one of
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PEGDA (5 kPa), and increases until around 20 kPa when the temperature of
transition is crossed. The gels analyzed at temperature higher than 40°C did
appear different in color (whiter) and in consistency than the one at room
temperature. The tensile tests also showed an increase in failure stress (eight
times higher at higher temperatures) but no significant difference in terms of
maximum strain (0.5) confirming the extreme deformability of the material.
Data were found in agreement with previous publications [67] except for the
maximum strain at fracture and the change rate of Young’s modulus with
temperature. The samples proposed here reveal a lower strain (normal values
are in the order of 1, 1.4) and only a 4-fold increase of the Young’s modulus
at 40°C (normally reported factors are around 10 or more). These results may
be dependent on the short chains of the crosslinkers which limit the effective
change of properties caused by external factors (like temperature or
mechanical action). It is also worth mentioning that swelling experiments
showed values of induced deformation much higher than the ones recorded
during the tensile tests before fracture. These two tests correspond to different
situations and physical conditions for the gels, as previously experimentally
reported [68].
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Figure 5.9. a) Representative curve of tensile tests for PEGDA samples. The linear
approximation completely fits the data, revealing a perfect elastic behavior. b)
Temperature dependent stress-strain behavior of NIPAAM copolymer upon tensile

loading.
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Polymer PEGDA NIPAAM NIPAAM NIPAAM
85.15.03 85.15.03 85.15.03 43°C
RT 33°C
Young’s 9600.84+ 5.14 6.02 20.02
modulus
+ + +
(kPa) 3181.05 E i i
0.65 1.08 8.12
Maximum 0.05 0.47 0.33 0.49
strain (g)
+ * + t
0.01 0.21 0.12 0.23
Failure 811 1,70 0.93 8
stress (kPa)
+ + * +
277.5 0.98 0.53 2.17

Table 5.6. Experimental values related to the tensile tests measurements on PEGDA

and NIPAAM copolymers.

Tensile tests were also used to provide information about the Poisson’s

ratio of the material. Experimental values were found on the order of v=0.20
for NIPAAM samples and 0.13 for PEGDA. The values reported are in the
same range of previous publications related to hydrogel samples [26].

However, the optical measurements were often affected by a high degree of

uncertainty due to the loss of tracking of the points during the deformation.

For this reason, most of the following calculations and simulations were done
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assuming a value of 0.5, a value often reported in the literature for hydrogel
materials.

5.6.8 Visual analysis of bilayers

The double step photolithographic method described in chapter 4 was used
to fabricate rectangular thermoresponsive bilayers with different final
curvatures. SU-8 spacers with different thickness were used to modulate the
initial geometry of the bilayers and the final curvature, as can be seen in figure
5.10.

Figure 5.10. Different examples of thickness dependent curvatures of hydrogel

bilayers. The scale bar on the top right is 1 mm.

Although not measured directly, the initial thicknesses and geometry of the
two layers were assumed to approximate the ones achieved at the temperature
of full collapse of the NIPAAM copolymer. For this reason, a visual analysis
of the features was performed at 22°C and 43°C, assuming this second

condition as the one most resembling the initial state.
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Table 5.7 shows measured values of thickness of nine different samples at
the two mentioned temperature conditions. Table 5.8 reports the measured
values of the side lengths for the same samples. In both cases, a coefficient
of expansion was found and measured. While for PEGDA these values
resembled the ones found in free swelling experiments of single layers,
NIPAAM copolymers appeared to swell significantly less, with similar
results for in plane (side length) and out of plane (thickness) expansion. In
particular, a sort of exponential trend seems to be present for both the
coefficients when the data are plotted over the thickness ratio at room
temperature (see figure 5.11).

210



Sample NIPAAM NIPAAM PEGDA PEGDA Measured Measured
(h2) (h2) (h1) (h1) expansion expansion
coefficient  coefficient
[um] [um] [um] [um] NIPAAM PEGDA
22°C 43°C 22°C 43°C
1 100 70 55 50 1.42 11
2 140 80 20 20 1.75 1
8 80 50 30 30 1.6 1
4 60 40 30 25 15 12
5 140 90 25 22 1.55 1.13
6 220 150 20 20 1.46 1
7 50 30 25 20 1.66 1.25
8 35 30 20 20 1.16 1
9 235 170 30 30 1.38 1

Table 5.7. Evaluation of the thickness change for 9 samples of bilayers at two

different temperatures, 22°C and 43°C. The coefficients of expansion are evaluated by

comparing the values at room temperature and in the collapsed state.
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Sample NIPAAM (12) PEGDA Coefficient of Coefficient of

[um] (11)[um] expansion expansion
22°C 22°C NIPAAM PEGDA
Measured Measured

2 2370 1400 1.82 1.07

4 1840 1400 1.41 1.15

6 2700 1400 2.07 1.07

Table 5.8 Evaluation of temperature dependent side length expansion for the same
samples. The coefficients of expansion are measured depending on the initial mask
dimension of the features. Samples with size 1400 um x 400 um are denoted by “*”.
The other samples refer to structures having dimension 1300 pm x 260 pm.
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Figure 5.11.Coefficients of expansion of the NIPAAM layer plotted over thickness
ratio, as measured in the bilayer visual analysis.

5.6.9 Analysis of curvature based on Timoshenko model

The data related to the thickness and the expansion ratios of the layers
reported in table 5.7 were used to evaluate the ability of the Timoshenko
formula (equation 5.26) to predict the final curvature of the bilayers. The
Young’s moduli resulting from the tensile tests were also used as inputs of
the analysis. Table 5.9 reports the deviation of the numerical analysis from
the experimental visual evaluation of the radius of curvature. In general, it
can be seen that the Timoshenko analysis clearly overestimates the final
configuration (with errors going from a factor of 2 to almost 50), likely due
to the specific characteristics of the hydrogel layers, which do not fit into the

assumptions of the mathematical model.

213



Sample NIPAAM PEGDA Radius Timoshenko
(h2) [um] (h1)[pm] of prediction of
curvature radius of
[um] curvature [pm]
visual
analysis
1 70 50 360 157 x 10*
2 80 20 230 526
3 50 30 240 3828
4 40 25 235 6804
5 90 22 230 1000
6 150 20 220 461
7 30 20 400 4400
8 30 20 270 1.13 x 10*
9 170 30 250 1025

Table 5.9. Evaluation of the radius of curvature of the hilayers structures, according

to Timoshenko formula. The evaluation is based on the coefficients of expansion

reported in table 5.7, and is compared to the curvature extracted from visual analysis.
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5.6.10 FEM model

An FEM based platform was established to evaluate the bending of bilayers
of elastic rectangular layers exposed to large deformations, and to reproduce
the various configurations found during the visual analysis (see paragraph
5.6.9). First, the model used expansion coefficients derived from the “free
swelling” analysis of the single layers and combined them with their
mechanical properties and the geometrical measurements (thickness and size
of the rectangles) taken from the visual analysis, previously described.

The resulting simulations showed all very large deformation of the
bilayers, with overlapping of the edges in all analyzed cases (see figure 5.12
for an example). The deviation from the experimental data was considered
not acceptable in all cases.

)

Figure 5.12. Comparison of experimental and numerically simulated shape of one

of the analyzed bilayers. The mismatch in the final curvature is evident, despite the
unphysical penetration of the edges in the right figure. This was caused by absence of
self-contact in the software platform.

The time-dependence of o did not play a role in the shape of the final

bending conformation of the bi-layer.
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A second set of models was developed taking into consideration the

“constrained” swelling measurements derived from the visual analysis

reported in paragraph 5.6.8. The coefficients of expansions reported in figure

5.11 resulted in a volumetric increase that could be fit with a logarithmic

trend line when plotted against the thickness ratio of the two layers. The best

fit of the volume was found to be equal to equation 5.40.

y = 1.1616In(x) + 1.7109

(5.40)

The comparison of experimental and numerically calculated radii of

curvature is shown in table 5.10.

Sample Thickness ratio Experimental FEM

(NIPAAMY/ curvature model
PEGDA)

1 1.27 360 370

2 4.00 230 505

3 1.67 240 210

4 1.33 235 235

5 4.09 230 630

6 7.50 220 660

7 1.50 400 530

8 1.50 270 255

9 5.67 250 720

Table 5.10. Comparison of the curvatures found by visual analysis and by simulation

for the same set of samples reported in table 5.9.
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The model was able to predict within an acceptable error degree (15%) the
final curvature of all the cases with a low thickness ratio. However, as the
thickness ratio increased the numerical results diverged greatly. Further
analysis showed that when the thickness of bilayer was not minimal
compared to the length of bending semi-axis (i.e. when the layer cannot be
considered “thin” any longer), the amount of bending reduced substantially

compared to the experiments, rendering the model inaccurate.
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5.7 Discussion

Increasing interest in hydrogel bilayers in the last 20 years has pushed
researchers to develop theoretical models to predict the final curvature and
shape of different structures. A common way to approach the problem is to
consider Timoshenko’s theory developed for bilayer thermostats [6] and
adapt it to the case of hydrogel materials [46, 47, 51]. However, this approach
suffers from poor behavioral similarity between hydrogels and metals.

In particular, hydrogels exhibit a swelling induced expansion, which is
temporally and spatially nonlinear, and normally it is not homogeneous
between the two layers. In most cases, vinyl hydrogels are found to be elastic
when completely swollen, but their behavior during swelling is not
characterized, and believed to retain higher viscoelasticity. Moreover, metals
are normally subjected to small deformations, while hydrogels can double

their size upon water uptake.

Nevertheless, considering the fact that the existing literature predominantly
uses this model as reference, we evaluated the prediction capabilities of
Timoshenko’s analytical model.

For this reason, the mechanical properties and swelling driven expansion
rates of two hydrogel materials similar to the ones used in chapter 4,
specifically PEGDA and NIPAAM-AAM-PEGDA (85.15.03), were
measured. The data were also used to define some intrinsic parameters that
would define the two materials, namely the mesh size, the molecular weight
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between two crosslinks and the polymer volume fraction in the swollen state.
These parameters are normally found by means of swelling studies [38, 39,
60], although similar information on the microstructure can be provided also
by rheological studies [44].

The swelling kinetics and the ESR of the two materials were monitored by
visual analysis of the expansion of cylindrical gels upon time, till completion
of the process. In parallel, the measurement of the weight increase of the
samples provided information on the effective water uptake. Swelling was
found to be limited in the hard, crosslinked PEGDA hydrogels, with an
estimated equilibrium expansion factor of 1.2 (the final dimensions were
more or less 120% of the initial ones). Oppositely, NIPAAM based hydrogels
were able to exhibit an expansion up to 270 % of the original size

(dimensional swelling ratio).

Interestingly, it was found that the swelling kinetics of PEGDA samples
was significantly faster than corresponding NIPAAM hydrogels. This result
demonstrates the invalidity of the first assumption of the Timoshenko

formulation (homogeneous expansion of the two layers).

The experimental results allowed us to calculate the collective diffusion
coefficients for the two polymers. The most common formula for the
determination of the diffusion coefficient (equation 5.35), first introduced by
Ritger et al. [19] and frequently used for the characterization of drug delivery
platforms [51, 69], is able to represent only the first 15-20% of the kinetic
process of water uptake. Alternatively, a better approximation is given by
equation 5.36, which was established for cylindrical samples and is composed
by more terms of the Taylor series solving for the Fick’s law. This explains

the difference between the values reported in table 5.3 for the short and the

219



long approximation: short approximation diffusion coefficients appear higher
than the second one, as they represent the first, steeper part of the diffusion
kinetics curves (figure 5.5). However, the long approximation should provide
a more realistic result, as the geometry and most of the swelling results are
taken into account. NIPAAM copolymers’ diffusion coefficient appears two
orders of magnitude smaller than the value found for PEGDA, reflecting a
higher affinity for water and a longer swelling time. The hydrogel parameters
of polymer volume fraction, molar mass between crosslinks and mesh size
are additional data that suggest the same idea of a loose, highly hydrophilic
network. Similar network values are reported for macroporous gels [60].
Oppositely PEGDA data suggest a highly crosslinked network, with a low
affinity for water [61] and a faster release capability.

The diffusion-based process of swelling has a scaling law related to the
characteristic length of the sample (equation 5.14). This law is practically
important for our purposes, to scale down the obtained values to the size of
the fabricated hydrogel bilayers. We experimentally confirmed it by
analyzing the swelling time of samples having different height, and we found
good agreement between the experimental trends and the ones predicted by
Tanaka’s theory. Moreover, the formula predicts the fact that the swelling of

millimeter sized bilayer structures happens in the range of a minute.

NIPAAM-AAM-PEGDA 85.15.03 is the result of a synthesis process
aimed at maximizing the swelling property of the hydrogel, and at the same
time having a matrix collapse at around 40°C, a value that can allow remote
actuation also in the body. Figures 5.6 and 5.7 provide information about the
possibility to change these two properties, swelling and LCST, by finely
adjusting the amount of crosslinking and AAM molar quantity. Compared to

results proposed in chapter 4, the new copolymer has a higher swelling ratio
220



(from 20 to more than the double), and a similar temperature of transition,
resulting in a temperature dependence profile more similar to a step function.
This optimization of the swelling is compensated by a higher variation during
the synthesis process (see for example the values reported in table 5.4,
compared to the ones that were used for figure 5.7. These results are coming
from two independent measurements on different sets of same samples).
Interestingly, one could modify these properties by substituting the small,
stiff chains of PEGDA, with longer or more hydrophilic cross linkers [60,
70], or different comonomers [71], in order to find the desired combinations
of performance. This is the main advantage of acrylic hydrogel systems for
the field of micro fabrication.

Rheological and tensile tests were used to characterize the mechanical
properties needed to complete Timoshenko’s analysis of bending of hydrogel
bilayers. Rheological studies confirmed the intrinsic elastic nature of the two
layers, with values of the storage modulus steadily higher than the loss
modulus for both the samples. Young’s moduli were measured by means of
tensile tests, and revealed a difference of three orders of magnitude between
the two polymer networks. PEGDA was stiff, and with a brittle behavior,
characterized by a limited rupture strain. NIPAAM copolymers exhibited a
temperature dependent increase of modulus and failure stress and strain, with
a strong change of behavior above 40°C. We used the measured Young’s
moduli as references for the definition of the parameter n in equation 5.26.
The materials were then assumed to be linearly elastic, following a common

simplification often used in the literature.

A visual analysis of bilayer curvatures and geometry was also performed
on a limited set of samples produced with the double step photolithographic

process, described in the previous chapter. Data at room temperature and at
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43°C was collected to evaluate the final curvature and the initial thicknesses

of the bilayers.

This was necessary, after considering the limitation of the fabrication
method. Despite being able to fabricate folding structures with different
materials in a simple way, the process lacks some important features. First,
there is a limited precision in controlling the thickness of the layers by means
of the SU-8 spacers, resulting in a mismatch between the input parameters
and the effective output. Second, it allows the creation of interpenetrating
layers between the two materials, thus making the prediction of the final
geometry of the folding features questionable.

To limit the uncertainties introduced by the system, the geometrical values
at43°C, corresponding to a state of full collapse of the NIPAAM copolymer,
were assumed to provide a close approximation of the initial state of the
bilayer, and therefore of the initial thicknesses of the two layers.

The comparative analysis also allowed an estimation of the expansion
coefficients of the two materials in the bilayer configuration. The values
reported for thickness and side swelling are both significantly lower than the
ones found for the swelling of single, unconstrained hydrogel layers,
approaching instead the ones measured for IPNs of NIPAAM and PEGDA.

The geometrical and expansion values derived from this analysis, together
with Young’s moduli found by means of tensile tests, were used to estimate
the parameters needed in the formula of Timoshenko’s bending theory. The
analysis revealed in all cases a large overestimation of the radius of
curvatures of the folding structures. The deviation is attributed to theoretical

and experimental issues. As already mentioned, the Timoshenko formula
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should be rearranged to take into account the large deformation of hydrogel
materials and the nonlinear swelling behavior. Aside from that, the
mechanical characterization proposed reveals only one aspect of the
hydrogels’ behavior. Although the data for tensile and rheological studies are
repeatable and valid, and agree well with similar systems, they are partial, as
they evaluate the state of swollen polymer networks at specific values of

strain rates or frequency ranges.

The fabrication process adds uncertainties to the full analysis. The
mismatch between the planned and the effective thickness of the layers is
assumed to be solved by analyzing the features at 43°C. Moreover the full
characterization could be easily improved with careful use of better materials
and special techniques (profilometry measurements could be performed
during the fabrication). The real issue of the double-step photolithography is
in any case the high probability of creation of IPN. The resulting hydrogels
have been shown to behave differently from the original ones, thus limiting
the predictability of the formula and the validity of the input data. The
coefficients of expansions derived from the visual analysis of the bilayers
agree well with the values reported in table 5.4, suggesting the impossibility
of evaluating a priori the behavior of the bilayers, with an analysis of the

single materials.

It remains a desirable alternative to have a more solid method of modeling
the bending of bilayers, which could take into account more precisely the
swelling and mechanical behavior of hydrogel layers. For this reason, we
developed an FEM model by using the commercial platform ABAQUS. The
model presents several improvements when compared to the analytical
solution of Timoshenko. First, it takes into account 3D deformations, not

limiting the bending in one direction. It uses the experimental data of swelling
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kinetics, thus spatially and temporally following the diffusion process. In this
way it defines a sort of expansion pattern, from the edges to the center of the
structures, and an exponential growth of the layers. This goes into the same
direction of previous publications, which stressed the importance of edges
effects in the resulting configuration of bilayers [54]. These preliminary
results show a better match, compared to Timoshenko’s analysis of the final
experimental curvatures, especially in conditions of low thickness ratio

between the two layers, and therefore limited influence of the NIPAAM layer.

As reported, time-dependence of a did not significantly influenced the
bending of the rectangular bi-layers. Our hypothesis is that this time-
dependent property helps the bilayer to choose a bending direction when there
are multiple paths which minimize energy identically. An example of this
phenomenon would be a square bilayer, which has two equally probable
bending directions. Allowing one set of parallel edges to bend before the
other would result in the square bending along that edge. For rectangular
shapes as the ones used in our experiments, there is only a single preferred
bending direction along the short axis, which makes our swelling process non
path-dependent. Additional work is currently being conducted to better
understand the influence of the assumptions taken in the model. For example,
our model does not take into account the changes of mechanical properties of
the two layers during swelling, and uses instead the elastic Young’s modulus
found for the swollen polymer networks as a constant value during the

growing.

It is, however, not entirely clear the way hydrogels behave during swelling.
In this phase, while the layers are expanding, the mechanical properties
change, due to the increasing percentage of water that is embedded in the

system, and decreasing polymer volume ratio, as predicted by rubber
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elasticity theory [16]. A certainly more viscoelastic state affects the condition
of the layers, thus already limiting the validity of our assumptions.
Characterization of the transition of the mechanical properties is hard to
achieve and limited numbers of work can be found in the literature on the
problem [72] [73]. Harmon et al found a linear trend between the increase of
crosslinks in the polymer network and the elastic modulus. A possible way
of analyzing the problem would be to exploit the thermal sensitivity of the
polymers (when possible) and characterize the temperature dependence of
their mechanical properties, with the variation of the swelling degree.

However, the framework built to analyze the problem can be easily
modified and improved with new characterization techniques. The results can
be easily implemented in the FEM model using built-in subroutines. This
flexibility, together with the more realistic approach to the modelling of the
behavior of hydrogel layers, constitutes the main qualities of the proposed
work. In this sense, it provides a step further toward the understanding of the
full dynamics of the self-folding behavior of hydrogel bilayers.
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5.8 Conclusions and Outlook

The proposed work is intended as supporting material for the platform
presented in the previous chapter. It provides information about the properties
that are most relevant for self-folding hydrogel systems: the swelling kinetics,
the temperature dependence of the swelling ratio, the mechanical properties.
Additionally, it focuses specifically on the fabrication method used for the
double layers, and points out some possible consequences of the setup: the
mismatch between the predicted and the final layers due to the viscosity of
the solutions, the possibility of the formation of interpenetrated networks.
Finally, it analyzes the modelling abilities of the Timoshenko formula for
bending bilayers, and experimentally demonstrates the limitations of this
approach. This constitutes a crucial conclusion, as it contrasts the majority of
the works proposed in literature. Nevertheless, the lack of experimental
evidence in these efforts, the frequent use of correctional parameters [47],
and a correct analysis of the assumptions of Timoshenko theory are all factors
that support our conclusions.

The chapter also includes preliminary results of an FEM based simulation
of hydrogel bilayers, developed as a tool for a better prediction of the bending
kinetics. To the best of our knowledge, only one previous publication [55]
provided a complete framework predicting the final configuration of
hydrogel bilayers. Our work goes in the same direction, but with different
materials, by using experimental swelling and mechanical data to predict the

final curvature of our microstructures.

As already mentioned, more precise studies are needed to fully support our

conclusions and the proposed model. Particularly, mechanical
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characterization of the hydrogel layers require more attention, in evaluating
the influence of the viscoelastic components of the material, which are here
neglected. Indentation [74] and a poroelastic approach to the material might
generate additional supporting evidences. Additionally, a deeper study of the
consequences of the interpenetration of the two layers on the swelling and
mechanical properties of the resulting materials could be beneficial.

Nevertheless, the amount of data provided and the directions taken manage
to give a better insight on the complexity of the problem, and hopefully will
help future research and development of hydrogel folding microrobots.
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CHAPTER 6

Ch-ch-ch-ch-changes

(turn and face the strain)
Ch-ch-changes

Just gonna have to be a different man
Time may change me

But I can't trace time

Changes-David Bowie (1971)

Morphing microrobots  for medical
applications: the influence of shape in drug

delivery and locomotion

Work partially submitted to:

ACS applied Materials and Interfaces
Stefano Fusco, Kathrin E. Peyer, Christian Peters, Selman Mahmut Sakar,

Moritz Haberli, Rocco Bottani, Anastasia Spyrogianni, Eva Pellicer, Jordi
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6.1 Chapter overview

A primary motivation for using smart hydrogels in the fabrication of
mobile microrobots is to achieve adaptive behavior, i.e., to change the
interaction of the devices with the environment depending on external stimuli
and conditions. This mechanism is obviously important for living organisms

and well recognizable in the animal kingdom [1, 2].

Plants also exhibit shape changes, which are involved in essential functions
such as seed and pollen dispersal (squirting cucumber and exploding fruits),
defense (Mimosa pudica or Kentucky bluegrass), or attack (Venus flytrap)
[3]. These so called “nastic” movements are related to rapid changes in the
turgor pressure of specific plant cells, and the redistribution of water in the
different layers of the plants. Scaling down in size, viruses [4] and spores [5]
rely on adaptive changes or mutations to survive in hostile environments, to
reach target positions, and to interact with other entities.

Adaptive behavior is also an important feature for artificial systems and
machines and is the focus of a huge field of research involving the
development of vehicles, weapon systems, antenna structures and health
monitoring devices [6]. Robots, in the same way, can be defined as
autonomous intelligent systems only if they are able to react to the
environment and modify their behavior [7].

Although in a different way, the self-folding microrobots presented in the
previous chapters are also able to change their shape depending on
environmental conditions (temperature) or on a triggered actuation (for
example, by a near infrared laser shining on them). This is expected to change

their behavior in terms of locomotion and actuation performance.
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This chapter is intended to analyze the consequences of a conformational
change for microrobots produced by the previously described
photolithographic process [8]. The conformational change entails switching
from a tubular shape to an open square. The focus is placed on the drag forces
that oppose their propulsion by means of electromagnetic fields [9], and on
their drug delivery performance.

A brief review about the role of particle shape in the biological microscale
and nanoscale is presented as an introduction. This is intended to help the
reader understand the advantages of the current microrobot design and the
necessity for an adaptive behavior.

The aim of the chapter is then specified, focusing on two alternative
designs of microdevices. Tubular microrobots were fabricated either by
including graphene oxide (GO) or iron oxide superparamagnetic particles
dispersed in the hydrogel matrix.

The first microdevices, being NIR light-responsive, were used for remote
drug delivery applications. Their performance was studied experimentally,
and the effect of light actuation and the change of shape were recorded. To
give a better insight on the material properties, self-folding bilayers were
compared with single responsive layers which shrunk and reduced their
volume when actuated. Additionally, a simulation was used to isolate the role

of the increased surface area in the diffusion-driven process.

Magnetic nanocomposite-based microrobots were fabricated to analyze
their locomotion properties. A characterization of the material is proposed in
terms of swelling, magnetic properties, and manipulation capabilities in the

previously described Octomag setup [9]. The drag forces acting on them in a
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liquid environment are influenced by the transition from a tight pipe-like
shape to an open square which could be used to influence their locomotion.
This aspect is analyzed by means of FEM based simulation previously used

for helical swimming microrobots [10].

The end of the chapter resumes the findings and proposes a possible way
to achieve a better “adaptive behavior” in intelligent hydrogel-based

microrobots.
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6.2. The role of shape in the microscale: natural and

artificial examples

The design of a biomaterial for a specific application is a complex problem
that requires an understanding of mechanics, chemistry of materials and
surfaces, and physics [11]. Among the various parameters influencing the
interaction with the tissues, we mainly consider stiffness, surface texture,
functionalization, and the size of the artificial material. Recently, an emerging
field of research focuses on studying the effect of shape and change of shape
in biology and biomedical engineering with a special emphasis on the micro
and nanoscale.

The discoid shape and the high deformability of red blood cells (RBC) as
they pass through restrictions in the circulatory system constitute a good
example of the central role of geometry in the in vivo micro world [12]. Their
biconcave conformation seems to minimize stress and maximize laminar
flow in the blood vessels [13]. Their reversible remodeling of the
cytoskeleton is a crucial aspect, which allows the maintenance of a
physiological viscosity of the blood tissue. The change in shape and
deformability related to pathological conditions or ageing influence their
ability to bypass the in vivo filtration mechanisms and, therefore, their
biodistribution [14].

Microparticles have often been proposed for targeted drug delivery in
blood vessels. Recent investigation techniques have pointed out the role of
shape in their interaction with the immune system, in their biodistribution,

and their ability to reach a defined target and perform an action.
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Champion et al. demonstrated that macrophages and other phagocytic
cells, responsible for the defensive mechanisms of vertebrate animals, are
able to attach and internalize external bodies only in the presence of a certain
radius of curvature at the point of first contact [15]. They designed artificial
polystyrene polymer drug carriers of different shape from spheres to ellipses.
Macrophages, observed by light microscopy, can internalize spheres and
features with high local radius. Low curvatures and worm like structures [16]
were able to almost completely inhibit the interaction with the immune cells
and, therefore, circulate longer in the blood flow. Separate studies have also
shown that cylindrical micelles remain in the blood flow longer than their
spherical counterparts due to their more hydrodynamic morphology [17],
additionally decreasing interaction with the defense immune system [18].

Non-spherical particles are more susceptible to tumble and move towards
the vessel walls [19], thus making targeting of the endothelium more
favorable. Once attached to the target, particle shape plays a role in the fluid
dynamics interaction with the environment, thus determining the longevity of

the targeted attachment.

Interaction with filtering mechanisms can also be shape-dependent.
Typical examples can be found in the filtering mechanisms of the leaky

vasculature of pathological tissues or in the spleen [20].

Finally, degradation of particles can differ depending on the initial
condition and geometry. This was demonstrated in a drug delivery study on
hemi-spherical PLGA carriers. Zero-order release, the goal of many sustained
release devices, was achieved with these devices and not on comparable

spherical carriers [21].
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These studies were performed thanks to fabrication methods that allowed
the precise definition of shape in the micro and nanoscale [22]. A relevant
contribution to the field was also given by processes allowing dynamic
control and switching over particle shape. The majority of these efforts rely
on stimulus responsive materials arranged in order to change their shape in
response to a shift of pH, temperature, or chemical concentration.

This is the case of PLGA micro/nanoparticles whose shape switch could
be defined by the balance between surface tension and polymer viscosity,
both controllable by the external experimental conditions [23]. Materials
responsive to laser light, such as azobenzene-containing particles [24] or
more in vivo oriented NIR light responsive nanocomposites [25], allowed
additional features such as external and controlled modulation of shape
switching. The same strategy has been tested for non-polymeric entities such
as gold or silver nanoparticles [26]. The shape change of particles can also be
attained by degradation, eroding processes [27], or guided self-assembly [28].

At a larger scale controlled self-scrolling of bilayers [29] has also recently
been widely used for adapting the shape of micro devices. Most efforts have
explored the potential of self-folding polymeric or non-polymeric films in
drug delivery [30, 31], tissue engineering [32], biopsy encapsulation and
release [33]. Only a few efforts [31, 34] have, however, concentrated on the
advantages related to the control of the shape and the consequences in device

performance.
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6.3 Motivation: the influence of shape in drug delivery

and locomotion

Multifunctional self-rolling thermoresponsive bilayers have recently been
shown to be flexible platforms for robotic driven targeted drug delivery [35].
In chapter 4, GO based bilayers, responsive to NIR, have been coupled with
magnetic alginate microbeads, and constituted a cell/drug delivery micro
agent manipulated by external magnetic fields and actuated by short exposure
to laser light. Alternatively, hydrogel magnetic nanocomposites allow
magnetic manipulation and actuation by means of alternating magnetic fields,
thus reversibly changing from a cylinder to an open square configuration.

Ideally, these prototypes would be able to autonomously navigate through
the body fluids, recognize the target position, and, once there, deliver their
payload. In the current state of research, this state of autonomy is not yet
possible. However, external control on their location and their actuation can
offer a good compromise. Additionally, we can exploit some smart features
of the platform to allow a sort of adaptive behavior which could maximize
microrobot performance. The tubular shape of the closed bilayer, for
example, can be beneficial to limit spontaneous drug diffusion during travel
to the target position. Moreover, the pipe-like shape minimizes the interaction
with the fluids and the relative drag force during the motion. Once reaching
the target position, the opening to a square conformation can be used to
increase at the same time the drag force and the release due to an increase in
the surface area.

This work aims at analyzing the consequences of these changes in
conformation in terms of motion and actuation. We fabricated magnetic
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hydrogel nanocomposites and used them in magnetic tubular bilayers that can
be steered by means of an electromagnetic manipulation platform [9]. Tests
on manipulation are here reported together with an analysis of their drag force
in their open and closed state. An FEM-based model was developed based on

previous work on helical devices [10].

In parallel, the drug delivery capability of NIR light-responsive hydrogel
materials was tested, and the effect of the laser driven phase transition is
reported. These materials were used to fabricate tubular bilayers, whose
diffusion driven release of brilliant green (BG), a model drug, was also
analyzed and compared to single layer hydrogel. Finally, a simulation on the
effect of the change of conformation was proposed to clarify the influence of
this phenomenon on the performance of the devices. Although proposed for
millimeter sized objects, we envision that the materials and the studies here
presented provide a clear step towards the fabrication of autonomous

microdevices.
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6.4. Materials and methods

6.4.1 Materials

N-lIsopropylacrylamide monomer (NIPAAM), Acrylamide (AAM),
Poly(Ethyleneglycol) Diacrylate (average MW 575, PEGDA), 2,2-
dimethoxy-2 phenylacetophenone (99%, DMPA), Ethyl Lactate (98%, EL),
anhydrous hexane (95%) and Brilliant Green (BG) were purchased from
Sigma Aldrich (USA). 1H, 1H, 2H, 2H- Perfluorodecyltrichlorosilane
(PFDTCS) and graphite powder were purchased from ABCR (Germany). The
main NIPAAM monomer was recrystallized after double treatment in n-
hexane solution. Graphene oxide (GO) was synthesized by controlled
oxidation from graphite powder, as described in chapter 4. All other
chemicals were used as received. SU-8 photoresist and developer and Lift-
Off Resist (LOR), used as a sacrificial layer, were purchased from
Microchem (USA), while AZ 4562 photoresist and AZ 826 developer where
purchased from Clariant (Germany). Silica coated iron oxide nanoparticles
(Fe203) were produced adapting the protocols described in a previous

publication [36] and supplied by Anastasia Spyriogianni, PTL ETH Zurich.
6.4.2 Hydrogels fabrication

The rolled microstructures are the result of a two-step, backside exposure,
photolithographic process [8] as described previously in chapter 4. The
thickness of the layers was controlled using SU-8 spacers fabricated on the
bottom silicon substrate, while the 2D features were designed on plastic foil
masks (Selba S.A., Switzerland) and reproduced. A PEGDA solution with 3
wt% DMPA photo initiator and 50 wt. % ethyl lactate was used for the non-

swelling layer and polymerized with a final nominal thickness of 10 um. The
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thermo sensitive layer was polymerized from a NIPAAM-AAM-PEGDA
(molar ratio 85/15/0.4) solution with 3 wt% DMPA photoinitiator and 70
wit% ethyl lactate. Depending on the final application, 3 wt% graphene oxide
(synthesis reported in chapter 4) or ~4 wt % silica coated Fe2O3 nanoparticles
were added and dispersed into the solution by ultrasonication (4000 J, by
means of a probe sonicator, SONICS, USA). The nanocomposite solution
was introduced into the space between the photomask and a 40 um thick
spacer substrate after careful removal of the PEGDA unpolymerized solution.
Polymerization was carried out for an additional three minutes in the case of
GO and four minutes for the magnetic nanocomposite. After UV curing the
cell was opened and the bilayers, attached to the mask, were released through

immersion in water.

Hydrogel  single layers of NIPAAM-AAM-PEGDA (molar ratio
85/15/0.4) with 3 wt% graphene oxide, used for drug delivery experiments,
were fabricated by photopolymerization (3 minutes at 365 nm) between two
4-inches glass wafers separated by 180 um thick glass spacers. The layers
were allowed to swell and spontaneously detached from the glass slides. After
that, cylindrical samples (3 mm diameter) were taken by using a disposable
biopsy punch (Schuko, UK), deeply rinsed, and kept in ultrapure water. The
same method was used to produce single layers of iron oxide nanocomposites

for characterization of the magnetic performance.
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6.4.3 Characterization of the magnetic nanoparticles

Particles used for the magnetic nanocomposites were partly characterized
in a previous publication [36]. The dispersibility of the suspensions in ethyl
lactate, the solvent used for the experiments was estimated by measuring size
distributions by dynamic light scattering (DLS, Malvern Zetasizer nano
series, UK). The suspensions were prepared by taking 130 mg of powder,
dispersing them into 1 ml of ethyl lactate, and then sonicating them with
energy density increasing from 50 to 1000 kJ/I (~30 minutes, pulse 30
seconds on, 1 second off, 95% amplitude, VCX 50, Sonics & Materials, Inc,
CT, USA). The resultant solution was diluted 200 times to allow DLS
analysis. The measured intensity distributions allowed the estimation of the
number distribution and the Z-average particle size.

6.4.4 Characterization of the hydrogel magnetic nanocomposites

Magnetic nanocomposites were characterized in terms of swelling and
magnetic properties. Swelling experiments were performed to understand the
influence of the high concentration of nanoparticles on the hydration of the
samples. Sections of gels of the magnetic thermoresponsive layers (a
minimum of three per type) were polymerized, rinsed in ultrapure water,
dried, and then allowed to swell in water. Their dried and swollen weights

were recorded and the Equilibrium Swelling Ratio (ESR) defined as:

Ms—Md
Md

ESR = (6.1)

The same study was conducted on the hydrogel material, without the

nanoparticles, used as control.
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Magnetic hysteresis loops of the nanocomposites were measured by
vibratory sample magnetometer (VSM, Oxford Instruments 1.2, and UK) by
applying a magnetic field in the range between -1 and 1 T. Samples with
different concentrations of nanoparticles (0.1 wt%, 1, 2, 4, 8 wt %) were
considered, to find the values suitable for manipulation of the final devices.
The morphology of the films was imaged by Cryo-SEM with a preparation

method similar to what described in chapter 4 and 5.
6.4.5 Drug delivery experiments

Tubular-shaped hydrogel bilayers (square of 2.5 mm in open
configuration) were rinsed for 24 hours after fabrication to wash away
unreacted material, then dried and subsequently immersed in a 1 mM BG
solution in PBS. They were allowed to swell for 24 hours, subsequently dried
for 30 minutes and immersed in DI water for 1 minute to rinse the dye on the
surface. Following these preparation steps, some of them were immersed in
300 pl PBS and the release of the BG embedded in the hydrogel matrices was
monitored at room temperature for a period of one month. At defined times
the solvent was collected and measured by UV/VIS spectroscopy (Infinite
M200 Pro, Tecan AG, Mannendorf, Switzerland) at 624 nm wavelength, and
finally replaced with fresh solution (in order to mimic a perfect sink
condition). Release kinetics were evaluated by fitting the in vitro data to
different empirical models using MATLAB (The mathworks, Natick, MA,
USA). Similarly, a set of samples (minimum three per type) was exposed for
two hours to continuous NIR laser light (wavelength 785 nm, 1.5 W power,
laser spot 5 mm, SLOC lasers, China) in order to force them to stay in an
open configuration. The effect on the cumulative release was monitored
following the same protocol described above. Additionally, a last set of

samples was exposed to short ON-OFF cycles of NIR laser light in order to
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switch between open and closed configuration in a short time range (roughly

two minutes).

Experiments of continuous exposure to NIR light were performed on single
layers of the same light responsive material (1 mm thick, 3 mm diameter
discs) and compared to control samples. Due to the bigger size, the samples
released over two months. Statistical analysis of variance between the set of
samples was performed with the one-way ANOVA function of MATLAB
(The mathworks, Natick, MA, USA).

6.4.6 Manipulation of the magnetic hydrogel bilayers

Automated, 3D locomotion of the magnetic nanocomposite bilayers was
achieved by means of the Octomag, a five degree-of-freedom (5-DOF)
electromagnetic manipulation setup. The system consists of eight stationary
electromagnets capable of generating multiple types of state of the art
magnetic control techniques under closed.-loop control with computer vision,

or visual feedback of a human operator. More information can be found in

[9].
6.4.7 Simulations of the behavior of the microstructures

Finite element analysis of the drug release from folded and unfolded
hydrogel tubes was performed using the commercial software Comsol
Multiphysics 4.3b (Comsol, Inc, MA, USA). Fick’s law of diffusion was used
as governing law for the process. A hollow cylinder resembling the actual
dimension of the samples (external radius 0.3 mm, internal radius of 0.14
mm, length 2.5 mm) and an open patch (square with size of 2.5 mm) were
used as models, and a concentration of 1 mol/m® was fixed as the initial

condition in the bilayers. Additionally a third model of a full cylinder with
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the same volume of the first two was considered. The structures were set into
a cubic cell of side length 5 mm whose initial external concentration was set
to zero. The boundaries of the cubic volume of the model were set to a no-
flux condition. Diffusion across the boundary between the two gels was
assumed to be unobstructed. The diffusion coefficient of BG in water and
hydrogels was set to the values of 1 x 10° cm?/s (arbitrary) and 4.44x10-
cm?/s (based on the short approximation of the presented experimental
results) for both the systems. A total release time of a month was simulated,
and the concentration accumulated in the water volumes compared for the
different models. More information about the model can be found in
Appendix I.

Simulation of the drag forces acting on the hydrogel microrobots in the
folded and unfolded state in the six degrees of freedom (three translations in
X, Y, Z, three rotations in X, y, z) was compiled using the same platform
(Comsol 4.3b, Inc, MA, USA). The model was built considering a cubic
volume with the microstructure positioned in the middle of the space. A
constant flow in the z direction of 1 pm/s constituted the simulated relative
velocity of the device (the value was chosen to achieve a low Reynolds
number regime). The drag forces were calculated according to the theory
reported in previous work [10, 37]. Briefly, to manipulate arbitrarily shaped

microrobots, their orientation-dependent dynamics is evaluated according to:

> -

Fnag + Farag + By = ma (6.2)

where the first term is the magnetic force, the second is the drag force, and
the third is the gravitational one acting on the microrobot and influencing its
acceleration a. At low Reynolds number the drag force is linear:
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Firag = —D*¥ (6.3)

where D* is the matrix of drag constants, and v, the relative velocity between
the body and the fluid. D* depends on the geometrical properties of the body
and the coordinate frame in which the drag force is computed [38].More

information on the FEM model can be found in appendix II.
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6.5. Results

6.5.1 Characterization of the self-folding microtubes

A flexible and highly reproducible double step photolithographic process
[8] was used to fabricate tubular hollow hydrogel bilayers (self-folded from
squares of 2.5 mm size). The process allowed relative control in the final
shape of the folded features by designing the 2D shape on a glass mask and
setting the thickness of the two layers by means of interchangeable SU-8
spacers. No alignment was needed, due to the silane-based-driven adhesion
of the hydrogels to the mask slide.

The resulting cylindrical geometry (figure 6.1) was found to have an
average outer diameter of ~ 0.6 mm and 2-3 folded layers resulting in a tight
configuration. A comparison between the relevant geometrical parameters of
the open and closed configuration is reported in table 6.1.
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Plate

Hollow cylinder

Volume 5.62 x 10t mm? 5.62 x 10 mm®
Surface area 13.40 mm? 6.72 mm?
Surface to volume 23.8 mm?t 11.9 mm*
ratio
Thickness 90 pm X
Inner radius X 135 um
Outer radius X 290 pm

Table 6.1. Comparison between the geometrical parameters of the open and closed
configuration of self-folding cylinders. The values were estimated from the initial

geometry of the polymerized bilayer, and from the images collected after swelling.

An internal layer of PEGDA was first polymerized. Then, a thermo-
responsive NIPAAM-AAM-PEGDA layer was used as an active layer to
assure a complete folding (see figure 6.1) upon swelling. The external layer
properties were tuned in order to have a high swelling ratio and a temperature
of transition around 40°C. This was achieved by minimizing the quantity of
crosslinking (to a value of 0.4 mol %) and copolymerizing NIPAAM with the
more hydrophilic AAM (to a 15% relative molar percentage). Additional
features were achieved by dispersing GO or silica coated superparamagnetic

nanoparticles in the latter layer.
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a Magnetic bilayers . b NIR sensitive bilayers

PEGDA PEGDA
NIPAAM-AAM-PEGDA NIPAAM-AAM-PEGDA
+ Fe203 nanoparticles + GO nanosheets

Figure 6.1. Open and closed configuration of hydrogel nanocomposite cylindrical
bilayers. a) The magnetic version is based on iron oxide nanoparticles dispersed in the

polymer solution. b) An example of a NIR light responsive microtube. Scale bar is 500
pm.

GO hydrogel nanocomposites characterization is reported in chapter 4. The
nanosheets are able to disperse uniformly on the matrix networks forming
NIR responsive material. The swelling ratio of the resulting nanocomposite
is lower than the polymer one, indicating an influence of the GO material.

Alternatively, silica coated iron oxide nanoparticles were dispersed in the
same matrix to produce magnetic nanocomposites and allow remote
manipulation and actuation of the microtubes by magnetic fields. The iron

oxide nanoparticles (y-Fe203) were produced by flame spray pyrolysis and
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coated with 23 wt% SiO2 to minimize their agglomeration and increase their
biocompatibility and functionality [39]. This percentage was chosen to
reduce magnetic dipolar interactions without compromising their suitability

for the fabrication of hydrogel nanocomposites.

The concentration, fixed at 4 wt%, was the result of a parametrical study
that considered the requirements of the application (the final hydrogel based
magnetic tubes were supposed to be steered by an electromagnetic
manipulation system having a maximum field of 50 mT and a field gradient
of 5 T/m [9, 40]) and the limitations induced by high concentration of
magnetic nanoparticles into the fabrication process.

It is well-known that magnetic nanoparticles absorb UV light, which is
responsible for the formation of radicals and the polymerization of the
hydrogel solutions. This limits the maximum thickness of the
nanocomposites, introduces localized defects, and forces a prolonged UV-
exposure time. Additionally, the particle concentration influences the
viscosity of the solutions creating problems of compatibility with the

previously described fabrication method.

Ultrasonication was used to disperse five different concentrations of
magnetic nanoparticles in the NIPAAM copolymer solution, namely 0.4, 1,
2, 4, 8 wt%. Six minutes of polymerization was found to be sufficient to
create uniform layers up to 180 um thickness for the first four cases. A
concentration of 8 wt% produced thinner layers with visible agglomerations

on their surfaces.

Their magnetic properties, analyzed by VSM, revealed constricted

hysteresis loops at room temperature with a small coercivity on the order of

252



afew mT. This can be ascribed to a mixed superparamagnetic-ferromagnetic
behavior arising from the coexistence of isolated nanoparticles together with
small interacting agglomerates. The saturation magnetization was found to be
linearly proportional to the concentration of nanoparticles in the polymer film
(see table 6.2 and figure 6.2). The value at 4 wt%, corresponding to a
volumetric concentration of 1%, was found equal to 0.33 emu g*. This value
confirms the expected filler loading level, as the saturation magnetization of

the pure particle resulted in ~30 emu g,

Concentration (wt %) Saturation (Emu/g)
0.4 0.002
1 0.006
2 0.142
4 0.329
8 0.658

Table 6.2. Magnetic properties of the hydrogel nanocomposites, measured by VSM.
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Figure 6.2. VSM hysteresis loops for the five combinations of hydrogel
nanocomposites tested. The typical soft magnetic behavior is evident in all the curves.

The nanoparticle dispersibility in ethyl lactate, the solvent used for the
preparation of the NIPAAM-based solutions, was characterized by DLS
measurements. The measured Z average size, indicator of the solvated
volume of the particles, was found to be 145.8+11.21 nm. The number
distribution mean was calculated to be 66.13 + 28.46 nm. These values
indicate the presence of very small agglomerations (particle diameter was
found to be 22.9 nm), which could not be broken with additional mixing
methods. Hydrogel-nanoparticle solutions could, in any case, be prepared by

ultrasonication and remained stable for more than 1 day.

Cryo-fixation was used to preserve the hydrated state of the
nanocomposites and allowed imaging by SEM. As can be seen in figure 6.3,
pores of the internal network of the size of ca. 20 nm are visible with a
uniform distribution of the nanoparticles along the fibers of the matrix. No
large agglomerates could be found during the imaging process, validating the

fabrication method.
254



Figure 6.3. SEM image of the network of the hydrogel nanocomposite. The white
dots correspond to the magnetic nanoparticles dispersed along the fibers.

Finally, the swelling properties of the nanocomposites were compared to
nanoparticle-free hydrogel films synthesized in a similar way. The results at
equilibrium (figure 6.4) showed a decrease of the ability to incorporate water
of about 30%. This result contrasts with previous studies conducted on less
concentrated nanocomposites [41] but could be explained by the prolonged
exposition time needed for the magnetic hydrogels compared to pure polymer
films. This effect, together with the presence of agglomerates, could increase
the quantity of constraints inside the matrix. However, the lower swelling
properties, as in the case of graphene oxide, did not influence the final design

of the hydrogel-based microtubes.
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Figure 6.4. Temperature dependence of the swelling ratio of the thermo responsive
hydrogel used for the nanocomposite. In the inset, the effect of nanoparticles (red bar,
B) can be seen when compared to the equilibrium swelling ratio of the polymer matrix
(blue, A).

6.5.2 Drug delivery experiments

GO single layers of NIPAAM-based nanocomposites were swollen in a
solution of BG, carefully rinsed, and allowed to release the dye for a period
of two months in PBS. The quantity of BG release was measured by means
of spectrophotometry. A set of samples kept under constant stimulation of
NIR light (785 nm) for two hours showed a significant (p=0,005, from a one-
way ANOVA analysis) lower release rate (see figure 6.5a relative to the first

eight hours of the experiment) when compared to non-exposed samples used
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as control. The matrices appeared in a collapsed state for the duration of the
experiment and released, on average, 30% less dye at the end of the first two
hours. A comparable release rate between the two systems was achieved only
at the end of the first eight hours of experiments. However, the curves of
absolute release revealed that this initial gap was not recovered even after two
months (figure 6.5b).

A completely different scenario was observed when the hydrogel self-
folding micro devices were taken into consideration and exposed to different
cycles of NIR light (figure 6.5¢). Samples exposed to continuous stimulation
changed their geometry, rapidly switching from a tubular state to an open
square, thus increasing their surface area (as seen in table 6.1). Despite the
collapse of the light responsive matrix, with presumably the same effects
analyzed for the single layers, this transition resulted in a significant increase
(more than 20%) of the fractional release for the first two hours (p=0.025),
followed by a sort of equilibrating phase in the following two hours (p=0.07
at the end of the four hours), with the control samples releasing relatively
more than the previously exposed samples. A more significant effect could
be achieved by applying ON-OFF cycles (2 minutes on - 2 minutes off cycle)
that forced the samples to alternatively open and close. This motion resulted
in an increase of ca. 40% of the fractional release during the period of
stimulation. The experiments were carried on for one month until the release
rate for every set of samples was close to zero (figure 6.5d). Differently from
the films of GO nanocomposites, the three sets of samples released a similar
absolute amount of dye at the end of the analyzed timeframe proving the non-

destructive nature of the actuation procedure.
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Figure 6.5. a) and b) Drug release kinetics of GO films exposed to NIR light
stimulation compared to control samples. The difference in the release can be
explained by referring to the different phenomena happening during gel shrinking,
including decrease of pore size, skin formation, and general decrease of surface area.
c) and d) Cumulative release from morphing hydrogel microdevices. The light
responsive bilayers unfold from a wrapped to an open square configuration, thereby
increasing the surface area responsible for drug diffusion. Despite the contraction of
the hydrogel, the general effect is a temporary increase of drug release upon unfolding.

The process can be tuned by changing the exposure type and duration.
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6.5.3 Magnetic composites actuation and manipulation

Magnetic hydrogel microtubes were steered in a water environment by
means of a 5-DOF electromagnetic system, the Octomag [9]. The setup could
not be used with closed-loop control based on visual tracking due to the
morphing geometry of the devices. However, it was possible to generate
different combinations of movement either on the surface or immersed in the
liquid by open loop magnetic control. Specifically it was found that
magnetization of the tubes was mainly along their main axis due to their shape
conformation. Translation could be achieved on the surface of water (gliding)
by means of gradient fields as low as 0.1 T/m (field magnitude 5 mT).
Rotation along the axis of the tubes was achieved at very low frequencies (1-
2 Hz) on the water surface and immersed. In this case net motion was
achieved, due to the surface effects of the walls of the experimental setup.
Rotation could be also achieved along other directions which resulted in full
control of the position and orientation of the devices.

6.5.4 FEM based analysis of drug release from differently shaped
tubular structures

A computational analysis based on the experimental values of diffusion of
the dye from the hydrogel bilayers was carried out to investigate the influence
of the change of shape on the performance of tubular structures. The two
geometries described before, a hollow cylinder and an open plate, were
analyzed. The concentration of drugs contained in the layers at the beginning
of the experiment was set equal to the maximum release of the folded
bilayers, and the diffusion coefficient of the devices was fixed by analyzing
the release kinetics with the methods described in chapter 5 (Ritger et al.

[42]). Drug release was simulated in a water environment for a period of time
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corresponding to one month. The results showed a level of release on the
same order of magnitude of the experimental values, a slower kinetics, and
an overestimated difference in the fractional release between the models (see
figure 6.6).

Sample condition Cumulative release Cumulative release
after 1 month after 1 month
(experimental, ug) (simulation, pg)
Unfolded (Plate) 0.38 £0.04 0.22
Folded (hollow 0.39 £0.07 0.21
cylinder)

Table 6.3. Differences in the total release between the experimental and simulated
data for the two extreme conditions of the folding microstructures.

As a representative example, the same simulation was run for full cylinders
with a tighter tube-like conformation having the same volume of the other
two shapes. The fractional release in this case was again found lower than the

two previous configurations.
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Figure 6.6. Curves of fractional release of the cylinder and plate limited to the first
4 hours of experiments.

6.5.5 FEM based analysis of drag forces acting on microrobots in a
water flow

Figure 6.7 reports the differences in the drag forces evaluated by the
Comsol model for the two configurations of the microrobots. The drag
calculation was performed for a constant flow acting against a stationary
microrobot, oriented along the direction of the flow (z direction) or
perpendicular to it (y direction for the cylinder, xy direction for the plate).
Differences could be found in general between the cylinder and the plate in
both orientations. However, the most significant data involved the cylinder
oriented along the flow and the plate perpendicular to it (two central columns).
The simulated drag constants double when moving from the “closed
“(approximately 1.0 x 10® Ns/m) to the open configuration (2.4 x 10 Ns/m,

third bar in the graph) as a result of an increase of the exposed surface area.
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Figure 6.7. Drag constants evaluated by simulating the forces opposing to the flow
of differently oriented and shaped microstructures, and dividing them by the flow
velocity.
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6.6 Discussion

Cylindrical rolled bilayers have been recently proposed for in vivo uniaxial
sustained molecular release [31]. The work aimed at constraining the
diffusional release of a PEGDA based bilayer by physically limiting the
surface area exposed to the surrounding solvent. A step forward would be to
develop devices able to differentiate their performance depending on
requirements. This concept can be realized by exploiting responsive hydrogel
bilayers whose shape could be modified from a multi-walled cylindrical
configuration to an open square by increasing their internal temperature over
40 °C. The design represents a useful variation of the platform presented in
chapter 4. As reported in table 6.1, these two shapes differ profoundly in
terms of surface-to-volume ratio. Considering a mobile drug delivery
microrobot that travels in the body fluids, reaches a target position, and
releases its payload, this transition could be beneficial for two reasons: the
closed, relaxed state could limit the drug loss during the transport to the
location and at the same time minimize the hindrance to the liquid flow. The
open configuration, achieved by activation, could be induced to maximize the
release and at the same time act against further motion. The exposed principle
can be compared to the action of a parachute, which exposes a high surface

area against the air flow, thus limiting the landing speed.

In order to achieve this flexible behavior, this hydrogel-based platform
should be fabricated according to certain requirements. Among the various
criteria, already reported in chapter 4 (size of the microrobot,
biocompatibility of the materials) these devices should be magnetic enough
to react to the imposed fields, and they should be responsive to some kind of
externally applied field which could drive the phase transition. The problem
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can be modeled by decoupling these requirements. In our case we built case
specific studies for drug release analysis and motion analysis. The two cases
allowed us to also characterize deeper material properties of the hydrogels

and nanocomposites employed during the fabrication.

Drug delivery performance was analyzed on GO nanocomposites-based
bilayers fabricated according to the procedure described in chapter 4 and
allowed to swell in a solution of BG dye, taken as reference of a small
hydrophilic drug. In parallel, single layers of GO thermoresponsive
nanocomposite (without the PEGDA layer) were also analyzed. The NIR
sensitivity of these structures was ideal for testing a remotely actuated
mechanism. Moreover, it is suited for in vivo applications because of the
minimal absorption by hemoglobin and water and the consequent possibility
to penetrate up to 10 cm into the tissues [43]. As recently reported [35], the
layers with dispersed graphene sheets showed a high sensitivity to the light
source, able to raise the temperature of the polymer networks and drive the
transition to the unfolded state in less than a minute. The presence of GO
partially modified the swelling properties of the hydrogel formulation by

lowering its maximum swelling ability but not the transition temperature.

Depending on the physical and chemical properties of polymer networks
(size of the pores, functional binding sites, size and shape), and their affinity
to the model drug, the volume transition of similar hydrogel systems from a
swollen to a collapsed state has been shown to induce higher [44] or reduced
[45] release, when compared to a control experiment. Higher release is
mainly due to a “squeezing effect” that creates a convective motion of drug
molecules out of the matrix and to the aggregation of the hydrophobic
polymer chains that create open channels. Additionally, the chemical

transition from a hydrophilic to a dominant hydrophobic conformation
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weakens the H-bonding interactions between polymer and hydrophilic drugs,

thus increasing their release.

An opposite effect has been attributed to the formation of a poorly
permeable skin on the collapsed matrix and to a significant decrease of the
mesh size of the network, which is the representative parameter of the space
available for diffusion. This was most probably the case for the single layers
of GO NIPAAM nanocomposites. When stimulated continuously for two
hours, they showed a significant shrinking (see figure 6.8a), and a visible
reduction in the dye release. The gap in performance between the control
samples and the ones exposed to light was still present at the end of the
experiment (two months). This result could be the effect of a nanometric
change or damage of the matrix.

Oppositely, the change in the surface area for the activated hydrogel
bilayers produced a clean increase in drug release. This effect was
particularly evident when analyzing the first twenty minutes of the
experiment (see insert in figure 6.8b) and was enhanced by exposing the
bilayers to ON-OFF cycles of the laser, thus inducing a continuous change of
geometry, and, probably, a convectional flow. This increased release became
less evident with time, due to the decrease in the concentration of the
embedded drug, and the competing effects of reduction of the mesh size,

relatively low gradient of concentration, and formation of skin effects.

To complete the analysis and elucidate the effect of change in surface area,
FEM based simulations were performed on different geometries, namely a
hollow cylinder, a plate and a full cylinder. The three models were built to
have the same volume, initial concentration of drugs, diffusion coefficients

and boundary conditions. Despite not matching the experimental results in
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terms of kinetics (due to the arbitrary choice of the diffusion coefficient and
the initial concentration, and the difference in the boundary conditions), the
simulations show that it is theoretically possible to modulate the drug release
by means of a shape change. However, in a real scenario, there are competing
effects (already mentioned before), which tend to reduce the variation among
different device conformations. Nevertheless, one could imagine that by
playing with the shapes and the material properties a favorable release profile
in the intervention site and a conformation for minimal release during the trip
to the target could be achieved. Moreover, the model helped define the effect
of a more compact configuration, which is experimentally achievable by over
exposing the bilayers to high temperatures. Specifically, the plate
configuration switched back to a tighter tube-like bilayer at temperatures
higher than 50°C (as can be seen in figure 6.9). When a closed cylinder with
a volume similar to the open plate was the initial geometry, it was possible to
achieve much lower levels of fractional release than the two analyzed

configurations in the same time range.
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Figure 6.9. Shape transition of a rolled microtube dependent on the external
temperature. Interestingly, at temperatures higher than 45°C the tube reached a tighter

conformation. Scale bar is 500um.

Magnetic nanoparticles were embedded in the same polymer network to
produce steerable magnetic nanocomposites. This design is particularly
attractive for the possibility of achieving actuation by superimposition of

alternating magnetic fields, as previously described for similar materials [46].
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The proposed study aimed at finding the right concentration that could
provide enough magnetic material for the manipulation of the
microstructures, and at the same time limit the side effects. Agglomerates,
poor polymerization, and limited swelling are all cases that have been

analyzed and found in some experimental cases.

Silica coated Fe203 nanoparticles (4 wt%) were found to form layers with
a high degree of particle dispersion and a sufficient level of magnetization for
manipulation by means of the Octomag. Interestingly, the formed bilayers
were able to move on the surface and in liquid. This is probably due to the
limited weight of the structures, which produce quasi buoyancy effects, as
previously theorized by Palagi et al. [47].

A fluid chamber for the local control of temperature was designed for
testing the change of shape and mobility of the bilayers. Despite being
fabricated, it was not yet incorporated in the electromagnetic manipulation
setup at the time of these experiments. Moreover, monitoring the change of
speed of a travelling microrobot would require a tracking mechanism and the
evaluation of all the instabilities related to the setup. As an alternative, coils
for actuation by alternating magnetic fields in the current setups could be
implemented in order to have motion and actuation in the same device. This

will facilitate the characterization of the swimming properties of the devices.

The results of the simulation show a significant increase of the drag forces
for the open plate in respect to the cylinder. This physical effect could be
tuned to force the microrobot to stop in a specific position when activated or
to lower its speed. Moreover, a switch from a tubular shape to a more flat
configuration could improve the adhesion of drug delivery particles to the

walls of a vessel [19].
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All these mechanisms provide examples on how a morphing behavior
could be beneficial for the performance of swimming microrobots. The
relatively simple geometry of the tubes could be substituted with more
elegant shapes. Magnetic helix designs have been often used for swimming
devices at low Reynolds number [48] by means of rotating magnetic fields.
When equipped with smart responsive hydrogels, a change of shape could be
induced in order to have an optimal configuration for swimming and one not
suitable for the same purpose. As an example, we propose in figure 6.10 the
change of shape of a magnetic ribbon, fabricated in the same way as the rolled
tubes, with decreasing temperature. Despite not being optimized, one could
imagine the possibility to achieve motion by rotating magnetic fields applied
to the device in the first folded state. The same stimuli could probably not

provide any net motion in the last configuration.

-

4

Figure 6.10. Temperature dependent folding of a magnetic hydrogel ribbon. The gradient of
temperature was set to 20°C, from 25°C (upper left image) to 45°C (lower right). Scale bar is

0.5 mm.
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6.7 Conclusions and Outlook

This chapter provides two additional examples of the significance of
incorporating responsive hydrogels in microrobotic platforms. Both these
examples, the drug delivery capability and the manipulation of hydrogel self-
folding tubes, are the result of the possibility to control the shape of these
microdevices depending on the external condition or the imposed stimulus.
This feature has not yet been proposed in the field of microrobotics and is the
effect of a careful choice of the material and the geometry of the devices. The
proposed investigation constitutes only a suggestion for a new series of works
with the final goal being the development of an autonomous microrobot.

A morphing behavior could be beneficial for this goal. For example,
devices with a helical shape would be able to navigate until the external
conditions are favorable (low temperature, related to a helical configuration).
When in proximity to a higher temperature zone (for example an inflamed
tissue) the helices would quickly unfold and no longer respond to the external
rotating fields. If this effect were coupled with a significant increase in
surface area, a maximum of the drug release could be achieved at the target
position.

Additional studies in this direction are needed, especially towards the
implementation of remote actuation mechanisms on the current manipulation
platforms. These would allow the study of in situ effects of a change of shape
in the mobility of the microrobots. Alternatively, the material design could
be optimized. The bilayer structure could be used to combine a magnetic layer
with a NIR light-responsive composite, so that double responsive materials

could work in the current setup. Nanoparticles with higher magnetization

270



could allow a decrease of the side effects, or an improvement of the
manipulation capabilities for the magnetic devices. In a similar way, more
responsive GO (for example, obtained by a process of reduction [49]) could
give the possibility to limit its percentage in the nanocomposite, with all the

possible positive consequences.

This study opens new ways of designs and optimization of the current
microrobotic devices, allowing us to consider a greater number of
possibilities given by the intrinsic material properties. We envision that these
prototypes will soon be developed and optimized for in situ studies of their

capabilities in biological environments.
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CHAPTER 7

It's the end of the world as we know it
It's the end of the world as we know it
It's the end of the world as we know it
And | feel fine.

1t’s the end of the world as we know it (and I feel fine)-REM (1987)
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7.1 Conclusions

Medical microrobotics is a multidisciplinary field that covers aspects of
mechanics, physics, microfabrication, biology, medicine, computer vision,
and automation. The overall goal consists of providing treatments of
pathological conditions in a minimally invasive way, or to enhance the
possibilities or the precision of current medical procedures. Micro- and
nanorobots would be able to precisely reach confined locations of the human
body and perform their medical tasks at target areas. These tasks may include
releasing drugs or cells, realizing small surgical interventions, or providing
sensory feedback [1]. “Intelligence” is needed to sense the exact location and
operate according to requirements. The current state of the art in the field
strongly relies on the deterministic control of the position and motion of
relatively simple effectors by means of electromagnetic fields. Complex
platforms have been developed to provide motion in 3D environments [2] [3]
as well as visual or magnetic feedback of their position and orientation. Some
examples are related to the in vitro and ex vivo studies conducted in areas like
the posterior segment of the eye [4] or the small vessels of the vascular
network [5] with the use of tiny elliptical magnets or microparticles. Most
efforts have focused on propulsion and control challenges. Requirements
such as biocompatibility, interaction with human tissues, as well as embedded

intelligent mechanisms of sensing and actuation remain to be considered.

Soft, smart materials appear to be ideal for these proposed tasks. Softness
and deformability is a property currently being investigated in areas such as
electronics [6], energy harvesting [7], MEMS fabrication [8], and robotics

[
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Hydrogels are polymer networks undergoing large volumetric changes
upon solvent adsorption and resemble biological tissues in their consistence
and mechanics [10]. Because of their intrinsic properties, they have been used
in tissue engineering, drug delivery, and regenerative medicine. Their
properties are easily tunable during their synthesis and can be enhanced by
the inclusion of nanomaterials [11]. Some of them can be used as sensors, or

remotely controlled platforms, thanks to their smart behavior [12].

The work presented in this thesis focused on the development of smart
hydrogel based microrobots. The rationale behind this choice was the
possibility to intrinsically satisfy the requirements previously mentioned for
medical applications, such as biocompatibility, soft interaction with
biological tissues, and smartness, by choosing the right materials. The
challenges included the relatively limited techniques for the fabrication of
appropriate 3D hydrogel platforms, the incorporation of hydrogel parts on
hard bodies, and the nature of the materials in terms of poor adhesion and
limited mechanical properties. The final goal was to provide features that
could range from a deterministic magnetotactic external control of the
microrobots to environmental and semi-autonomous behavior requiring

limited intervention by external users.

A first experimental part of the thesis (chapter 3) deals with the definition
of a method for the incorporation of smart hydrogel layers on hard
microrobotic bodies. Considering the complexity of the shape of these
devices, the fabrication issues, and the need for a flexible platform,
electrodeposition was found to be a suitable method for the creation of smart
coatings. Chitosan, a pH responsive polymer able to form hydrogels at pH >
6.3 [13], could be firmly deposited on hard substrates from water based

solutions due to the electro induced electrolysis of water and the creation of
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a pH gradient on the cathode [14]. The material and the method were used to
fabricate smart drug delivery coatings for targeted therapies in the eye [15].
The process was tested on flat gold surfaces and successfully implemented
on tubular millimeter sized implants. Chitosan layers could be deposited in a
linear and repeatable fashion. The layers ensured sustained and significant
release of a model drug, incorporated during deposition, for a period up to
four weeks at physiological pH (7.4). The kinetics could be varied thanks to
simple dip coating processes not involving toxic chemicals. Crosslinking was
achieved by electrostatic interaction with sodium trypolyphosphate (TPP).
An increase in swelling properties was possible by short immersion in sodium
hydroxide (NaOH) solution. A smart environmental behavior was
demonstrated by analyzing the release of the drug in simulated pathological
conditions (pH 6.0 similar to the ones that can be found in tumor tissues or
inflamed areas [16]). In this case, the fast dissolution of the chitosan matrix
allowed a release ten times faster than in the “physiological” conditions. The
platform, developed for chitosan, could be easily adapted to other similar
biological polymers such as alginate, or combined with synthetic materials
added in the deposition bath, or chemically attached to the saccharide

polymer backbone [17].

Next (chapter 4), we investigated the fabrication of 3D hydrogel
microrobots that could be successfully steered in fluids by means of
electromagnetic manipulation systems [2, 18]. The devices were required to
be magnetic, to be able to carry drugs or cells, and to release them by means
of an external remote actuation. The final design relied on the presence of
magnetic alginate coated microbeads as propellers and cell carriers wrapped
into a self-folding, near infrared light responsive hydrogel bilayer. This layer

had the double function to protect the cell carriers from direct attack from the
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immune response and to act as a remotely controlled delivery device with

drugs absorbed into its matrix [19].

Magnetic beads with size varying from 10 to less than 100 um were
produced by controlled drop-wise reaction of a solution of alginate and iron
oxide with calcium ions. Cells could be successfully introduced during the
fabrication and were shown to proliferate with no adverse effects introduced

by the materials or the methods.

The external double layer was created by exploiting a two-step
photolithographic process [20] specifically designed for these applications.
The process allows for high throughput production of a variety of features,
from jellyfish like containers, to tubes, to spheres or Venus flytrap-like shells.
An internal layer of poly(ethylenglycol) diacrylate (PEGDA) constituted the
biocompatible barrier between the internal payload and the external
environment. A thermo responsive N-isopropylacrylamide (NIPAAM) based
hydrogel solution, specifically tuned to have a phase transition over 40°C,
was used together with a graphene oxide (GO) nanosheets dispersion to
achieve a near infrared (NIR) light responsive layer. This kind of stimulation
was chosen as a biocompatible and non-invasive source of actuation [21], and
successfully tested on hydrogel nanocomposites. Single layers were able to
collapse within tens of seconds of exposure to a 1.5 W commercial laser.
Nanocomposites coupled to PEGDA in self-folding layers changed

conformation from a closed folded state to an open shape in a similar way.

The layers were characterized in terms of temperature response,
cytocompatibility (completely inert behavior), incorporation of microbeads,
and manipulation. Complex magnetic steering was possible due to gradient

propulsion and rotational frequencies controlled by the Octomag system [2].
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Remote actuation and release of the microbeads was achieved inside the

experimental field of the manipulation setup.

Considering the potential of the design and the relative novelty of the field
of self-folding hydrogel bilayers [22], the fabrication method and the
materials were further exploited. The goal of the third experimental part of
the thesis (chapter 5) was to characterize the swelling and mechanical
properties of the two layers in order to model their behavior and predict the

degree of folding of bilayers with different thickness and shapes.

A number of previous publications [23] considered the classical model of
Timoshenko for predicting the rate of bending of hydrogel bilayers [24].
However, a brief theoretical analysis of the assumptions reveals that large
deformations, the nonlinear expansion ratio, and the mechanics of hydrogel
layers cannot be well represented by this model. An experimental study was
conducted to demonstrate our conclusions. Swelling was measured by in situ
visualization of the time dependent growth of hydrogel samples of the two
layers by means of a digital camera. Mechanical characterization was
performed by rheometry and uniaxial tensile testing. The first set of results
revealed the elastic nature of the swollen hydrogels, while the second test
provided information about the Young’s moduli (E~ 5 kPa for NIPAAM, and
E~5-10 MPa for PEGDA) and the temperature dependent increase of stiffness
(4x) of the NIPAAM layer. In situ characterization of the folding of bilayers
with different thicknesses and thickness ratio was also performed, and the
experimental results were compared with the ones predicted by the
Timoshenko formula. It was found that the analytical model largely
overestimated the radius of curvature of the folding materials in all cases.

Moreover, a clear mismatch between the behavior of the “free swelling”
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hydrogels and the ones “constrained” in the bilayer configuration was found

suggesting the presence of interpenetration between the polymer networks.

The experimental data were used to build a finite element method (FEM)
based platform taking into consideration the realistic swelling behavior of the
gels. The model constituted a much better approach to the analysis of the
folding behavior and is a good starting point for the correct prediction of

performance.

In chapter 6, the influence of a change in shape of self-folding hydrogel
microrobots on their performance was investigated. As the devices were
intended to move towards a destination and deliver the embedded drug loads
in the target location, we envisioned the possibility to “force” them to
optimize their motion in one configuration and their delivery efficiency in
another one.

A set of experiments was carried out regarding the influence of NIR light
exposure on drug delivery from rolled microtubes (height 2.5 mm, diameter
~0.6 mm). It was found that the folded configuration retained relatively more
drugs than the open square one. The difference between these two states was
attributed to the increase of surface area, and this conclusion was supported
by FEM analysis on similar geometries. Despite being statistically
significant, the real gap between the two configurations was limited by the
competing effects of decrease pore size and collapse of the matrix, as
demonstrated on tests on single NIR responsive layers. In this case, release

was significantly hindered by exposure to the power source.

In parallel magnetic nanocomposites based bilayer tubes were fabricated

and characterized. Their magnetic content was tuned in order to achieve
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maneuverability in the experimental manipulation setups without limiting the
actuation performance or create agglomerates. The effect of their change of
shape in their manipulation was investigated by means of an FEM based
model. The simulation calculated the drag forces exerted on the devices in
the different configurations. The results showed the possibility of almost
doubling the drag forces, and therefore, reducing the velocity of these devices

when changing from a tight tube to an open square feature.

The chapter and the thesis concluded suggesting the possibility of using
these changing mechanisms on more complex shapes, such as helices, to
achieve higher degrees of autonomous control. These geometries have often
been proposed as optimal for navigation at low Reynolds numbers [25], with
the possibility to tune their swimming performance by changing the pitch
angle or the length of the microdevices [26]. The fabrication of these features
out of smart responsive materials, as the ones presented here, could create
“intelligent” microrobots able to move until environmental conditions are
favorable, i.e, until the shape remains optimal for swimming. As the shape
changes to a suboptimal swimming configuration, the microrobot will then

remain close to its target location, eventually accomplishing its mission.
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APPENDIX |

Drug delivery from differently shaped

microstructures: FEM model

Comsol Multiphysics 4.3b was used to compare the drug release from
differently shaped microstructures, namely a hollow cylinder, a plate and a
full cylinder. The size of the three geometries were taken from pictures of the
real devices and fixed in order to have the same volume in all the cases. The
analysis was performed in 3D in a cubic volume having a side length of 5
mm. The simulations were based on the Fick’s law of diffusion (eq.S1):

aCi _

- DV?¢; (S1)

Where c is the concentration of the drug and D is the diffusion coefficient in
the solvent. For our purpose we fixed the initial concentration in the structures
to the arbitrary value of 1 mol/mé, which is similar to the experimental total
release measured for all the samples analyzed. It was also assumed a diffusion
coefficient for brilliant green in water of 1 x 10° m?/s, which is reported to
be a good value for small molecules. The diffusion coefficient of the drug in
the polymer structure was fixed to 4.44 x 1015 m?/s, which was found by
analyzing the experimental data of release from the cylinder. However, these
two values can be considered arbitrary and do not influence the final
observations of the model. Boundaries of the cubes were fixed to a condition

of no flux in all the cases (eq.S2):

-nN; =0 (S2)
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Domain probes with integration setting (integration order equal to 4) were
used as tools to calculate the cumulative release of the time dependent study
(1 month of release). Table 1 resumes all the geometrical and physical
parameters for the three models.

Parameter Hollow Full Plate

cylinder

Thickness

External radius

Diffusion 1x10° m?s 1x10° m?s

coefficient water m?/s

Initial
concentration

Time of release 1 month 1 month 1 month

Table 1. Geometrical and physical parameters considered for the three models.
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The volumes of the simulations were meshed with tetrahedral elements
having different size depending on the regions and the domains. The internal
quality evaluation of the meshing was taken into consideration to establish an
appropriate number of elements for each model. As a term of comparison,
mesh quality was maintained in any case above the value of 0.10 (considered
acceptable for 3D models). This resulted in an average number of elements
of ~400000 and a time of simulation of ~four hours per model.

Mesh refinement studies were taken into account to evaluate the effect of
the maximum mesh size on the initial conditions of release (supposed equal
to 0). It was found that approximating the initial concentration in the volume
of release to 0 would have taken a minimum number of elements of 3 x 108,
with consequent crash of the software.

In order to reduce the number of elements and provide a reasonable result
and simulation, the drug release was evaluated only in the external partition
of the cubic volume. An internal cube of side length 3 mm was built around
the structures and the space between the two cubes was only considered in
the cumulative release analysis. In this way, the computational errors related
to the most sensitive meshes (around the narrow areas of the structures) were
minimized and the initial concentration could be set to zero. Figure 1

represents the meshed volume of analysis for a full cylinder case.
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Figure 1. Volume of analysis for the FEM simulation. The cylinder is at the center
of two cubes. The calculation of the cumulative drug release is done only in the space

between the cubes.

All the simulations showed an initial concentration in the structures of
~4.30 x 101° mol, which corresponds to 82% of the theoretical ones
(calculated from the volume and the initial concentration). Better results
could be found for the full cylinder (4.62 x 10-1° mol, equal to 88% of the
theoretical value) due to the less complex geometry. An initial value of ~2 x
1022 mol was found in the volume of analysis for all the three cases, which
was considered acceptable for our scope of interest and allowed us to make

comparative analyses of the results.
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APPENDIX 11

Drag forces simulation

Simulations of the drag forces acting on the hydrogel microrobots were run
by using the same platform (Comsol 4.3b, Inc, MA, USA). The model was
built considering a cylinder with the microstructure positioned in the middle
of the space. A creeping flow condition was established, which corresponds
to modelling freely moving fluids using the Stokes Equations (equation S3,
as conservation of the momentum and S4 as continuity equation), in very low

Reynolds numbers regimes.
v - - 2> -
p ;+U+VU =-Vp+uvv+f (S3)

pVU =0 (S4)

Where v is the flow velocity, p is the fluid density, | is the dynamic
viscosity, p the pressure, and f represents the body forces acting on the fluid.
No-slip conditions were set for the boundaries of the microstructures. The
cylindrical volume consisted of an inlet and an outlet, defining the flow
(simulating the movement of the microrobot) and moving walls on the lateral
sides (where the velocity of the walls is set to be equal to the one of the fluid,

resulting in no walls effects).

The drag forces of the objects were calculated by means of integration of
the total stresses acting on the microstructures and summation of the reaction

forces on the same boundaries. The drag constants reported are calculated by
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dividing the calculated drag forces by the velocity of the fluid. Model
optimization was performed by mesh refinement and minimization of the
errors between the simulated and the analytical results of the cylinder case.
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