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Abstract

Tissues morphogenesis and homeostasis involve the spatiotemporal regulation of me-
chanics at multiple scales. Characterization of mechanical properties of biological systems
as well as investigating the effects of mechanical forces on biological function are ins-
trumental. However, existing biomanipulation systems are bulky and invasive, therefore,
they do not allow application of forces within native tissues or biomimetic platforms.
Investigation done with cells cultured on planar substrates provide limited information
on multicellular organization and the interactions between cells and the surrounding ex-
tracellular matrix (ECM). Recent work has introduced biochemically and mechanically
tunable synthetic matrices, with which the mechanics of the cellular microenvironment
can be engineered. What has been missing is an actuated polymer system that can be
freely shaped at microscale, and be seamlessly interfaced with living systems. Considering
the small size of the actuators, the power must be transmitted wirelessly. Application
of physiologically relevant forces using physiologically acceptable energy input requires
an efficient transduction mechanism. This thesis is built upon two important nanoscale
phenomena. Gold nanoparticles efficiently transduce visible light into localized heat due
to plasmon resonance, and certain class of polymers display powerful contractions in the
course of microseconds by going through a thermally-induced hydrophilic to hydrophobic
transition. The thesis exploits these two phenomena on the same platform using nano-
technology and chemical synthesis, and introduces a series of microengineering techniques
that would transform the active nanomaterial into microscale soft actuators and machines.
To this end, the thesis explores a number of bottom-up engineering approaches including
droplet microfluidics, magnetic and hydrodynamic interactions, and thermocapillary ef-
fects. The deformation generated by the actuators is transformed into a desired set of
mechanical operations using rationally designed hydrogel mechanisms.

The use of wirelessly-powered microactuators for mechanobiology research is demons-
trated at two different levels. First, a high-throughput microscale compression device is
built for bulk mechanical loading of three-dimensional (3D) culture models such as sphe-
roids and organoids. Second, the chemical crosslinking of microactuators to collagen fibers
is achieved to apply local forces to cells residing within reconstituted collagen I gels. The
materials and methods are not restricted to the cell types and ECM components that
are explored in this thesis, therefore, the technology can be applied to study almost any
mechanobiology process in vitro. As a benchmark to estimate stress and strain that must
be applied by wireless actuators in order to initiate a biological response, we performed
a detailed study on the mechanical loading of mammary acini inside collagen matrices
using a tethered robotic micromanipulator. The results of the study show that externally
applied mechanical tension facilitate transition to an invasive phenotype, which involves
long-distance force transmission, activation of mechanotransduction pathways, and plas-
ticity of collagen. These conventional micromanipulation techniques are complementary
to the presented novel wireless actuation scheme, together pushing the boundaries of our
understanding of living systems.

Keywords : Gold nanorods, active matter, wireless actuation, hydrogels, microfabrica-

tion, soft robotics, 3D tissue constructs, mechanobiology, mechanotransduction, extracel-
lular matrix.
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Résumé

La morphogenése tissulaire et I’homéostasie impliquent la régulation spatio-temporelle
des propriétés mécaniques a des échelles différentes. La caractérisation des propriétés mé-
caniques des systémes biologiques ainsi que 1’étude des effets des forces mécaniques sur
les fonctions biologiques sont déterminantes. Cependant, les systémes de biomanipulation
existants sont encombrants et invasifs, par conséquent, ils ne permettent pas I'application
de forces dans les tissus natifs ou les plateformes biomimétiques. Les recherches effec-
tuées sur des cellules cultivées sur des substrats planaires fournissent des informations
limitées sur l'organisation multicellulaire et les interactions entre les cellules et la matrice
extracellulaire environnante (MEC). Des travaux récents ont introduit des matrices syn-
thétiques compatible biochimiquement et mécaniquement, avec lesquelles la mécanique
du microenvironnement cellulaire peut étre concue. Pour cela, un systéme polymérique a
actionnement qui peut étre modelé librement a 1’échelle microscopique et qui peut étre
connecté facilement avec les systémes vivants est nécessaire. En raison de la petite taille
des actionneurs, 1’énergie doit étre transmise a distance. L’application de forces physiolo-
giquement pertinentes en utilisant un apport d’énergie physiologiquement acceptable né-
cessite un mécanisme de transduction efficace. Cette thése s’appuie sur deux phénomeénes
importants & I’échelle du nanomeétre. Les nanoparticules d’or transduisent efficacement la
lumiére visible en chaleur localisée en raison de la résonance plasmonique, et certaines
classes de polymeéres affichent de puissantes contractions en quelques microsecondes en
passant par une transition hydrophile & hydrophobe induite thermiquement. Cette thése
exploite simultanément ces deux phénoménes en utilisant la nanotechnologie et la syn-
theése chimique. Elle présente une série de techniques de micro-ingénierie qui peuvent
transformeée le nanomatériau actif en actionneurs et en machines souples a 1’échelle micro-
scopique. Pour cela, la thése explore plusieurs approches d’ingénierie ascendantes, notam-
ment la microfluidique de gouttes, les interactions magnétiques et hydrodynamiques et les
effets thermocapillaires. La déformation générée par les actionneurs est transformée en un
ensemble d’opérations mécaniques utilisant des mécanismes d’hydrogel rationnellement
congus.

L’utilisation de microactionneurs sans fil pour la recherche mécanobiologique est dé-
montrée & deux niveaux différents. Tout d’abord, un dispositif de compression a haut
débit a I’échelle microscopique est congu pour le chargement mécanique de culture tridi-
mensionnels (3D) tels que les sphéroides et les organoides. Deuxiémement, la réticulation
chimique des microactionneurs aux fibres de collagéne est réalisée pour appliquer des
forces locales aux cellules résidant dans les gels de collagéne I reconstitués. Les matériaux
et les méthodes ne se limitent pas aux types de cellules et aux composants de la MEC qui
sont explorés dans cette thése. Par conséquent, la technologie peut étre appliquée pour
étudier presque tous les processus de mécanobiologie in vitro. Dans le but d’estimer le
stress et la contrainte qui doivent étre appliqués par des actionneurs sans fil afin d’initier
une réponse biologique, nous avons réalisé une étude détaillée sur la charge mécanique
des acini mammaires & l'intérieur des matrices de collagéne a ’aide d’'un micromanipula-
teur robotique filaire. Les résultats de I’étude montrent que la tension mécanique externe
facilite la transition vers un phénotype invasif, qui implique une transmission de force a
longue distance, ’activation des voies de mécanotransduction et la plasticité du collagéne.
Ces techniques de micromanipulation conventionnelles sont complémentaires au nouveau
schéma d’actionnement sans fil présenté dans cette thése, permettant de repousser les
limites de la compréhension des systémes vivants.



Mots-clés : Nanotiges d’or, matiére active, actionnement sans fils, hydrogel, microfa-
brication, robotique molle, construction de tissue 3D, mécanobiologie, transduction mé-
canique, matrice extracellulaire
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1.1 Problem Statement

1.1 Problem Statement

Much of the understanding of the biological mechanisms that underlie cellular func-
tions has been garnered from studying cells cultured on two-dimensional (2D) substrates.
However, in vivo, cells primarily exist embedded within an information-rich three dimen-
sional (3D) microenvironment that contains multiple extracellular matrix (ECM) com-
ponents. The microscale architecture of these fibrous networks constrains spatially where
cells can form adhesions and imparts complex mechanical characteristics due to viscoelas-
tic response to loading and fiber alignment. Beyond serving as a mechanical support and
mechanical communication network for cells, the spatial presentation of diffusible factors
is dictated by the structure and porosity of the surrounding ECM.

Given these numerous intricacies, making sense of the dynamic communication among
cells connected through a structurally complex fiber network requires a rigorous enginee-
ring analysis. To achieve this task, it is essential to develop technologies that can probe
the dynamics of multicellular interactions in their social context at multiple length and
time scales.

The most common approach to identify the physical mechanisms that drive 3D tissue
formation and remodeling is to disrupt the system with physical (e.g. laser ablation),
pharmacological, or genetic perturbations, and observe the motion of cells or tissue mar-
kers to determine the forces qualitatively. The tracking of the marker positions as they
move over time enables the creation of velocity profiles and deformation maps. Recent
technological advancements based on visualization of calibrated probes such as traction
force microscopy and fluorescence force spectroscopy (e.g. FRET sensors, DNA probes, oil
microdroplets) have made it possible to quantitatively measure some of these mechanical
stresses and strains inside living tissues. Optogenetic approaches offer a versatile toolbox
for the precise spatiotemporal control of signaling pathways in mammalian cells. With
this technique, cytoskeletal activities regulated by RhoGTPases, kinesin and myosin are
put under the control of optical stimulation by genetically encoding light activated pro-
teins. While these techniques are proven to be instrumental, one cannot simply knock out
a mechanical process in the same way as one knocks out a gene, and there is no direct
mapping between gene circuits and the mechanical events under their control. It is clear
that manipulating the activity of a few genes or proteins will not reveal the whole picture.

1.2 Background

1.2.1 3D culture models and mechanobiology

Cell aggregates, in the form of spheroids and organoids, better recapitulate the mi-
croenvironment of native tissues and organs compared to cells cultured on plastic sub-
strates. There are a number of techniques to engineer these tissues, each addressing a
different organ-specific requirement [T}, 2]. Scaffold-free methods include hanging drops,
non-adherent substrates, microfabricated wells, rotating bioreactors while certain tissues
are formed within scaffolds using molding or microfluidic chips [1I, 2].

In the context of this thesis, here, I highlight the importance of characterizing and
manipulating tissue mechanics for better mimicking in vivo conditions and to discover
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novel treatments. Seminal work has shown that stem cell differentiation depends on the
stiffness of the surrounding substrate [3]. The mechanical properties of the ECM ideal for
the growth of organoids significantly differ from the conditions required for proper dif-
ferentiation and self-organization during maturation stages [4]. One way to address this
need is to engineer materials with photo-switchable crosslinkers and ligands. Changing the
structure of the matrix allows dynamic tuning of matrix stiffness [5]. It has been shown
that softening of the ECM promoted crypt formation of intestinal organoids while the
original stiff matrix favored the organoid growth [6].

Complimentary to the intrinsic mechanical properties of tissues, cells are continuously
subjected to dynamic or sustained mechanical loads that trigger mechanoregulatory signa-
ling [5]. Mechanical forces, such as compression and shear stress, play important roles in
the development of organisms and progression of diseases. The translation of mechanical
cues into biological responses is called mechanotransduction. Mechanotransduction is in-
volved in cell differentiation, migration, ECM remodeling, and phenotypic transition such
as epithelial to mesenchymal transition. The formation of the blastocyst is a representative
example. While cells proliferate in the blastula, they are subjected to compression forces
that activates several biological pathways, leading to proper differentiation. As a result,
multiple layers (i.e., ectoderm, mesoderm and endoderm) are formed that later give rise
to different types of tissues and organs. Having a closer look at the single cell level, each
individual cell senses the compaction forces and stiffness of the ECM through integrins
and cadherins. This information is transmitted to the nucleus through the involvelment of
several intracellular proteins, triggering responses at the genome or proteome level [5] [7].
Another textbook example occurs during the early stages of carcinogenesis. Uncontrolled
cell proliferation leads to tensile and compressive stresses. Cells remodel their microen-
vironment as a response, stiffening the matrix and aligning the fibers. The remodeled
matrix provides a highway for the cells to first invade the matrix and, later, intravase into
the bloodstream. Here, they are subjected to shear stress due to blood flow, which plays
an important role in the tumor cell extravasation [g].

The take home messages from these briefly summarized examples is that mechano-
transduction is a mechanochemical cellular response to mechanical signals. These si-
gnals are transmitted by the ECM and are sensed by transmembrane receptors and
adhesion molecules [9, [I0]. Two recognized integrin-mediated pathways are the hippo si-
gnalling pathway, regulated by the transcriptional co-activator Yap/TAZ (Yes-associated
protein/transcriptional co-activator with PDZ binding motif) and the MAPK pathway
(mitogen-activated protein kinase) pathway, regulated by three protein families including
ERK (extracellular signal-regulated kinase) [5], @, 10, [1T], T2 13| 14 15]. Other pathways
can be activated or inhibited by the involvement of mehcanosensitive ion channels [5], Q].
Some signaling molecules that have been shown to be activated by mechanical stresses
via intergins are the small GTPases (Rho, Rac), protein tyrosine kinases (FAK, src), She,
p-catenin, ERK1/2, protein kinase C and PI-2-kinase [9} [15] [16] [17].

1.2.2 Wireless Microactuators

The main argument of this thesis is that application of controlled forces within tis-
sue is instrumental to study mechanotransduction and tissue mechanics. In this section,
existing tools are summarized. Traditionally, mechanical characterization of solid tissues
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has been done using MEMS devices or cantilever based measurement instruments (e.g.,
Atomic Force Microscope). Alternatively, various bulk compression and stretching devices
are used for long-term mechanical stimulation [I8] 19 20, 21, 22]. More relevant to our
approach, deformable actuated materials with known mechanical properties are used to
characterize the local mechanical properties of tissues in situ. Seminal work has shown
that ferrofluid droplets can be used as wireless microactuators [23]. These droplets consist
of fluorinated oils and magnetic nanoparticles. Application of a uniform magnetic field
deforms the droplet according to the mechanical properties of the surrounding tissue. Vi-
sual evaluation of the 3D deformation gives quantitative information about the stiffness
of the matrix. A disadvantage of these droplets is the fact that they are incompressible
and non-stretchable, hence, it is not possible to directly measure or apply isotropic forces.
To overcome this issue, microgels made of alginate [24] and pAAm [25] 26, 27| have been
developed.

As an alternative approach, a magnetic tweezer could be used to pull injected nanopar-
ticles and apply localized forces to embryonic tissues [28]. Same technique was later used
for temporal biomechanical characterization of the the blastocyst-stage mouse embryos
[29]. This technique is quite invasive because the tip of the electromagnetic must be held
very close to the sample, and it can only actuate one area at a time. To address some
of these limitations, a more advanced magnetic manipulation system has been recently
introduced [30].

The most relevant literature to our work involves the use of thermoresponsive pNI-
PAM microbeads [31]. These beads are injected into cells aggregates (in vitro) or tissues
(in vivo). Living tissues are kept at 37°C, above the Lower critical solution temperature
(LCST) of NIPAM. At this temperature, the polymer shrinks. By lowering the tempera-
ture, the bead is made to swell. The differences in size and shape between the original
and the regained configuration were used to quantify the stiffness of the matrix.

Although there is the progress in the modulation of active stresses within living tis-
sues, the solutions are either cumbersome to apply or provide very specific options. We
converged to the same solution with another group [32], and once they published their
results, we decided to follow their footsteps. In this article, nanoparticles that translate
optical energy into mechanical work were introduced. This thesis expands the potential of
those actuators in two distinct ways. First, we introduce a repertoire of techniques to bring
those nanoactuators together to assemble microactuators and integrate them into tissues
(see sections . This is important considering the level of forces required to transmit
forces and deform matrices inside living tissues. Second, by synthesizing nanoparticles
with not only optomechanical properties but also catalytic and electromagentic features
(see Section . The microactuators are compatible with target tissues, in the sense that
they have a comparable stiffness in the kPa range. They can generate forces from nN to
uN range, they can provide strains up to 0.5, and it is possible to engineer their surface
biochemistry for adhesion and transmission of forces.

1.2.3 Nanotechnology

The success of our approach depended on harnessing nanotechnology. More specifi-
cally, the proper and efficient synthesis and chemical functionalization of structures at
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the nanoscale has been instrumental for the success of our approach [33]. It is important
to note that the governing physics at the macro scale (from milimeter up) may not apply
to nanoscale. An important concept is the surface energy. The surface energy increases
with decrease of the diameter of a particle, a consequence of the increase of the density
of atoms on the surface. This is not only dependent on the size but also the surface
roughness and curvature. Nature has the tendency to lower surface energy. One can take
advantage of this tendency to perform a diversity of chemical reactions including cata-
lysis. Furthermore, nanoscale materials have relatively high surface area, in the range of
100-1000m?.g~t. Consequently, reactions with these materials will have higher through-
put and efficiency than with the equivalent macroscale materials [33]. Concave surfaces
are less soluble than convex surfaces because removing a layer from a concave surface
would increase the surface area and consequently the surface energy. On the other hand,
removing a layer from a convex surface would decrease surface area, thus decrease sur-
face energy, which is favorable. This concept is very important when synthesizing hollow
structures, nanotubes and nanoporous materials [33].

1.3 General Objectives and Methodology

The objective of this thesis is to develop novel wireless soft microactuators that can be
seamlessly integrated with high-throughput bioengineering platforms and produce phy-
siologically relevant mechanical forces to establish an active dialogue with the cells living
within tissues and study the cell-ECM organization. We postulate that the ability to join
the cellular communication network and interfere with the biological processes in 3D will
lead to a better understanding of morphogenesis and regeneration, and can aid in de-
veloping treatments that ensures a microenvironment with a distribution of signals that
minimizes disease progression, particularly in cancer.

I primarily focused on the following scenario. The 3D cell cluster is embedded inside a
fibrous collagen matrix (Figure . We would like to apply forces at a distance from the
cells so that we can study the transmission of forces, signaling pathways, remodeling of
the matrix as a response, and how the mechanical stimulation changes as a result of ma-
trix remodeling. We can envision that the matrix could be rationally designed in a certain
way (i.e., fiber are aligned) to perform a combinatorial study. To this end, optomechanical
nanoactuators could be harnessed in two different ways. First strategy is based on the
direct use of nanoactuators. The nanoactuators could be incorporated into the matrix
before the polymerization takes place, or injected later into the target space. The second
strategy involves the assembly of microactuators from the nanoactuators. Considering the
size, it is preferable to incorporate microactuators before the polymerization of the matrix
as injection of microparticles may disrupt the integrity of the culture system. Neverthe-
less, I developed a material system that is compatible with all these strategies. Figure
summarizes the different techniques used throughout the thesis. The nanomaterial
is syntesized in a way that (i) they can be assembled using bottom-up and top-down
manufacturing techniques, (ii) they adhere to extracellular matrix proteins, and (iii) they
display multiple functionalities in an efficient way including plasmon resonance based hea-
ting, magnetism, and catalytic activity. The rest of the methodology involves effective use
of engineering including projection lithography, microfluidics, and robotic micromanipula-
tion. Proof-of-concept demonstrations with biological samples provide evidence to support
the argument that this work will have long-term impact on mechanobiology research.
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FIGURE 1.1 — Schematic illustration of an organoid embedded inside a fibrous matrix.

I suggested alternative solutions for the mechanical loading of organoids suspended
in fluids. This type of manipulation requires loading of the samples in a chamber and
compression through the movement of an indentation apparatus. I show that these hy-
drogel devices can be fabricated within microfluidic chambers, enabling the creation of a
high-throughput testing platform.

1.4 Thesis Outline

The thesis gradually builds up the complexity of the material system. Chapter 2 des-
cribes the synthesis of the nanoactuators and the factors that are important for the op-
timization of their performance. Chapters 3 and 4 describe the development of wirelessly
powered microactuators and soft robotic devices. The mechanical and phsyical properties
of the structures are extensively characterized to aid the development of future solutions
in this domain and compare the presented approach with the alternative solutions. The
work presented in Chapter 5 has not been completed yet. So far, we have shown that
externally applied mechanical stress has a clear impact on the biomechanical interactions
among mammary gland organoids within collagen matrices. Future work will close the
loop and connect the work presented in Chapters 2-4 with the biomechanics problem in-
troduced in Chapter 5. Chapter 6 provides a perspective on the future potential of the
presented materials and devices.

The detailed protocols are presented at the end of each chapter. This way, I intend to
improve the dissemination of the techniques to the community without making it difficult
to follow the results. Hopefully, a number of other groups will be able to replicate our
work and make discoveries in a number of bioengineered model systems.
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FIGURE 1.2 — Schematic summary of the methodologies developed and applications of this
thesis. The optomechanical nanoactuator (nOMA) can provide forces in range of the picoNewtons. Gold
nanoparticles can efficiently transduce optical light into heat that drives a rapid and powerful collapse
of the coating thermoresponsive hydrogel. In order to scale up the forces applied, from pN up to uN,
and the size range, these nOMAs are used as building unit of more complex and active micromachines.
Several methods are shown to build up higher order structures from molding with microfluidics and
casting with biopolymers as nanocomposites. These micromachines can be seen as micromuscles, that
can be integrated in biological systems, to apply forces and drive mechanotransduction responses, or can
be integrated into soft robotic devices with multiple functionalities. By adding magnetic and catalytic
properties to the nOMA, it was discovered a new methodology to bring and click the particles together
wirelessly, that can be used to build multifunctional micromachines in situ and wirelessly, mimicking
out-of-equilibrium assembly processes found in nature.
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2.1 Introduction

Gold is a noble metal represented by the symbol Au (from the Latin word Aurum).
Gold structures are stable towards corrosion and oxidation even at high temperatures
[34], and inert to acids and bases. Gold reacts with thiol groups, -SH, due to its affinity to
sulfur at room temperature and atmospheric pressure. If the temperature is raised above
80°C, thiol groups can be removed or exchanged easily, since they adsorb to the gold
surface by van der Waals interactions [33]. Nevertheless, gold surfaces can be oxidized
under special conditions, having several oxidation states ranging from -1 to +5, the most
common and stable states being Au(I) (Au™!) and Au(III) (Au™?) [35].

Metals are good conductors as the electrons can freely move on their surfaces. Nota-
bly, exposing gold nanoparticles to electromagnetic fields provokes the migration of free
electrons, generating a dipole that will oscillate at a certain frequency. The oscillation of
free electrons on the surface of a conductor is called the plasmon effect, and the plasmon
resonance of a particle is the natural frequency at which its free electrons oscillate at the
highest amplitude. The resonance frequency is where the material absorbs most energy
compared to other frequencies. Accordingly, the distinctive color of gold nanoparticle sus-
pensions is a result of this phenomenon [33].

The number of plasmon resonance frequencies (PRFs) depends on the size and shape
(aspect ratio) of the nanoparticle [36]. Spherical gold nanoparticles have a single PRF
that can be tuned from 510 nm to 540 nm by playing with the diameter of the particle.
The aqueous suspension of spherical gold nanoparticles has a ruby red color as a result
of the selective absoption of green light [37, [38]. Nanorods have two different resonant
peaks depending on which axis the electrons oscillate ; along the short axis (transversal)
or along the long axis (longitudinal). Longitudinal surface plasmon resonance (LSPR) is
observed at a lower frequency than the transversal surface plasmon resonance (TSPR),
hence at higher wavelength, due to the larger distance the electrons must travel.

When the particles are excited (i.e, the particles are exposed to light) at their PRF,
the plasmons will enter in resonance state and start absorbing light. They remain in the
excited state for a few femtoseconds, and when they return to their initial state they
release energy in the form of heat [33], 39]. The heat generated is directly related to the
intensity of the incident light and the absorption cross-section of the particles. Our ac-
tuation paradigm is based on this physical phenomenon.

We encapsulated the gold nanorods inside a thermoresponsive polymer. The polymer-
nanorod assembly is referred to as the optomechanical nanoactuator (nOMA). The na-
noactuator transforms optical energy first into heat and subsequently into mechanical
work due to the polymer collapse [33]. To be able to excite the particles, the light must
go through the biological specimen with minimal damage to the cells and ECM. There
is a biological window or water window in the near-infrared (NIR) spectrum where the
absorbance of light by the aqueous tissues is relatively small, making NIR the ideal choice
for excitation of the actuators. To this end, the geometry of the nanorods are designed to
set their LSPR in the NIR spectrum |33} [39)].
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2.2 Synthesis of gold nanorods

Gold nanorods can be synthesized using either the one-step method or the two-step
method. The key concept is to carefully control the parameters for the thermodynamic
and kinetic reactions because they may have conflicting outcomes. The thermodynamic
control focuses on the energy of products and reagents. In our synthesis reaction, it is res-
ponsible for the stabilization of crystallographic facets. The kinetic control focuses on the
pathway from reactants to products, therefore, it is responsible for the anisotropic growth
of the nanorods. Parameters such as concentration, temperature and mass transport will
determine the properties of the final products [36]. In the two-step method, these two
reaction controls are separated and done step-wise, allowing a homogeneous nucleation
or seed formation that is followed by the growth of the seeds into rods under completely
different conditions. This strategy results in high monodispersity, quality and reproduci-
bility [40}, 41, 42]. In this thesis, the two-step gold nanorod synthesis protocol was used,
where we prepare a seed solution and then a growth solution.

2.2.1 Seed solution

The seed solution is the equivalent of a nucleation step, where the seeds that are
typically smaller than 5nm in diameter are formed. The reaction is controlled thermody-
namically. The reaction is very fast, taking only 2 min to complete. In order to ensure the
production of a monodisperse suspension, we add a strong reducing agent such as sodium
borohydride, NaBHj.

For the nucleation to happen, the ingredients must include a reducing agent, a gold
precursor, and a surfactant. The surface energy of growing nanoparticles is reduced by
ligand-capping that is initiated by the surfactant. This way, we alleviate the tendency of
the particles to aggregate and stabilize their size within the prescribed range [33]. The
most commonly used surfactant is CTAB (Hexadecyltrimethylammonium bromide), and
the most widely used gold precursor is tetrachloroauric acid, HAuCly. Due to the higher
ionic strength of bromide ions (Br~ > C17), chloride ligands will be replaced by bromide
anions as shown below.

[AuCl 4] ~2 [AuCl 3Br] 2 [AuCl ;Br;] ~& [AuClBr3] ~& [AuBry] ~

Here on, AuBr; forms complexes with -CTA, which increases the oxidation potential
of gold. In the presence of NaBH,, gold will go from the third oxidation state, Au(III), to
zero oxidation state, Au(0), and form the particles.

2.2.2 Growth solution

The anisotropic growth is governed by a kinetic control and it is a relatively slow
process. Identical to the seed solution, the precursor agent for the gold is HAuCl, and
the surfactant is CTAB in the growth solution. The micelles formed by the cations of
the surfactant serve as a mold for directed growth of the particles, which implies that its
concentration is an important factor to determine the size of nanorods. Higher concentra-
tions of CTAB lead to smaller rods, which is a consequence of the adsorption of higher
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concentration micelles. Unlike in the seed solution, here we use a weak reducing agent to
ensure that the reduction is not complete and nucleation is not allowed as shown below.
In other words, Au(III) is reduced to Au(I) and never to Au(0).

Audt 42 —

-

The most commonly used reducing agent is ascorbic acid, AA. The activity of AA is
highly dependent on the pH of the solution. We prefer a lower reducing potential to mo-
dulate the growth rate of the rods and at the same time preventing secondary nucleations.
To this end, the reaction is performed at acidic pH. The pH of the suspension is regulated
with hydrochloric acid, HCI.

Another important agent that influences the shape of the gold nanorods is silver ions,
Ag™, which is added to the solution as silver nitrate, AgNQOs3. Silver ions are responsible
for higher reduction selectivity at the tip of the rods, and they stabilize the lateral (lon-
gitudinal) facets. As a rule of thumb, the higher the Ag® concentration is the higher the
aspect ratio and yield. To increase the range of aspect ratios without losing efficiency,
additives like sodium oleate, NaOL, can be added. In the absence of AA, NaOL double
bond reduces slowly HAuCl,. It was shown that the optimal molar ratio between Au(III)
and AA is around 3 :1 when both surfactants, NaOL and CTAB, are present [43].

Once the growth solution is ready, the seed solution is added. Determining the right
concentration of the solutions is crucial for the intended purpose. Increasing the seed
concentration will lead to smaller rods with higher aspect ratios. Another important pa-
rameter is the temperature of the reactor. The reaction rate is lower at lower temperatures,
favoring the anisotropic growth of nanorods.

It is important to mention that the surfactants used in this thesis are not exclusive.
For instance, one can replace NaOL by KOL and may obtain similar results. That is to
say, the cations Nat and K* do not directly affect the reaction. On the other hand, if a
surfactant with unsaturated long-chain such as sodium linoleate is used, there might be
changes in the sizes of the rods due to the presence of two double bonds in the fatty acid
chain instead of one [43] [44].

The final suspension first goes from a yellow color to a colorless solution due to the
reduction of Au(III) by the AA. Later, the color changes to dark red due to the chosen
aspect ratio of the nanorods (Figure .
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FIGURE 2.1 — AulNRs final reaction suspension. Picture of the final reaction suspension of the
AuNRs. The AuNRs produced under these conditions have an LSPR peak at 780 nm and, in average, 95
nm length and 30 nm diameter.

2.3 Exploring the design space

As mentioned before, the synthesis of gold nanorods is a very delicate process because
a number of parameters affect the overall size, shape, and stability of the product. At the
end of the first step of synthesis, small spherical gold nanoparticles (ranging from 1 nm to
5 nm in diameter) are formed as precursors. The aspect ratio of the final product in the
form of nanorods can be finely tuned by playing with experimental conditions. Keeping
the intended biological applications in mind, we adjusted the experimental conditions to
synthesize particles that respond to NIR. Apart from deep penetration in tissues, this
decision complies with fluorescence imaging of proteins using commercially available dyes
in the visible light spectrum.

The detailed protocols for synthesis and characterization of the gold nanorods can be
found in the subsection [2.7 We confirmed that the nanorods synthesized following the
optimized protocol exhibited two different plasmon resonance bands, transverse and lon-
gitudinal, as represented in the absorbance spectrum shown in Figure 2.2h. The TSPR
was found to be at 530 nm while the LSPR was at 780 nm. We measured the average size
of the particles from the transmission electron microscopy (TEM) images (Figure )
The nanorods were on average 95 + 6 nm long and 30 £+ 2 nm wide, having an aspect
ratio of 3.2 £+ 0.8 [45] 40].

In the following sections, I describe the protocols to synthesize gold nanorods with
different LSPR. As discussed before, there are 4 main parameters that have a direct impact
on the morphology of the nanorods : seed concentration, pH, ascorbic acid concentration,
and silver nitrate concentration. Each one of these parameters was tuned in isolation or
combination in pairs to produce monodisperse suspension of gold nanorods with desired
aspect ratios.

2.3.1 The influence of pH

Decreasing the concentration of HCI by a factor of 2 lead to a blue shift of the LSPR
by 80 nm and an increase of the width at half maximum of the gaussian curve ([2.3)),
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FIGURE 2.2 — AuNRs characterization. a. Representative UV /Vis spectrum of a batch of AuNRs.
b. Representative TEM images of AuNRs. Scale bars : 50nm

indicating a decrease in the aspect ratio and monodispersity, respectively. Decreasing HCI1
concentration further (augmentation of pH) led to a more pronounced decrease in aspect
ratio and yield. Table [T] shows how the aspect ratio of the particles change with the in-
crease of pH. Notably, TSPR barely changed (5-10 nm shift in the spectrum) since the
seeding conditions were kept constant.

At higher pH, the reducing potential of ascorbic acid is higher, which lead to a rapid
non-homogeneous growth of the nanorods and to a complete reduction of Au(III). As a
consequence, both length and diameter of the rods are affected. The main conclusion of
this study is changing the kinetics without regulating the stoichiometry of the reaction
leads to a decrease in yield and monodispersity.
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FIGURE 2.3 — AulNRs characterization under different synthesis conditions, with change
in hydrochloric acid (HCL) concentration. a. Representative UV /Vis spectrum of the different
batches of AuNRs. Red : standard synthesis conditions; yellow : [HCI]/2; green : [HCI]/3 and blue :
[HC1]/4. b-d. Representative TEM images of AuNRs under the different synthesis conditions. b. [HC]|/2
c. [HC1]/3 d. [HCL]/4 Scale bars : 20nm [47]
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LSPR
Parameter change || Length [nm| | Diameter [nm| | Aspect ratio | [nm)]
[HC]| 95+ 6 30 &2 3.2+08 780
[HCT]/ 2 100 = 16 19+1 20£04 | 700
[C1| /3 01E7 654 14+01 | 605
[HCI| /4 3E7 B3+ 6 137202 | 5%

TABLE 1 — AuNRs optical and morphological characterization when HCI concentration is
changed in the growth solution. The length and diameter were obtained from TEM images and the
aspect ratio was calculated from those. The LSPR was obtained from the absorbance spectra [47].

2.3.2 The influence of the ascorbic acid concentration

Increasing AA concentration led to a blue shift in the LSPR (Figure [2.4h) as a mani-
festation of a decrease in the aspect ratio of the particles (see Table [2| and Figure .
The width of the curve remained approximately the same, indicating that the yield and
monodispersity did not change. The increase of AA concentration led to a faster reduc-
tion of the Au (III), resulting in shorter rods. The diameter of rods remained constant
because the reduction potential of AA was not affected, therefore, secondary nucleations
and complete reduction of gold were avoided.

Normalized Absorbance
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FIGURE 2.4 — AulNRs characterization under different synthesis conditions, with change
in ascorbic acid (AA) concentration. a. Representative UV /Vis spectrum of the different batches
of AuNRs. Red : standard synthesis conditions ; yellow : [AA|x2 and green : [AA]|x4. b-c. Representative
TEM images of AuNRs under the different synthesis conditions. b.[AA]x2. c¢. [AA]x4. Scale bars : 50nm

7.

LSPR
Parameter change || Length [nm| | Diameter [nm| | Aspect ratio [nm]|
[AA| 95 £ 6 30 £ 2 32+038 780
[AA[x2 02£7 36 £ 2 26+03 725
[AA[xd TIE12 33£6 22+05 700

TABLE 2 — AulNRs optical and morphological characterization when ascorbic acid concen-
tration is changed in the growth solution. The length and diameter were obtained from TEM images
and the aspect ratio was calculated from those. The LSPR was obtained from the absorbance spectra

[47].
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2.3 Exploring the design space

2.3.3 The influence of the seed concentration

As shown in the absorbance spectrum in Figure and Table [3] increasing the seed
concentration resulted in thinner rods. The aspect ratio increased in the process, which
manifested in the higher LSPR (red shift). Decreasing the seed solution resulted in thicker
rods. Larger bandwidth indicates a decrease in monodispersity.
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FIGURE 2.5 — AulNRs characterization under different synthesis conditions, with change
in seed concentration. a. Representative UV /Vis spectrum of the different batches of AuNRs. Red :
standard synthesis conditions; grey : [seed]|x2 ; orange : [seed]|/2 and green : [seed]/4. b-c. Representative
TEM images of AuNRs under the different synthesis conditions. b.[seed|x2. c. [seed]/2. d.[seed]/4. Scale
bars : 20nm [47].

LSPR
Parameter change || Length [nm| | Diameter [nm| | Aspect ratio | [nm]
[Seed| 95 £6 30+£2 3.2£0.8 780
[Seed|x2 86 £ 16 23 t£4 3.7£0.9 845
[Seed|/2 107+ 7 35 +E3 29+£0.3 765
[Seed] /4 133£7 5L+ 2 2.6+ 0.2 765

TABLE 3 — AuNRs optical and morphological characterization when seed concentration is
changed in the growth solution. The length and diameter were obtained from TEM images and the
aspect ratio was calculated from those. The LSPR was obtained from the absorbance spectra [47].

2.3.4 The influence of the silver nitrate concentration

Higher concentrations of silver ions is expected to promote the anisotropic growth of
the rods. We lowered the concentration to reduce the aspect ratio, and consequently the
LSPR. As expected, decreasing Ag™ concentration led to a blue shift in the LSPR and an
increase of the bandwidth (Figure . The length of the nanorods decreased significantly
with the first two dilutions while the diameter remained constant (TABLE [)). This result
is consistent with the theory that silver cations promote selective gold reduction at the
tips by stabilizing the lateral facets. However, with further decrease in the concentration of
silver nitrate, the diameter increased. This counter intuitive result could be an indication
that concentration of Ag™ was too low to stabilize the longitudinal facets. Nevertheless,
aspect ratio decreased with every dilution.
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FIGURE 2.6 — AulNRs characterization under different synthesis conditions, with change
in silver nitrate (AgNOsj) concentration. a. Representative UV /Vis spectrum of the different
batches of AuNRs. Red : standard synthesis conditions; yellow : [AgNOs]/2; green : [AgNOgs|/4 and
blue : [AgNOs]/6. b-c. Representative TEM images of AuNRs under the different synthesis conditions.
b.[AgNOs3]/2. c. [AgNOs]/4. d.JAgNOs3]/6. Scale bars : 20nm [47].

LSPR
Parameter change || Length [nm] Diameter [nm| | Aspect ratio | [nm)]
[AgNOs;] 95£6 30£2 3.2£0.8 780
[AgNO;]/2 61 +7 2 + 3 23104 | 670
[AgNO3;]/4 53 £ 8 27 +4 2.0+0.4 625
[AgNO3]/6 67 £8 44 +4 1.5+0.2 600

TABLE 4 — AuNRs optical and morphological characterization when AgNOj3 concentration
is changed in the growth solution. The length and diameter were obtained from TEM images and
the aspect ratio was calculated from those. The LSPR was obtained from the absorbance spectra [47].

2.3.5 Combinatorial analysis

The components may have a synergistic or antagonistic effects on the monodispersity
and yield of the reaction. I studied the combined effects of the concentration of the seed
(as the major factor) and the three other parameters. The resulting absorbance spectra
are shown in Figure 2.7 and the TEM data analysis in TABLE [5]

I made manipulations that would create a blue shift in the LSPR. In the first sce-
nario, seed concentration was doubled and HCI concentration was reduced 3 times. The
spectrum showed a nice Gaussian curve with the LSPR located at 645 nm. Compared to
the results where only HCI was changed by the same amount (Figure and Table (1)),
simultaneous increase in the seed concentration resulted in a spectrum with better resol-
ved peaks and higher absorbance value at the LSPR, which together indicated higher yield.

In the second scenario, both seed and AA concentrations were doubled. We did not
observe a significant change in the LSPR wavelength. Nevertheless, the signal was dampe-
ned around the LSPR. Notably, there were two TSPR peaks, indicating that the sample
was polydisperse. The length and diameter were smaller, and the aspect ratio slightly
increased, which is consistent with the change in the absorbance spectrum.
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FIGURE 2.7 — AulNRs characterization under different synthesis conditions, with change
of two parameters at a time. a. Representative UV /Vis spectrum of the different batches of AuNRs.
Red : standard synthesis conditions ; yellow : [Seed]x2 + [AA]|x2; green : [Seed|x2 + [HCI|/3 and blue :
[Seed|x2 + [AgNOgs|/6. b-c. Representative TEM images of AuNRs under the different synthesis condi-
tions. b.[Seed|x2 + [AgNOs3]/6. c. [Seed|x2 + [HCI]/3. d.[Seed|x2 + [AA]x2. Scale bars : 20nm [47].

Finally, we increased the seed concentration while decreasing Ag concentration. There
was a considerable blue shift in the LSPR, going from 780 nm to 610 nm.

LSPR

Parameter change Length [nm)| Diameter [nm]| Aspect ratio | [nm]

Standard protocol 95 +6 30+ 2 3.2£0.8 780
2*|Seed| and

[HCI]/3 7545 4144 19402 | 645
2*[Seed| and

2*[AA| 7545 2342 33+03 | 765
2*[Seed| and

[Ag]/6 5745 3144 18403 | 610
6*[Seed| and

|Ag]/6 37+6 20 + 4 19405 | 590

TABLE 5 — AuNRs optical and morphological characterization when 2 different parameters
were changed in the initial protocol. The length and diameter were obtained from TEM images and
the aspect ratio was calculated from those. The LSPR was obtained from the absorbance spectra [47].
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2.4 Toward automation of nanorod synthesis

2.4 Toward automation of nanorod synthesis

Gold nanorods synthesis is a very delicate process with many parameters that must be
continuously monitored. Furthermore, scaling up the synthesis is not straightforward be-
cause increasing the concentrations of reagents and reaction volumes would influence mass
and heat transfer, compromising the reaction homogeneity. An automated reactor would
address both issues. Automated systems improve reproducibilty, provide finer control over
mass transport and mixing, enable real-time monitoring of key variables, and reduce time
[48].

There are three types of chemical reactors : batch reactors, continuous stirred-tank
reactors (CSTR), and plug flow reactors (PFR), where the last two are categorized as
continuous reactors. In a discontinuous stirred-tank reactor, known as batch stirred tank
reactor (BSTR), the reagents are added in the beginning of the reaction and mechanically
mixed. As the name indicates, it is a discontinuous process and operates in a cyclic
manner. Each cycle comprise a production period, a discharge period, a washing period
and a loading period. During the reaction period, the concentrations of reagents and
products are modulated continuously. There is also a semi-continuous modality, where
the reagents are added at different time points depending on the kinetics of the reaction.
In a continuous reactor, the reagents are added continuously and products are discharged
continuously. Depending on the configuration, the reagents are mixed with a mechanical
stirrer or mixed at the junction of different tubes. At the laboratory scale, a PFR can be a
microfluidic device or a milifluidic reactor. The comparative advantages and disadvantages
of each reactor are listed in the Table [6l

TABLE 6 — Comparison between 2 modalities of automated reactors.

BSTR | PFR

e Fasier to handle and to scale up
e Fasier maintenance
e Smaller amounts produced

e Lower investment costs

e Higher operation costs

e Flexible in terms of conditions and
different products production

e Lower homogeneity

e Difficult to scale up but with its
continuous modality, one can produce
higher quantities avoiding the hurdles
that come with the scale up of batch
systems.

e Higher investment costs

e Low operation costs

e Lower flexibility. Specific for one pro-
duct.

e Higher homogeneity

e Requires higher degree of specializa-
tion

e More complicated designs

e Excellent heat transfer and accurate
temperature control

e In the case of microfluidic and mi-
lifluidic devices, the mixing geometries
and reaction channel sizes allow a fine
control over the reagent addition ti-
ming on top of the thermal diffusion.
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2.4 Toward automation of nanorod synthesis

In a research laboratory setting, where multiple reactions are performed and they are
continuously modified for different projects, a batch system is favorable. A market eva-
luation is shown in Table [[l Several criteria were taken into consideration :

e Reactor tank size. The tank should be big enough to scale up the reaction volume
to 1L or more.

e Size of the system. The whole system must be small enough to fit inside the fume
hood.

e Multiple reactors. We would like to run multiple reactions with different conditions
for optimization.

e Multiple sensors. Detailed characterization of reaction kinetics.

e Cost. Lab budget is limited.

The most promising automated reactor for the intended purposes is Mya 4 Reac-
tion station, which could perform several reactions in parallel with different type of tank
reactors. It contains several controls and sensors, and the price was reasonable. Unfortu-
nately, we could not arrange a demonstration in our laboratory and decided to pursue
this direction later. I completed my studies using the reactor that I built myself.
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2.4 Toward automation of nanorod synthesis

TABLE 7 — Determination of the best automated system ; evaluation scale from 1 to 5
where 1 = very bad, 2 = bad, 3 = neutral, 4 = good and 5 = very good. FTIR stands for
Fourier-transform infrared spectroscopy and FBRM for Focused Beam Reflectance Measurement [49, 50,
511, 52, 53]

Svrris OptiMax Mya 4
Critera y 1001 FlexyCUBE Reaction AutoLab
Atlas HD .
Termostat Station
6 volumes
from 3 volumes 6 volumes
100mL to fr0 250mL to 4 volumes 5 volumes from
Reactor Size 2L 5 1L 4 from 70 to 4 | from50to | 4 100mL to 5
(possible 400 mL 400mL oL
to scale up
up to 50L)
Platform
dimension | ¢\ 170127 | 3 | 388x414x78 | 4 | 20x49x33 | 5 | 60x36x37 | 5 | 48x60x67 | 4
(w,d,hin
cm)
Number of
reactions on 1 2 1 2 2-6 5 4 5 1 2
series
T, pH, pH,
Controls Turblqlty, T, pH, TR, TH, pH, balances, T, dosing,
d In-Situ 5 pressure, 4 pressure, 5 gas flow 5 o 4
and sensors FTIR, FBRM gas flow controllers, p
FBRM pressure
PC software Mya
Userfriendly | Atlas PC iControlTM F1e>.<yS.ys Control PC
4 + 5 | application | 4 | Software+ | 5 Control 4
software Softwarel
touchscreen software touchscreen Software
control pad control pad
Different . Different Different
Adequate | geometries 3 types : geometries geometries
e Pitchblade, 4 different
stirring and 5 4 and 5 4 and 5
. . Anchor, . types .
device materials Half-moon materials materials
available available available
. 30 000- 35 70 000 - 75 40 000 — 45 30 000—36 70 000 —
Price (chf) 000 4 000 2 000 3 000 41 75000 |2
Sum 28 25 31 32 26
Rank based
on the 3 5 2 1 4
critearia
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2.5 Thermoresponsive polymer coating

2.5 Thermoresponsive polymer coating

Thermoresponsive polymers, such as poly-n-isopropylacrylamide (pNIPAM) and poly-
n-isopropyl- -methacrylamide (pNIPMAM), exhibit a phase transition when the ambient
temperature is higher than their Lower Critical Solution Temperature (LCST). In the case
of pNIPAM and pNIPMAM, the material switches from a hydrphilic to a hydrophobic
phase at 32°C and 42°C, respectively. This transition contracts the material due to the
rupture of hydrogen bonds. These stimuli-responsive polymers also respond to changes in
ionic strength and pH of the solution [32] 54, [55, 56l 57, 58, (9.

Seminal work has shown the feasibility of heating and collapsing thermoresponsive
gels using gold nanoparticle. In one work, gold nanoparticles were adsorbed on pNIPAM
microparticles [58]. In another article, Contreras et. al. reported a method to coat spheri-
cal gold nanoparticles with NIPAM through a two-step reaction [57]. First, a polysterene
shell was grown on the gold nanoparticle, which was followed by the precipitation poly-
merization of pNIPAM . As an alternative strategy, instead of coating the surface of the
gold nanoparticles with polystyrene, they were functionalized with thiol groups [60]. The
methodology that is most relevant for our approach was reported by Khalid etal.[32]. In
this work, instead of using pNIPAM as the polymer, they developed a protocol to coat
gold nanorods with pNIPMAM-—a polymer that is more suitable for biological experi-
ments.

Gold nanorods were coated with pNIPMAM using an in situ free radical precipita-
tion polymerization reaction. To initiate the synthesis, the surfaces of the nanorods were
functionalized with thiol groups. Allylamine was added to the reaction to decorate the
polymer chains with amine groups, which served for two different purposes. Amine groups
not only initialized the self-assembly reaction but also enabled subsequent surface functio-
nalization of actuators. Propargyl was also used to functionalize the pNIPMAM coating
with alkyl groups in order to harness the benefits of click chemistry[32].

Several techniques were used to characterize the morphology, structure, and optical
response of the final product, nOMAs. TEM accurately reports the size of the rods (Fi-
gure [2.8n). However, the images are unreliable to measure the thickness of the polymer
coating since the particles must be dried prior to imaging (Figure [2.8p). In situ TEM
may address this limitation but we did not have access to this imaging modality. To es-
timate the thickness of the hydrogel coating, dynamic light scattering (DLS) technique
was used. This technique also reports the dispersity of the suspension (Figure ) UV-
Vis spectra indirectly inform about the diameter and aspect ratio of the rods from the
absorbance peaks. Performed with a thermal cycle, it is possible to validate the presence
of a thermoresponsive polymer using the UV-Vis spectra. As mentioned before, when the
LCST is reached, the polymer changes conformation. The refractive index of the polymer
shell increases with decreasing size, which leads to a shift in the absorbance peak (around
20nm) towards longer wavelengths (Figure d). Likewise, it is possible to couple a hea-
ting cycle to the DLS measurements. With increasing temperature the diameter of the
particles decreased, as expected (Figure ) The process is completely reversible and
follows the same trend without showing hysteresis.

The pNIPMAm coated gold nanorods were approximately 400 nm in diameter. The
hydrodynamic diameter of the polymer coating can be adjusted by regulating the ni-
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FIGURE 2.8 — Characterization of the optomechanical nanoactuators (nOMAs). a. Sche-
matic representation of the nOMA. b. TEM images showing the pNIPMAM coating aroung the gold
nanorod. Scale bars : 100nm. e) DLS spectra showing monodisperse samples with a hydrodynamic dia-
meter around 400nm. d) UV /Vis-NIR absorption spectra of nOMAs with a temperature cycle from 20
to 70°C. The shift in the NIR peak is very clear when the LCST (42°C) is reached. e) The DLS with
heating cycle shows a thermal response of the polymer coating.

trogen flow, which changes the turbidity of the suspension. We tested this idea and by
decreasing the nitrogen flow we could produce nOMAs with diameters up to 2000 nm. We
have also observed that the hydrodynamic diameter of the polymer coating doubled when
we reduced the crosslinking monomer concentration (N,N’- methylenebisacrylamide, BIS)
by 50%. Further experiments are required to rigourously study the influence of different
parameters. Based on previous work [61] we can speculate that increasing pNIPMAM mo-
nomer concentration would lead to an increase in the coating diameter. However, changing
BIS or pNIPMAM concentration may lead to polydispersity. To overcome this issue, the
concentration of the surfactant may be increased.

2.6 Synthesis of gold nanorods with magnetic and catalytic pro-
perties

It is possible to add a catalytic and a magnetic layer on the Au surface without al-

tering the optomechancial properties of the nanoactuator. These extra properties were

instrumental during self-assembly studies presented in the next chapter. To this end, we
followed a previously published protocol [62]. The details of the protocol can be found in
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2.6 Synthesis of gold nanorods with magnetic and catalytic properties

Section [2.7.4]).
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FIGURE 2.9 — Characterization of the multifuncitonal nanoactuators (mNAs). a. Schematic
representation of the multifunctional nanoactuator, mNA, along with the TEM image showing the ther-
moresponsive polymer encapsulating the multilayered nanorod. Scale bar, 100 nm. b. STEM-EDX images
showing the elemental content of the nanorods. High-angle annular dark field (HAADF) shows the overall
morphology and different metal layers. Scale bar, 50 nm. c¢. Hydrodynamic diameter, DH, of the mNAs
measured at different temperatures. DH is calculated from the measured value of the translation diffusion
coefficient using the Stokes—Einstein equation. d. Magnetic concentration of mNAs in a suspension. A
permanent magnet was kept next to the mNA suspension for 5 min (left). After the removal of the ma-
gnet, an agglomerate of mNAs with a shape that followed the magnetic field lines was visible (right). e.
Reversible assembly of mNAs under uniform rotating magnetic fields at different frequencies. Scale bar,
100 nm [46].

The magnetization of the nOMAs was done through controlled growth of a nickel film
on the encapsulated nanorods (Figure ) Prior to the growth of the Ni layer, the Au
core was covered with a small amount of Pt, which served as a catalyst for the decomposi-
tion of a Ni-hydrazine complex. Elemental analysis using energy dispersive X-ray (EDX)
spectroscopy confirmed the existence of a Pt—Ni shell, whereas Au was the predominant
element at the particle center (Figure ) Line scanning microanalysis across a single
nanoactuator showed that the thickness of the Ni layer was on the order of 10nm (Fi-
gure [2.10). We checked whether the magnetic coating influenced the thermoresponsive
behavior of the pNIPMAM nanogel using dynamic light scattering (DLS) measurements
(Figure [2.9¢). The resulting multifunctional nanoactuators exhibited a drastic decrease
in hydrodynamic size above the LCST of 42 °C, from 400 nm to 300 nm, and reached a
steady-state value of 220 nm at 65 °C. Despite the small volume of magnetic material,
the magnetic particles readily responded to externally applied magnetic field gradients
at room temperature by accumulating in the vicinity of a permanent magnet that was
placed next to the glass vial (Figure ) Furthermore, application of a homogeneous
rotating magnetic fields led to the formation of particle chains (Figure ), whose size
depend on the particle concentration, magnetic field strength and frequency of rotation.
The chains broke up and particles formed smaller clusters at higher frequencies (at B =
40 mT, transition frequency was 1 Hz) due to hydrodynamic effects [46], 63].
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FIGURE 2.10 — STEM-EDX characterization of the multifunctional nanoactuators
(mNAs). a.Representative STEM-EDX line scan obtained for the Au/Pt/Ni+pNIPMAM nanoparticle
shown in Figure Au (green), Pt (red) and Ni (dark blue). Carbon (cyan) was added as a control.
b.HAADF (High-angle annular dark-field) image showing the different layers of metals (left), and bright-
field image showing the direction of the line scan. Scale bar, 50 nm [46].

2.7 Detailed protocols

2.7.1 Materials

All reagents were purchased from Sigma Aldrich and used as received, unless other-
wise stated : Gold(III) chloride trihydrate (HAuCl4, 99.99%), hexadecyltrimethylam-
monium bromide (CTAB, 98%), sodium borohydride (NaBHy, 99.99%), sodium oleate
(NaOL, 95%), silver nitrate (AgNOs, 99.0%), hydrochloric acid (HCl, 37%), L-ascorbic
acid (AA, 99.9%), N-isopropylmethacrylamide (NIPMAM), N,N’-methylenebisacrylamide
(BIS), 2,2’ azobis(2-methylpropionamidine) dihydrochloride (AAPH), allylamine (98%),
potassium tetrachloroplatinate (II) (KoPtCly, 99.9%), nickel (II) chloride (NiCly, 98%),
hydrazinemonohydrate (98%). N,N’ -bis(acryloyl) cystamine was acquired from Alfa Ae-
sar.

2.7.2 Gold nanorod synthesis

This protocol was adapted from a procedure reported [32] to obtain AuNPs of ap-
proximately 95nm length and 30nm diameter. As mentioned before, it follows the 2-step
preparation method :

Seed solution preparation :

Note : Seed solution should be prepared in the last 40 min of step 4 of the growth
solution preparation to ensure the right aging time for the seed solution.

1. Prepare a 5 ml solution of 0.2 M CTAB in milli-Q-water in a glass vial and sonicate
for 15 — 30 minutes until completely dissolved.

2. In a separate glass vial, prepare a 5 ml solution of 0.5 mM HAuCly.

3. Add the CTAB solution to the HAuCl4 solution and start stirring vigorously (maxi-
mum speed available at the Topolino small magnetic stirrer).

4. Prepare a fresh 0.01M NaBH, and dilute 0.6 ml in milli-Q-water making a final
volume of 1mL. Add the 1 ml solution directly into the seed solution during vigorous
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stirring. This is a critical step, to avoid different shapes of the Au nanoparticles,
dip in the pipette tip and add the solution in one go.

Continue stirring for 2 minutes, stop stirring, and leave undisturbed for aging at
room temperature for 30 minutes (not more, more we wait larger the particles).
The resulting seed solution should have a brownish /purple color. (Ideally, leave the
solution in a water-bath at 25°C to avoid CTAB precipitation.)

Growth solution

10.

Prepare solution with 3.6 g CTAB and 0.4936 g NaOL in 100 ml milli-QQ water
(in 250 ml Erlenmeyer flask) and mix until completely dissolved at 50 °C with 700
rpm stirring rate (3 cm stirring bar). To endure an homogeneous temperature, use
an oil bath with a stirring bar in it.

Cool solution down to 30 °C and let it stir for 30 minutes in order to ensure a
thermally homogeneous solution.

Add 8.5 ml of 4 mM AgNOj; in mili-Q-Water and leave undisturbed (no stirring)
for 15 minutes at 30 °C. Note : Prepare the solution fresh each time and use 20 or
40 ml glass vials for solution preparation.

. Add 100 ml of 1 mM HAuCly and stir for 90 minutes at 700 rpm. The solution

should be initially yellowish and become colorless at the end of the 90 minutes.

Reduce stirring rate to 400 rpm and add 0.6 ml of HCI 37%. Continue stirring for
15 minutes.

Increase stirring rate to 1200 rpm, add 0.6 ml of 0.064 M ascorbic acid into growth
solution and continue stirring for 30 seconds.

Notel : The ascorbic acid solution should be prepared fresh, prepare the solution
during the previous waiting period.

Note2 : Make sure to pipette the ascorbic acid directly into the solution. Due to
the high concentration of CTAB, a dense foam layer can be formed inhibiting the
diffusion of chemicals.

Add 80 pl of seed solution directly into the growth, stir at 1200 rpm for exactly
for 30 seconds. Turn of stirring and leave undisturbed for approximately 12 h
(overnight) at 30 °C.

Note : The 12-hour reaction time is approximate and it can vary between 12 h —
15 h.

Remove the AuNR solution from heat and centrifuge at 4951rcf for 50 minutes (20
°C).

Note : The solution should be an earthy red color and homogeneous looking without
any precipitates.

Remove the supernatant by decantation and leave approximately 2 ml supernatant.
Transfer the Au NR solution to an Erlenmeyer flask and add 90 ml of milli-Q-water.
Leave undisturbed until ligand exchange (the afternoon of that day).

The CTAB coated Au NRs aren’t stable for long periods of time. To increase stabi-
lity and prepare the particles for polymer coating, the surface of the gold nanorods
is treated with thiol groups. Dissolve 20 mg of NN’ -bis(acryloyl)cystamine in 10
ml ethanol (EtOH), set stirring rate to 700 rpm (3 cm stirring bar), and add this
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11.

12.

solution to the 90 ml Au NR solution. Continue stirring at 700 rpm for 12 h. Note :
Use sonication for a few minutes to dissolve the ligand. There can be some insoluble
particles left which do not harm the process. These particles are probably some
impurities.

Note : The 12-hour reaction time is approximate and it can vary between 12 h —
15 h.

Remove the thiolated Au NR solution and centrifuge at 13751rcf for 30 minutes
(20 °C).

Remove the supernatant by decantation as much as possible and re-disperse in 15
ml milli-Q-water. This solution is stable and can be kept at 4 °C for a few months.

2.7.3 Polymer coating

This protocol was adapted from [32] to obtain a pNIPMAM coated with an average
hydrodynamic diameter of 400nm.

1.

Secure a 50 mL/ 250 mL/500mL 3-neck flask in an oil bath (see set-up in Figure
2.11)). Add 15 mL/ 45mL/ 180mL of milli-Q-water and pre-purge with N2 for 15
minutes under continuous stirring (700 rpm). Use a Pasteur pipette for the N2
connection. Use a 2-cm oval stir bar for small flasks and a 4-cm one for the larger
ones.

. Insert a reflux column, secure with clamps, and start the cooling water during the

pre-purging. This will give enough time for N2 to fill the column.

Note : Make sure to reserve the third neck for gas exit. Close all necks with silicon
caps and provide the gas exit at the top of the reflux column. Use a needle for this
purpose.

Add 0.1 g/0.3g/1.2g N-isopropylmethacrylamide (monomer) and 0.01 g/ 0.03g/
0.12g N N’-methylenebisacrylamide (crosslinking agent) into the flask.

Heat the solution up to 70 °C under constant stirring (700 rpm) and constant N2
flow. Wait for 30 minutes when the temperature is reached to have a thermally
homogeneous solution.

. Increase stirring speed to 1200 rpm (2-cm oval stir bar) or to 1400 rpm (4-cm oval

stir bar).

Inject 1 mL/ 3mL/12mL of thiolated AuNR solution directly into the reaction
solution.

Continue stirring for exactly 1 minute and inject 80 p1./240 pl./960 pL of 0.1 M
AAPH (free radical thermal initiator) into the reaction solution.
Note : The AAPH solution should be prepared fresh.

Allow polymerization for 2 h at 70 °C.

For polymer functionalization :

a) For the amine functionalization, dilute 10uL/ 30uL/ 120 pL of allylamine in
m-Qwater, for a final volume of 1mL, and add to the mixture after 30 min.

b) For the alkyl group functionalization, dilute 90uL of propargyl methacrylate in
ImL of EtOH and add into your mixture after 100min. (for an initial solution of
45mL).

Remove the flask from heat and allow to cool to room temperature while stirring.
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10. Centrifuge at 3500° relative centrifugal force (rcf) for 30 minutes at 10 °C.

11. Remove the supernatant and add fresh milli-Q-water. Repeat step 10 and 11 three
times and concentrate the final solution to 1 ml or 3mL. Note that for a 180mL
reaction, when resuspending in 3mL of mili-Qwater the gold suspension is 4 times
more concentrated than resuspending the 14mL reaction in 1mL (This is very
important for the magnetization calculations).

FIGURE 2.11 — pNIPMAM coating of AuNRs set-up. On the left, the polymerization is ongoing.
In the first 30 min the suspension should change from transparent to this strawberry milkshake color. In
the middle, a picture of 2 batches after polymerization. It is also possible to observe the reflux column
in the middle neck, the Ny flow connected with a Pasteur pipette on the right neck and on the left neck
I connected a syringe tip through the silicon cap to allow the regulation of pressure. On the right, a
zoom-in picture of the reaction suspension once the reaction is over.

2.7.4 Magnetization

This protocol was adapted from [62]. To calculate the AuNRs concentration obtained
in the end of the synthesis, the suspension was dried and weighted. For a batch of 15mL,
20mg of AuNRs were synthesised. From this, the molar concentration was calculated
using Equation [I] and it was estimated that with the protocol presented in this thesis one
produces approximately 6.8x1072M. In the case of larger volume batch, where the gold is
re suspended in 3 mL, the final concentration is 4 times higher (27.2x1073M)

om
- Muw.V

(1)

where C is molar concentration in M (mol.L ™!, m the mass in g, Mw the molecular weight
in g.mol™! and V the volume in L.

As explained before, the magnetization is done in a 2 step reaction, where a Platinum
is grown on the gold surface to promote Ni reduction and deposition in the presence of
hydrazine and the molar ratios Au0/ PtII/ Nill are kept as unity.

The calculations presented next are for the highest concentration suspension (27.2x1072M).
For 22.4 pmoles of AuNR :

Platinum coating
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2.7 Detailed protocols

1. Prepare 40mL of a 0.1 M CTAB solution.

2. Add approximately 0.827 mL (22.4umoles) of the coated AuNR suspension to the
CTAB solution.

3. Add 22.4 pmoles of KyPtCly. Prepare 0.071M of a KoPtCly solution and from this
add 314 nL to the CTAB solution.

4. Sonicate for 30 minutes.
5. Add 628 pL of 0.1 M ascorbic acid mix it for 1-2 minutes.

6. Incubate in a hot oil bath at 40° C for 12h (overnight up to 15h). There should be
a color change from clay-like red to dark purple-black.

7. Remove the solution from the heat and allow it to cool down at room temperature.
Centrifuge at 5000rcf for 10 minutes at room temperature (20-25°C), three times.

8. Remove the supernatant and resuspend the particles in 24mL of 0.1M CTAB so-
lution.

Nickel Coating

1. Prepare 34.8 mL of mili-Qwater.

2. Add 22.4 pmoles of Ni. Prepare a solution of 0.25 M NiCl, and add 89.6 uL. form
this solution to the mili-Q-water.

3. Add 716 pL of 2.5 M hydrazine to the solution.
4. Add the 24 mL of Pt coated AuNRs suspension.

5. Incubate the suspension in a hot oil bath at 40 °C for 150 minutes. Once again,
there should be a color change from dark purple-black to black.

6. remove the solution from the heat and allow it to cool down at room temperature.
Centrifuge at 5000rcf for 10 minutes at room temperature (20-25°C), three times.

7. Remove the supernatant and resuspend the particles in 4mL of mili-Q-Water. Store
in the fridge at 4°C. Keep in mind the particles will oxidize over time and loose
magnetization.

8. To test if the Ni coating was successful, held a magnet to the suspension and wait
10 to 30 min. The particles should agglomerate next to the magnet.

2.7.5 Particles characterization

Several techniques were used to characterize the morphology and structure as well as
thermal and optical properties of the nOMAs. Transmission electron microscopy (TEM)
and scanning TEM with EDX (STEM-EDX) were used to directly measure the overall
size and do the elemental mapping of the nanoparticles, respectively. The TEM micro-
scope Tecnai Osiris, FEI, was operated with a voltage of 200 kV. UV-vis measurements
were performed with the V-670 UV—vis—NIR spectrophotometer (Jasco) to measure the
absorption of the nanoactuators in a temperature range from 20-70°C and wavelengths
from 400 to 1000nm. Dynamic light scattering (DLS) measurements were performed using
a Malvern Zetasizer Nano, to measure the hydrodynamic diameter of the polymer coated
nanoparticles at different temperatures. Twelve measurements were taken for each tem-
perature point from three different samples. [46]
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2.7 Detailed protocols

2.7.6 Sample preparation for TEM imaging

For the visualization of the pNIPMAM coated particles (magnetic and non-magnetic)
with TEM, a negative staining was performed with 2% of uracil acetate as follows :

I A R

Discharge the carbon grid with a Discharge glow for 30s to allow the grid to become
hydrophilic. After treatment, we have 1h to work on the sample.

Dilute 50 times the AuNR suspension.

On a piece of parafilm put a 15nL droplet of the diluted suspension.

Put the TEM grid on the droplet with the carbon facing down, for 2 min.
Put the carbon gird on DI water (our buffer) to wash.

Put a 151l drop of the uracil acetate on the parafilm.

Pick the grid and blot it in a filter paper. After put the grid on the top of the
droplet for 15s.

8. Remove the grid gently and blot it in the filter paper to remove the excess of stain.

9. Let it evaporate at room temperature. You can out the grid under light to make

the evaporation process faster.
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3 Top-down and bottom-up as-
sembly of microactuators from
optomechanical nanoactuators
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3.1 Introduction

3.1 Introduction

One of the main objectives of this thesis is to develop techniques to fabricate cell-sized
actuators. Increasing the size must scale up the forces provided by the nanoactuators,
from pN to nN, without sacrificing their rapid response. Compared to bulk hydrogels,
colloidal assembly of nanogels leads to faster transport of water during swelling and des-
welling phases [59]. Furthermore, colloidal assembly ensures a homogeneous distribution
of gold nanorods, which is important for uniform heating and contraction.

In this chapter, I describe a number of techniques that we developed for the assem-
bly of optomechanical microactuators (uOMAs). Figure shows a schematic overview.
The first technique is based on the formation of droplet-based templates in which the na-
noactuators self-assemble into spherical microactuators. The second technique is based on
conventional printing where an actuatable ink is formed by mixing the nanoactuators with
a nanoporous polymer solution. The third technique relies on thermocapillary forces and a
chemical reaction that takes place at the surface of the nanoactuators. The first and third
technique provide the optimal mechanical power as the assembled microactuator is com-
posed purely of nanoactuators with a maximum packing ratio. The second technique, on
the other hand, is more versatile in terms of controlling the geometry of the microactuator.

VO &

Molding of assemblies

Nanocomposites extrusion

In situ self-assembly

FIGURE 3.1 — Overview of the microacturators’ assembly techniques explored in this
work. a. Schematic representation of the molding process of nOMA. b. Casting and 3D printing of
nanocomposites. c. Directed in situ self-assembly.
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3.2 Template-assisted assembly of microactuators

3.2 Template-assisted assembly of microactuators

The coupling between adjacent nOMAs must be strong enough to effectively transmit
the force and sustain the connectivity during multiple deformation cycles. An amine—aldehyde
condensation reaction was used to covalently link the nOMAs and assemble microactua-
tors in the desired form. The molecule glutaraldehyde acts as a linker between amine
groups by utilizing two available reaction sites (Figure ) [55, 59]. Mixing amine func-
tionalized nOMAs with glutaraldehyde and heating the solution overnight at 65°C led to
the assembly of thin-film nOMAs with random shapes Figure [3.2b. The surface of these
films was investigated using in-liquid atomic force microscopy and the topography images
revealed close-packed layers of colloidal nanoactuators forming a porous network Figure

[45].
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FIGURE 3.2 — Colloidal assembly. a. Schematic representation of the multifunctional nOMA and
the assembly process. The nOMAs are crosslinked with glutaraldehyde through the amine groups, at
65°C. b. Representative image of randomly shaped mOMAs, that formed a sheet. The red scare outlines
the area of laser actuation. Scale bar, 50 um c.Topography scan of a representative self-assembled sheet
using in-liquid atomic force microscopy. Scale bar, 1 pm [45].

A systematic characterization of actuator performance and streamlined prototyping
of micromachinery requires high throughput, monodisperse and repeatable synthesis of
wOMAs with well defined properties. Spherical pfOMAs were fabricated using a micro-
fluidic approach based on the break-off process of droplets in two-phase flows at a T-
junction.[64] An aqueous solution of nOMAs and glutaraldehyde forms the discontinuous
phase while the continuous phase comprises the surfactant and oil mixture (Figure )
The emulsion was collected and heated overnight to facilitate the crosslinking process.
Colloidal suspensions are not very stable at high temperatures but our reaction requires
an overnight incubation at 65°C. After several trials, fluorinated oil and fluorinated sur-
factants were found to be the optimal choice. Consistent with the structure of the films,
we observe a close-packed arrangement of nOMAs, while the interstices between the par-
ticles form a scaffold with uniform pores (Figure [3.3p). In-liquid AFM measurements on
fully swollen samples showed that the elastic modulus of actuators was 4.8 + 2.1 kPa (n
= 15) at room temperature.[45]

For a microfluidic channel with width w, flow rates for the continuous Q..,: and dis-
continuous phase Qg;s, the size of the droplet 1 is given by [64] :

[ Qdis
— = 2.3389
w Qcont

+0.7843 (2)
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3.2 Template-assisted assembly of microactuators

The microfluidic process resulted in a monodisperse suspension with less than 10%
variation in size. uOMAs with diameters ranging from 5 £ 0.4 pm to 50 + 4.7 pm were
fabricated by tuning the channel size and flow rates (Figure )

Spherical colloidal assembly

nOMAs l
suspension| . 2% @
’ e (e (J
et l”; CACYS
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FIGURE 3.3 — Microfluidic assisted colloidal assembly. a. Right : Schematic illustration of
the T-shaped microfluidic template-assisted self-assembly process of spherical microactuators. Left : Re-
presentative example of the T-junction microfluidic channel. Scale bar : 100um. Continuous phase is
composed of the fluorinated oil and fluorinated surfactant, and the discontinuous phase is the mOMAs
aqueous suspension with the cross-linker glutaraldehyde. b. A cross-sectional cryo-SEM image of a re-
presentative microactuator. Scale bar, 2 pm. c¢. Monodisperse suspension of microspheres after overnight
(ON) cross-linking and purification. Scale bar : 100um [45].

In order to produce larger microactuators, a different microfluidic chip was used, This
device works due to a hydrodynamic flow focusing phenomenon (Figure ) wOMAS
with diameters ranging from 80 to 200 um were fabricated by tuning the flow rates (Figure

3.4b).

FIGURE 3.4 — Second version of Microfluidic assisted colloidal assembly. a. Right : Schematic
illustration of the flow focusing microfluidic colloidal assembly process. An aqueous solution of nOMAs
and crosslinker forms the discontinuous phase while the continuous phase comprises the surfactant and
oil mixture. The emulsion was collected and heated overnight to facilitate the crosslinking process. Left :
Representative example of the focused flow microfluidic channel. b. Representative example of a large
microactuator (approximately 150 pm). Scale bar, 100 pm [65].

3.2.1 Characterization of contraction and relaxation kinetics

To study the dynamics of contraction and relaxation of the yOMAs, a NIR laser was
coupled to an inverted fluorescence microscope. A LabView program modulates the fre-
quency, duration, and intensity of the laser exposure through a digital to analog converter
(DAC) board. A Matlab script was used to automatically calculate the area from each
recorded frame.
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3.2 Template-assisted assembly of microactuators

The spherical pfOMAs were highly responsive to NIR excitation and exhibited drastic
deformation upon exposure, as shown in Figure [3.5h. Deformation was monitored by
measuring the actuation strain, e, which is defined as percentage change in radius, R,
normalized with respect to the initial radius,Ry, (Figure , equation . [45]

Ry— R
(%) = OR x 100 (3)

0

The contraction phase can be divided into two periods, one representing the fast de-
crease in actuator size generating up to 20% strain in tens of milliseconds followed by a
significantly slower period that would gradually stabilize the length within minutes. Pulse
width modulation revealed that contraction was very fast as expected and predominantly
completed within the first 60-80 ms of actuation at 1.4 mW of laser power (Figure )
Approximately 50% of the steady-state level was reached within the first 25 ms of actua-
tion while exceeding 70% required another 25 ms of exposure. [45]

In conventional bulk hydrogel actuators, the time, t, to swell is determined by the
polymer relaxation time, 7, which characterizes the increase of size in time.[66] The size
of pOMAs followed a similar temporal evolution and increased exponentially with time
during the relaxation phase until the polymer went back to its original state (Figure ,

equation .

y=Aesp(~2) )

From the data, we obtained 7 values ranging from 0.4 to 2.6 seconds as a function of
the original pOMAs size (Figure ) The linear relationship between the cross-sectional
area of the actuator and the corresponding relaxation time suggests that relaxation was
controlled by diffusion, D (equation .

R

=75 (5)
The diffusion coefficient for our colloidal scaffold was estimated as 675 pm?2s~! which
is approximately two orders of magnitude higher than bulk pNIPMAM hydrogels. [67]
Faster actuation kinetics can be achieved by sacrificing actuation strain. We modulated
the frequency of 50 ms laser pulses and recorded the time varying response (Figure )
At low frequencies, the actuator could reach 65-70% of the maximum actuation strain
and had time to relax back to the fully swollen state. The amplitude of the strain decrea-
sed with increasing frequency, which corresponds to 12% strain at 2 Hz and 8% strain
at 4 Hz. At frequencies above 8 Hz, the strain shows less than 2% deviation with res-
pect to the baseline over time. Compared to continuous exposure, driving the actuator
at high frequencies would generate a comparable strain with higher power efficiency. The
actuation strain can be directed to follow an arbitrarily shaped waveform provided that
the duration of signal is slow enough not to interfere with the natural contraction and

relaxation kinetics.

Regarding the larger pbeads, they also exhibited a significant deformation upon laser
exposure, as shown in Figure [3.6h. The actuation was highly reversible and could be sus-
tained for at least 10* cycles. Deformation was also monitored by measuring the actuation
strain, ¢ (Figure [3.6b) and the maximum strain was recorded as 254+2.75 % (n = 50) for
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FIGURE 3.5 — Characterization of the contraction and relaxation kinetics. a. Representative
example showing the fully contracted state of a microactuator upon NIR illumination. The laser power
was set to 1.4 mW. Scale bar, 10 pm. b. Schematic description of actuation process and measurement of
strain (¢). Rg refers to the initial radius of the microactuator at the fully swollen state and R represents
time-varying radius upon laser illumination. c. Actuation strain over time for varying pulse durations. All
measurements were done at 1 Hz pulse frequency with 1.6 mW laser power. d. Actuation strain versus
time plot for a single contraction—relaxation cycle. An exponential fit to the relaxation curve characterizes
the relaxation constant. The lower graph shows the laser input over time. e. Relaxation time constant
(1) with respect to the square of radius in the fully swollen state. f. Microactuator performance is plotted
over time for different actuation frequencies. All measurements were done at 100 ms pulse width with 1.6
mW laser power [45].

200 pm pOMAs at 15 mW laser power (measured on the microscope stage). When com-
paring larger with smaller beads we concluded that the duration of the relaxation phase
changes depending on the size of the actuator. For example, nOMAs complete the full
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3.2 Template-assisted assembly of microactuators

actuation cycle at the maximum strain within 10 msec but the pfOMAs that are 100-200
pm in diameter completed the full actuation cycle at the maximum strain within 8 to 15
sec.
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FIGURE 3.6 — Characterization of the contraction and relaxation kinetics of the larger
1wOMASs. a. A representative example showing the fully contracted state of a fOMA upon NIR illumi-
nation. The laser power on the sample was adjusted to 10 mW. Scale bar, 100 ym. b. Actuation strain
versus time plot for a 15 mW NIR signal with 260 ms pulse duration at 0.4 Hz [65].

3.2.2 Fluorescent labelling of microactuators

As mentioned in Section 2.5, the pNIPMAM shell was decorated with amine and al-
kyne groups. Their presence in the surface of the nanoparticles and microassemblies opens
up a wide range of possibilites for coupling them to ECM proteins, cells, and fluorescent
molecules. It is possible to perform EDC or NHS-Ester chemistry in the presence of amine
groups to obtain amide linkages, which allows us to connect the actuators to receptor pro-
teins, fibronectin, and collagen type I ) The presence of alkyne groups on the polymer
surface permits further functionalization through click chemistry in the presence of azide-
functionalized molecules or peptides (Figure ) I labelled the microactuators with two
different fluorescent dies using either the NHS-Ester or click chemistry. In Figure [3.7d a
pOMA was labelled with the Alexa Fluor™647 NHS Ester (Succinimidyl Ester) and in
Figure another yfOMA was labelled with FAM-Azide through click chemistry. Please
see the detailed protocols in Section [3.2.4.5]

3.2.2.1 Formation of colloidosomes

Analogous to liposomes, which are aggregates of lipids that form a continuous shell,
colloidosomes are agglomerates of colloids. As a consequence of their porosity, colloido-
somes have been explored for biomedical, food and agricultural applications. Diffusion
through pores, rupture due to shear stress and swelling-shrinking upon exposure to a che-
mical stimuli are potential ways of delivering compounds [69, [70), [7T], [72]. Encapsulation of
molecules inside such a capsule would deliver nutrients and drugs in a controllable man-
ner. Colloidosomes have also been proposed to be used as microreactors [69, (70, [71, [73], [72].

Shah and co-workers reported the synthesis of colloidosomes from pNIPAM microgels

with an average diameter of 750 nm via flow-focusing microfluidics [55]. The pNIPAM
shells keep their thermoresponsive properties, which has been exploited for wirelessly
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FIGURE 3.7 — Surface functionalization of the actuators with fluorophores. a. Schematic
representation of the functional groups present on the surface of the nano and micro OMA. b. Schematic
illustration of possible reactions with the amine groups for surface functionalization, resulting in secondary
and tertiary amine linkages or amide bonds. c. Schematic illustration of click chemistry with the alkyne
group. d. A representative example showing a microactuator labelled with Alexa Fluor 647 NHS Ester.

e. A representative example showing a colloidosome labelled with FAM-azide 488. On the left the bottom
of the colloidosome and on the right a plane in the middle. Scale bars : 20 ym [68].

controlled drug delivery [74]. As a preliminary study, I formed microactuators from nO-
MAs with an average diameter of 965 nm and 760 nm using the T-junction microfluidic
device. The nanoactuators assembled as colloidosomes, which was observable in bright-
field images (Figure . While the preliminary results have shown the feasibility, further
experiments are needed to optimize the fabrication process [47]. Due to time constraints,
we could not move this work further.
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3.2 Template-assisted assembly of microactuators

FIGURE 3.8 — Colloidosomes. Representative examples of two colloidosomes. Scale bar 10um.

3.2.3 Conclusions

The pOMAs show outstanding performance with respect to the achievable maximum
actuation strain (30%) and fast contraction-relaxation kinetics (in the order of millise-
conds). The colloidal assembly of nOMAs into spherical ©fOMAs speeds the diffusion of
fluid by forming a porous network with a diffusion coefficient of 675 ym?2.s~!. Further-
more, the enhanced kinetics are achieved without significant loss in mechanical strength
as the Young’s modulus of pOMAs (4.8 + 2.1 kPa) is comparable to the stiffness of bulk
hydrogels.

3.2.4 Detailed protocols
3.2.4.1 Materials

All reagents were purchased from Sigma Aldrich and used as received, unless other-
wise stated : glutaraldehyde solution (50% in water); 1H,1H,2H,2H-perfluoro- 1-octanol
(PFO, 97%) ; 2-Hydroxy-2-methylpropiophenone (DAROCUR), and polydimethylsiloxane
(PDMS) SYLGARD 184 kit. Novec 7500 engineered fluid, the fluorinated oil, was pur-
chased from 3M. The surfactant Pico-Surf was acquired from Dolomite Microfluidics.

3.2.4.2 Fabrication of microfluidic channels

The devices were designed with the program Klayout. The wafers were prepared in the
clean room by our colleague Murat Kaynak. The microfluidic devices are made of PDMS,
using the Sylgard 184 Silicone Elastomer Kit as follows :

Mix for several minutes the elastomer and the curing agent with a ratio of 10 :1.
Desiccate as long as necessary until all bubbles are gone.

Pour the PDMS onto the wafers

Desiccate as long as necessary.

Bake the PDMS in the oven at 65°C for at least 3h.

Once the PDMS is cured, remove it very carefully. To help add a small volume of
ethanol and use a tweezer, carefully, on the side of the mould.

AN el B e

7. With a biopsy punch (outer diameter 0.5mm), make the holes in the inlets and
outlet of the device.

8. Clean the devices with compressed Ny and with scotch tape.

9. Treat the surface of the glass slides and the microchannel with a High Frequency
Generator (BD-10A High Frequency Generator from Electro-Technic Products).
This will oxidase both surfaces and promote the bonding between the two surfaces
(equivalent to plasma treatment).
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3.2 Template-assisted assembly of microactuators

10. Press the microfluidic channels on the glass for the bonding.

11. To improve the bonding it is advised to leave the channels over night at 120°C.

3.2.4.3 Fabrication of microactuators

Self-assembled sheets and microactuators were fabricated by an amine—aldehyde conden-
sation reaction based on a reported protocol [55]. The stock of nOMA solution was concen-
trated to 16 mg.ml~! by centrifuging and re-dispersing in 20 % (v/v) glutaraldehyde in
milli-Qwater. The nOMA solution concentration was calculated based on the dry mass
of a batch of stock nOMA solution. This solution was heated overnight in an Eppendorf
tube at 65 °C to synthesize self-assembled sheets.

The spherical microactuators were fabricated using a T-junction or flow focusing mi-
crofluidic device and the NEMESYS low pressure microfluidic pump. The discontinuous
phase was the reaction solution described above while the continuous phase was a solution
of 2% (or 3% for bigger droplets in the case of the flow focusing devices) surfactant in
fluorinated oil. The resulting emulsion of spherical pfOMAs was broken with 20 % (v/v)
1H,1H,2H,2H-perfluoro-1-octanol (PFO) in fluorinated oil and washed three times with
ethanol to remove unreacted gluteraldehyde. The detailed protocol is as follows :

AuNRs suspension preparation (discontinuous phase) :

1. Centrifuge the coated AuNRs suspension at 15000 rpm, 4°C for 5 min.
Remove the supernantant.

Suspend in mili-Qwater (80% of the final volume).

For a homogeneous suspension sonicate for a couple of minutes.

Add Gluteraldehyde (20%V/V).

A

Oil preparation (Continuous phase) :
1. Fluorinated Oil (3m NoveC 7500 Engineered Fluid)
2. 2% (or 3% for big droplets) of 5% fluorinated surfactant (Picosurf)

Transfer the solutions to the syringes (1mL). In case of the T shape microfluidic chan-
nels, the AuNRs suspension flows perpendicular to the oil inlet and the outlet. One side
will be the inlet for the oil and the other the outlet for collecting the droplets. The droplets
are collected to a glass vial containing a small volume of the continuous phase solution.
After collection, seal the vials with parafilm and put them in the oven at 65°C over night
for the crosslinking reaction to occur.

After Over-Night reaction :
1. Add some mili-Qwater to the suspension ;

2. Then add an oil solution with 20% Perfluotooctanol (PFO) (total volume equal to
the water volume)

3. Vortex;
4. Wait 1 or 2 min for the phase separation to conclude;

5. When there is phase separation try to remove as much oil as possible.
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3.2 Template-assisted assembly of microactuators

6. Transfer the suspension to an Amicon Ultra filter tube 30K ;

7. Spin down to clean 3 to 4 times, and ressuspend each time with Ethanol (10min
at 20°C, 14000 rcf)

8. Spin down to clean 3 to 4 times, and ressuspend each time with mili-QWater (5min
at 20¢, 14000rcf)

9. Inverted filtration to collect the microspheres.

Important note : Before using the microfluidics, device pre-treat the channels with the
continuous phase for 10 min approximately, so the AuNRs suspension will not get sticky
to the walls.

3.2.4.4 Characterization of microactuators

The internal structure of the pOMAs was investigated using cryo-SEM (Nvision 40
Zeiss). Prior to imaging, an aqueous suspension of pOMAs was frozen in liquid Ns, frac-
tured, etched, and sputter coated (Baltec MED 020) and transferred to the SEM with a
cold chamber (Leica EM VCT100).

Imaging and force spectroscopy were all performed in liquid with NanoWizard 4a
Bioscience AFM (JPK Instruments). Imaging was done using qp-BioAC-CI-10 cantilevers
(Nanosensors) and CB2 tip with a measured stiffness of 0.099 N.m~!. Force spectroscopy
measurements were done with custom colloidal tip cantilevers at room temperature and
50°C with 15 minutes of settling time. Polystyrene microbeads (6 nm, Polysciences) were
dispersed onto a glass slide, dried and bound to cantilevers (HQ :CSC37, MikroMasch)
using a glue (M-Bond 610 adhesive Kit, SPI). The colloidal tip cantilever had a measured
stiffness of 0.374 N.m~!. Force curves were obtained on 16 microactuators and each inden-
tation was performed three times. Prior to both imaging and force spectroscopy, samples
were transferred to a sugar solution and pipetted on to poly-lysine pretreated plastic Petri
dishes to facilitate immobilization onto the surface. Each indentation measurement was
analyzed by JPK data processing software using the standard Young’s modulus calcula-
tion approach offered.

3.2.4.5 Fluorescent labelling

Fluorescent labelling through NHS-Ester chemistry :

250uL of a microsphere suspension in mili-Qwater was mixed with 100uL of 1M sodium
bicarbonate, NaHCOj3, and 1.25 uL of Alexa Fluor™647 NHS Ester (Succinimidyl Ester)
(ThermokFisher Scientific) stock solution and incubated for 2h at room temperature. The
reaction mixture was transferred to an Amicon Ultra 0.5 Centrifugal Filter Devices and
5 washing steps were done with the following washing solutions :

1. 375uL of 1M NaHCO3 mixed with 125uL of PBS
2. 250uL of 1M NaHCO3 mixed with 250uL of PBS
3. 125uL of 1M NaHCOg3 mixed with 375uL of PBS
4. 500uL of PBS
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5. 500uL of PBS

Store the beads at 4°.

Fluorescent labelling through Click-chemistry :

Protocol was adapted from [75]. Briefly, the microspheres were suspended in a 50uL
reaction solution containing 2.5uL of 30mM FAM-azide (5-isomer, Prod. D4130, Lumni-
probe) ; 2.5uLs of 10mM ascorbic acid (SIGMA ALDRICH); 5uL of 10mM Copper (II)-
TBTA complex (in 55%DMSO, Prod. 21050, Lubmiprobe) and 40 uL of 55%(v/v) DMSO
(in water). The suspension was incubated for 3h at 50°C. The microspheres were washed
3 times with ethanol by centrifugation for 2min and 14000rcf.

3.2.5 Experimental set-up and video processing

All experiments were performed using a Nikon Ti Eclipse motorized inverted micro-
scope and phase-contrast images were captured with an ORCA-Flash4.0 CMOS camera
(Hamamatsu). A 785 nm laser (Thorlabs) beam coupled through the FRAP unit provided
NIR illumination. The laser beam was guided through 10X or 20X objectives (Nikon) and
an NIR filter cube (Chroma). The videos were captured at full pixel resolution (2048 x
2048) with frame rates ranging from 33 fps to 200 fps depending on the requirement of
the experiment. A program based on an edge-detection algorithm in Matlab (Mathworks,
MA) was used to measure the size of fOMAs from time-lapse videos.

43



3.3 Casting and printing of nanocomposite microactuators

3.3 Casting and printing of nanocomposite microactuators

Bottom-up assembly provides powerful actuators but the design space is quite li-
mited. We asked whether we could use conventional top-down additive manufacturing
techniques to form pOMAs from nOMAs. Printing or casting relies on the synthesis of a
polymerizable ink. Incorporating a non-actuated material into the mix surely decreases
the mechanical force the actuator can generate but it may increase the actuation strain
with rational design of architecture. Furthermore, using biopolymers with viscoelastic or
shape-memory properties, more complex actuators can be developed. I explored two mate-
rials, alginate and polyacrylamide. Alginate is widely used for tissue engineering and drug
delivery applications. It does interface very well with biological tissues. Polyacrylamide
has linear elastic properties at small deformations, and therefore enable measurement
of forces. I postulated that forces can be applied and measured simultaneously using a
polyacrylamide-nanoactuator composite film.

3.3.1 Extrusion of fiber microactuators

In extrusion printing, pressurized nozzle pushes the ink to form continuous liquid fila-
ments that are solidified immediately or shortly after being ejected from the nozzle [76].
This technique is favorable for printing nanocomposite polymer solutions for two reasons.
First, extrusion is particularly suited for highly viscous inks and photopolymerization
would be quite challenging in our case due to the opacity of gold nanorod suspension.

Alginate is a natural anionic polymer composed of -D-mannuronate and a-L-guluro-
nate residues [77, [78]. Alginate can be gelled using various co-monomers, therefore, the
mechanical and chemical properties of the gel can be tuned. The two main methods to
crosslink alginate gels are based on ionic or covalent bonding. Ionic crosslinking is done
by the addition of a di-cation, most commonly Calcium (Ca®"), in the form of calcium
chloride (CaCly) salt. The high solubility of CaCl, in aqueous solutions results in a fast
and inhomogeneous polymerization that can be poorly controlled. To slow down the pro-
cess and increase homogeneity, calcium sulfate (CaSO,) or calcium carbonate (CaCOg)
could be used. Alternatively, phosphate buffers could be added to the solution or ambient
temperature could be decreased in order to reduce Ca®" reactivity [78]. Tonic crosslinking
brings two interesting properties. Calcium ions can be naturally replaced to dissolve algi-
nate and degrade the gel. Tonically crosslinked alginate exhibits plastic deformation under
stress. Upon mechanical loading, alginate gels relax as the ionic bonds dissociate and form
elsewhere and at the same time the water is expelled. Covalently crosslinked alginate does
not degrade in physiological solutions and does not display plastic deformation [7§].

The fiber microactuator consists of nOMAs physically entrapped inside ionically-
crosslinked nanoporous alginate gels (Figure . The nanocomposite was aspirated into
a glass micropipette using capillary action and subsequently gelled upon exposure to cal-
cium ions during extrusion.

3.3.1.1 Characterization of fiber microactuators

The extruded fibers were highly responsive to NIR excitation and exhibited large
deformation (Figure ), comparable to the levels reached by spherical fOMAs even
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3.3 Casting and printing of nanocomposite microactuators

FIGURE 3.9 — Extrusion of alginate composite fibers. Schematic illustration of the extrusion
process and content of the nanocomposite fiber pOMAs.

though the nOMA volume was significantly lower (~20%). The contraction kinetics also
resembled the performance of the spherical pOMAs, 80% of the steady-state level was
reached within the first 25 ms of actuation, as shown in Figure [3.10b. The actuation
strain, e, quantifies percent change in the thickness, T, normalized with respect to the
initial thickness, To, of the fiber (equation [6).

Ty —T

0

e(%) = x 100 (6)

By tuning the laser power and alginate concentration, we could reach up to 45% strain
with alginate-composite fibers. The relaxation, on the other hand, displayed a staged pro-
cess where a fast relaxation phase due to release of elastic energy was followed by a slower
diffusion process. The relaxation rate of the first stage during which the fiber regains 70%
of its original size was 0.5 seconds for 50 pum thick fibers. With these specifications, the
alginate-uOMAs composite fibers can deliver 10% strain at 2.5 Hz and 3% strain at 10

Hz [45].

0 5 10
Time (s)

FIGURE 3.10 — Alginate fibers actuation. a. Optical actuation of ane alginate composite fiber.
On the left a fiber on a relaxed state, and on the right a fiber contracted in the area of optical stimulation.
b. Actuation strain versus time plot for a single contraction-relaxation cycle. An exponential fit to the
first stage of the relaxation curve characterizes the relaxation constant [45].
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3.3 Casting and printing of nanocomposite microactuators

3.3.2 Casting of actuated polymer substrates

As an alternative strategy, we explored casting of the composite hydrogel in the form
of a thin film. The gel was polymerized between two solid surfaces, either between two
glass coverslips or between an agarose slab and a glass coverslip. The thickness of the
film was tuned with the volume of the suspension. Three different polymers were tested :
polyacrylamide (pAAm), alginate, and a mixture of alginate and pAAm.

Polyacrylamide-based composite :

Polyacrylamide gels are synthetic hydrogels with high water content composed of acry-
lamide monomers and the cross-linker bis-acrylamide [79, [80]. The material has a constant
storage modulus, therefore it is considered to be linearly elastic [81, 80]. The mechanical
properties (i.e., Young’s modulus) can be finely tuned by adjusting the composition. This
tunability and optical transparency make this hydrogel a good choice for traction force
microscopy [81], [77].

The nOMAs were physically entrapped in a pAAm gel by mixing them in the precur-
sor solution prior to gel polymerization. The detailed protocol can be found in Section
[3.3.4.3] Briefly, the nOMAs were concentrated through centrifugation and suspended in
the precursor solution with rigorous mixing and vortexing. Fluoresccent micropraticles
(1um) were also added to the precursor solution for quantifying deformation. Polyacry-
lamide was formed by the copolymerization of acrylamide (AAm) and bis-acrylamide
(BIS) while the polymerization reaction was initiated by ammonium persulfate (APS).
The reaction generates free radicals that convert the acrylamide monomers into radicals.
These radicals react with other monomers in a cascaded manner until two radicals meet
and the reaction terminates. The radicalization of APS was accelerated by the addition of
the catalyzer tetramethylenediamine, TEMED. The co-monomer BIS crosslinks randomly
to the elongating polymer chains, forming a gel with porosity and mechanical properties
dependent on the polymerization conditions and monomer concentrations [82].

As reported in several works [25] 27, 80, 82, 83], polyacrylamide stiffness can be finely
tuned by playing with total concentration of monomers, Cr, cross-linker to monomer ratio
concentration, C.oss—rinker and initiator concentration, C4pg, that are defined as

Cr(%) = mAAmV*T‘ MBIS o 100% (7)

and .
Ccross—linker(%) - BIS X 100% (8)

MAAm + MBS

where m 4 4,, is the mass of acrylamide, mpgrg the mass of bis-acrylamide and V1 the total
volume of the precursor solution.

In this work I kept C,poss—tinker constant at 3.25% and formed composites from a pre-
cursor solution with Cr of 7.9% in order to tune the stiffness of the gel to 1 kPa. The
different initial conditions used in this study are summarized in Table |8 PBS was added
to gels to avoid dehydration.
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3.3 Casting and printing of nanocomposite microactuators

nOMAs concentration H Thickness H Polymerization conditions
1 mg/mL 50 pm Room Temperature
2 mg/mL 100 pm 65°C
4 mg/mL 150 pm wait 20min
8 mg/mL 200 pm wait 1h
300 pm

TABLE 8 — Summary of all the conditions tested for pAAM-based composites polymeri-
zation.

The maximum deformation of the gel under NIR illumination was quantified through
the displacement of the fluorescent particles. The preliminary results showed that gels that
contained 1 to 2 mg/mL nOMAs did not react to the laser. Notably, when the concen-
tration was increased to 8 mg/mL, the deformation was quite small, which could be due
to limited penetration of laser light. Gels with 4 mg/mL nOMAS showed the highest
deformation (up to 10 pm).

Alginate-based composite :

We formed thin films of alginate nanocomposite on agarose by squeezing the suspen-
sion with a coverslip. Different concentrations of both alginate (0.1, 0.5, and 1%) and
calcium chloride (1, 5, and 10 mM) were tested to determine the optimal parameters
that would lead to largest actuation strain upon laser stimulation. As in the pAAm gels,
performance was quantified by the displacement of the entrapped fluorescent particles.
The nOMASs concentration was maintained at 4 mg/mL since this concentration worked
best with the pAAm gels. Gels formed with 1 mM CaCl, and 0.5% alginate showed the
greatest deformation under optical stimulation (up to 56um).

Polyacrylamide + alginate composite :

Alginate gels deformed significantly more than polyacrylamide gels. However, they
were brittle and cracked upon repeated actuation. To improve the mechanical properties,
I decided to mix these two polymers. Previous work has shown that highly stretchable
and tough hydrogels can be formed by mixing these two compounds [84, [85]. In the pre-
sence of alginate, in addition to covalent bonding between AAm monomers and BIS, the
carboxylic group of alginate also binds to the amide groups of acrylamide. Once pAAm
was crosslinked, CaCl, was added to promote the ionic cross-linking of alginate. Alginate
concentration (0.5 and 1%), gel thickness (100, 150, and 300 pm) and nOMAs content
(4, 8, and 16 mg/mL) were modulated. 1% alginate, 8 mg/mL nOMAs, and 150 m thick
gels displayed the maximum displacement, up to 50.56 ym. The gel was quite tough and
we did not observe cracks even if we transported the film to another substrate. Further
experiments must be done to improve the composition and polymerization conditions. All
deformation analysis was done on 2D due to the restrictions in imaging. Displacement of
particles in the thickness direciton must be analyzed to better understand the mechanical
response of the substrates.
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3.3 Casting and printing of nanocomposite microactuators

3.3.3 Conclusions

The mechanical and geometric properties of the actuators became tunable with the
incorporation of alginate. The performance can be further improved with the reinforce-
ment of the architecture using fibrillar proteins such as collagen or cellulose. With proper
physical or chemical coupling to nOMAs, any soft hydrogel can serve as the matrix. Preli-
minary results show that the reinforcement of alginate with pAAm made the gels tougher
and easier to manipulate. This flexibility in polymer choice may facilitate mechanochemi-
cal interfacing of actuated matter with biological samples.

3.3.4 Detailed protocols
3.3.4.1 Materials

All reagents were purchased from Sigma Aldrich and used as received, unless other-
wise stated : Sodium alginate from brown algae ; Calcium Chloride (CaCly, >93.0 %) ;10M
Tris-buffer (supplied by EPFL) ; acrylamide (AAm), N’-N’-methylenebisacrylamide (Bis) ;
ammonium persulfate (APS), N'-trytmethylethylenediamine (TEMED) and agarose.

3.3.4.2 Synthesis of alginate-composite fibers

The nanocomposite fiber actuators were fabricated by dispersing 40 mg.mL~ nOMAs
in 1 % (v/v) sodium alginate in milli-Q water. The nanocomposite was transferred into
a glass microcapillary by capillary forces and subsequently immersed in a 10 mM CaCl,
solution for 12 h to allow Ca?* to diffuse in. The crosslinked fiber was extruded from the
capillary using a pressure dispenser.

3.3.4.3 Synthesis of Polyacrylamide-composite films

For polyacrylamide gels preparation, stock solutions were prepared in advanced. APS
is prepared fresh before each use.

Stock solutions in 10mM Tris-buffer :
e [AAm|=0.5312g/mL (40%w /w)
e [BIS|= 0.02646g/mL (2%w/w)
e [APS]= 0.5mg/mL (0.05% w/v)

For 1kPa, 1mL (C;=7.9%; Cross—tinker—3-25%) :
e mp;g —0.00257g -> V=0.0971mL=97.1uL
® my4,—0.07643g-> V=0.1438mL=143.8uL
e Vaps =0.6mL (0.03%w/v)
L vTrilemM:158:uL

Gel preparation :

1. Centrifuge the coated nOMAs suspension at 15000 rpm, 4°C for 5 min, to obtain
the desired concentration.
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3.3 Casting and printing of nanocomposite microactuators

Remove the supernatant.

Suspend in the precursor solution.

For a homogeneous suspension sonicate for a couple of minutes.
Add 0.6% w/v of fluorescent microparticles.

Sonicate again a couple of minutes.

Put the suspension on ice to slow down polymerization.

Add 0.4%v /v TEMED.

Add the desired volume in between to glass slides or cover-slips.

Wait 1h at room temperature and then add PBS.

© PN Ot N

,_.
e

If it is intended to attach the pAAm to the glass-bottom surface, the glass can be
functionalized in advance with amine groups.

3.3.4.4 Synthesis of alginate-composite films

Alginate composites were prepared in a simillar manner as the fibers.

For the agarose gels, the calcium chloride was added to the agarose solution before
polymerization, and then put in the oven to polymerize.

3.3.4.5 Synthesis of Polyacrylamide-alginate-composite films

For the 2-layer gels, first pAAM was polymerize with calcium chloride in the precursor
solution, and then alginate was polymerized on top.

For pAAm-alginate mixture, sodium alginate was added to the pAAm precursor so-

lution. pAAm was polymerized as described before and then a calcium chloride solution
was added on the gel.

3.3.4.6 Experimental set-up

Same as in section [3.2.5]
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3.4 In situ-self-assembly of microactuators

Controllable in situ assembly of microscopic machinery from nanoscale actuators ca-
pable of transducing electromagnetic radiation into mechanical work has potential to
revolutionize microrobotics and minimally invasive medicine [86, 87]. With the realiza-
tion of such technology, we can envision injection of a suspension of nanoactuators that
are instructed to form devices with desired architecture and functionality at the target
location. Previous work has shown that valves, mixers, [88, [89, O0] and mobile mani-
pulators [63], 01, ©92], 03] can be temporarily assembled within microfluidic environments
from magnetic microparticles. Low-strength homogeneous magnetic fields simultaneously
coordinate the assembly process and power the assembled microactuators [94, O5]. As a
step forward, utilizing advanced additive manufacturing techniques and dielectrophoretic
interactions between structures have recently enabled hierarchical shape-encoded assem-
bly of more sophisticated mobile micromachines [96]. However, the performance of the
machinery forged by bottom-up assembly methods is far from that of the engineering
solutions brought by conventional top-down microfabrication techniques.

Animal muscle provides a great example for scalable hierarchical assembly of high per-
formance actuators from nanoscale actomyosin units. Macroscale robotic artificial muscles
already demonstrated the great potential in mimicking nature by providing large range
of motions in a compact body without the use of complex mechanisms [97]. The presen-
ted actuators, ranging from shape memory alloys to soft pneumatic devices, cannot be
miniaturized due to the reliance on electrical, mechanical, or fluidic tethers. Laser illumi-
nation provides a wireless alternative for powering microscale artificial muscle actuators
[45, O8], ©99], 100, 10T}, 102]. Notably, the combination of plasmonic photothermal effect
of gold nanoparticles with chemomechanical potential of stimuli responsive hydrogels en-
ables rapid, biocompatible, and efficient conversion of energy at nanoscale [45], 32} 60}, 103].
These properties are instrumental for the development of remotely powered biomedical
microrobotic systems. Previous work has also shown that gold nanoparticles generate ther-
mocapillary convection and thermophoretic effects upon laser illumination, and the loca-
lized forces can be utilized for bringing particles together in a spatiotemporally controlled
fashion [104], 105, 106], 107, 108, 109, T10]. Combining both magnetic and optical actua-
tion methods is the next frontier in the development of multifunctional smart microro-
botic systems [I11]. We postulated that colloidal systems comprising nanoscale plasmon
heat engines along with magnetic dipoles might simultaneously realize programmable self-
assembly and dexterous wireless micromanipulation.

In this section I report the synthesis, power and control methodology for direct-write

colloidal assembly of microactuators. The building block is a modified version of nOMA
that has a gold nanorod coated with platinum and nickel layers at its core.
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3.4 In situ-self-assembly of microactuators

3.4.1 Photothermal and magnetic assembly of mNAs

The synthesis of nOMAs with catalytic and magnetic properties Figure [3.1Th was re-
ported in sections [2.6| and where it was also shown their responsiveness to magnetic
fields. The overall directed colloidal assembly process is shown in Figure [3.11p. Rotating
magnetic fields program mNAs into transient clusters that discharge as soon as we turn
off the magnetic field. In contrast, photothermal assembly process produces permanent
assemblies that sustain physical attachment after the removal of the laser illumination.
Localized nanoscale heating leads to ultrafast hydrogel volume-phase transition that is
on the order of nanoseconds [112]. In our experiments, activation of mNAs at their LSPR
frequency generated a strong and steep thermal gradient inside the solution that led to
the formation of thermocapillary convection. Particles started to move with the flow from
cold to hot regions as prescribed by the location of the laser beam. Physical and chemi-
cal interactions among agglomerating mNAs resulted in irreversible attachment and the
formation of permanent microscale assemblies.

Transient Assembly

pNIPMAM § ’

|

FIGURE 3.11 — Photothermal and magnetic assembly of mNAs. a. A schematic representa-
tion of the multifunctional mMOMA (mNAs). b. Schematic representation of the programmable assembly
process. Left : Nanoactuator suspension on a glass slide. While magnetic manipulation drives reversible
assembly of mNAs into chains (top right), photothermal effects generated by NIR illumination form
permanent assemblies of mNAs (bottom right) [46].

3.4.2 Controlled in situ self-assembly and characterization of mNAs

Figure shows a sequence of time-lapse images taken from a representative movie
recorded during the in situ colloidal assembly of the soft microrobotic artificial muscle
(artificial pmuscle). Upon NIR exposure, mNAs that were inside the exposure area started
to serve as nanoscale heaters and contributed to the generation of directed thermocapillary
flows that brought more particles into the assembly site. The nucleation of the artificial
pmuscle started as soon as mNAs came sufficiently close to each other, which could be
detected from the phase change in the workspace. The delay between the activation of
the laser and beginning of the nucleation process depended on the laser power density.
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3.4 In situ-self-assembly of microactuators

We observed a delay of about 2.5 s at a power density of 5.5 yWum™2, whereas increasing
the power density to 7 uWpum~=2 reduced the delay to less than a second.

The growth rate, measured as area versus time, was controlled by the laser power
density, reaching as high as 93um?s~" at 7 yWum~=2 (Figure [3.12p). Once the size of the
assembly exceeds the illumination area, the part of the actuator that resides outside the
illumination area stops generating heat. In addition, at microscale, heat transfer takes
place quite rapidly. As a result, the temperature of the outer edge of the structure drops
below LCST of the hydrogel, which leads to local swelling. The resultant nonlinear ex-
pansion along with asymmetry in the convective flow prescribed the printing of actuators
in the form of filaments even though the laser beam was held stationary. The increase
in the size of the assembly due to swelling must be considered during the design pro-
cess. We generated streamlines by tracking 1 pum-diameter fluorescent polystyrene beads
in consecutive measurements to visualize the fluid flow, as shown in Figure [3.12c. The
thermal gradient was powerful enough to transport beads that were up to 360 pm away
from the laser spot at a power density of 5.6 yWyum™2. Particle image velocimetry (PIV)
showed that the flow velocity was maximum around the laser spot and decreased in the
radial direction (Figure ) The magnitude of instantaneous velocity was as high as
223 pm.s~! at a power density of 7 yW.um™2 and 70.7 um.s™! at 5.6 pWpum™2.

After the completion of the assembly phase, structures were resuspended in water to
study the actuation performance. They readily responded to low-intensity laser illumina-
tion (<4 pyW.um~?) and low-strength magnetic fields (<30 mT). Each nanogel undergoes
a volume-phase transition with plasmon heating that collectively led to rapid and control-
lable contraction of artificial gmuscle, as shown in Figure[3.12f. The amplitude, duration,
repetition, and loading rate of mechanical output of the actuator can be effectively control-
led by NIR pulse train. Deformation was monitored by measuring the actuation strain,
which was defined as percentage change in radius normalized with respect to the initial
radius (Figure ) To demonstrate frequency modulation, we applied optical signals
with a fixed pulse width of 100 ms at varying frequencies and recorded the contrac-
tion—relaxation cycles of the microactuator (Figure ) At low frequencies, artificial
pumuscle could reach 65-70% of the maximum actuation strain and had time to relax back
to the fully swollen state. With increasing frequency, structures went into a tetanus-like
state, where the gel did not have time to swell and stayed contracted. Likewise, adjusting
the input laser power for a given pulse width and signal period provided control over
actuator deformation through amplitude modulation (Figure ) The optical energy
density absorbed by the artificial ymuscle was estimated to be 3.06 x 1011 kJm™ (see

section [3.4.6.6] equation [9).

Spatiotemporally controlled laser illumination can assemble mNAs into artificial pmuscle
with arbitrary shapes. We instructed the mNAs to form a fiber-shaped artificial gmuscle
to demonstrate multiple degrees of freedom (DOF) actuation. The fiber behaved as a
bending actuator, and its curvature was actively and reversibly controlled by tuning the
location and power of NIR illumination (Figure 3.12]). The actuator was continuously
deformable without showing any signs of detachment or plastic deformation, presenting
unlimited DOF for robotic manipulation tasks. Laser writing of actuators can be done
sequentially by moving the laser beam as long as there are free mNAs in the workspace.
As an experimental demonstration, we fabricated an actuator in the form of a square
frame in four writing steps, as shown in Figure [3.12j. Controlling the thickness of the
frame was challenging specifically at the joints because elongated or repeated laser expo-
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FIGURE 3.12 — Controlled self-assembly and characterization of artificial ymuscle. a. Snap-
shots from a time-lapse movie showing the nucleation and growth of the actuator under NIR illumination.
Scale bar, 25um. b. Growth in area with respect to time under continuous NIR illumination at two dif-
ferent power densities. The growth rate was calculated using a linear fit. The slopes of the curves are
given by 92.949um?.s7! (R?=0.9761) and 33.637um?.s~* (R2=0.9539) for the optical power density of 7
and 5.54Wpm™2, respectively. c. Streamlines showing thermocapillary flows generated around the laser
spot. Scale bar, 100um. d. PIV showing the direction and magnitude of particle velocity. e. Representative
images showing optical actuation of a circular artificial gmuscle excited with 7uWum~2 NIR exposure.
Scale bar, 50um. f. Actuation strain, (%), is measured as percent change in radius. Ry denotes the
initial radius of the actuator at its fully swollen state. g. Actuation strain over time for various actua-
tion frequencies. Measurements were done at 100 ms pulse width with 7uWum~2 laser power density. h.
Actuation strain over time for different laser power densities. Measurements were done at 100ms pulse
width and 0.8Hz frequency. i. Selective NIR exposure leads to continuous control over the curvature of
the fiber-shaped artificial pmuscle. Scale bar, 25um. j. Printing of actuators with arbitrary shapes. In the
representative example, actuator with a square shape was formed by moving the laser beam. Scale bar,

50pm [46].
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3.4 In situ-self-assembly of microactuators

sure causes over-polymerization. As a result, printing parameters must be optimized for
a given shape. We probed the magnetic response of the assemblies through application of
magnetic torque. An artificial pmuscle with asymmetric shape was printed to be able to
demonstrate magnetic control of orientation and translation. The pmuscle oriented along
the direction of externally applied homogeneous magnetic field with field strength as low
as 10mT, and followed the rotating field up to 10Hz at 40mT before reaching step-out fre-
quency. In addition to orientation control, we demonstrated remote positioning of ymuscle
using magnetic field gradients.

3.4.3 Understanding the mechanism of permanent colloidal assembly

We performed a series of experiments to gain insight on the mechanism of the as-
sembly process. Surprisingly, nonmagnetic nanoactuators with only Au nanorod core did
not attach to each other, although they generated strong thermocapillary convection. We
hypothesized that the disappearance of permanent attachment may be explained by the
following effects : 1) extra metallic layers somehow provide the activation energy for a
chemical reaction or physical polymer entanglement ; and 2) magnetism plays an impor-
tant role in the binding process. The absorbance spectra of particles with varying metallic
coatings provided evidence for the first hypothesis (Figure ) With the deposition of
Pt and Ni layers, the signal flattened and the LSPR peak shifted toward the red end of the
spectrum by 23 and 72 nm, respectively [I13]. The broadening and damping effects are
expected to facilitate the generation of more heat at a given laser power density [114]. Not
surprisingly, PIV reported lower flow velocity around the illuminated area in the absence
of Pt—Ni coating. To probe the potential role of a chemical reaction, we checked whether
the amine groups presented on the surfaces of the mNAs are required for the assembly.
Notably, mNAs without amine groups did not attach to each other, while exchanging the
amine group with alkyne group sustained connectivity but with reduced cohesion.
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FIGURE 3.13 — Discovering the mechanism of permanent colloidal assembly. a. Normalized
UV-vis—NIR absorbance spectra for gold nanoparticles with different metal coatings. b. Cryo-SEM image
of the assembly. Nanorods show no indication of preferential alignment. Scale bar, 1um. c. A schematic
illustration of a nanoactuator (left) that consists of a gold nanorod coated with silver (Ag) and encapsu-
lated inside pNIPMAM hydrogel. STEM-EDX images (right) show distribution of the different elements
and verify the presence of Ag coating around the Au core. Scale bar, 30 nm [46].

We next explored whether magnetic interactions among mNAs led to attractive forces
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3.4 In situ-self-assembly of microactuators

that held the particles together. Nonmagnetic nanoactuators with Au-Pt core (without
Ni coating) also clicked to each other upon laser illumination. Furthermore, cryo-SEM
images of magnetic assemblies showed no evidence of alignment among the nanorods (Fi-
gure ) We concluded that magnetism did not play a major role in the laser-induced
assembly process. Finally, we checked whether Pt layer was indispensable for the catalysis
of a specific reaction. We deposited a silver layer on Au nanorod by reducing Ag salt,[115]
which was verified using microelemental EDX analysis (Figure ) Nanoactuators with
Au—Ag core also formed permanent assemblies under NIR exposure. The UV—vis spectro-
scopy showed that Ag and Pt coating resulted in similar absorbance spectra; thus, the
heat losses are expected to be comparable (Figure ) As a final test, we resuspen-
ded assemblies into acetone and applied gentle pipetting to check whether the particles
stayed together due to an unspecific adhesion process. The fact that they survived this
treatment reinforced the theory that mNAs attached to each other due to the covalent
cross-linking of amine groups, and this reaction required reaching a certain temperature
and /or catalytic activity that was achieved by the additional metal coating.

3.4.4 Experimental set-up

All experiments were performed on a motorized inverted microscope (Nikon Ti-Eclipse)
coupled with a 785 nm laser source (120mW, Thorlabs) that provided NIR illumination
(Figure ) The laser illumination was controlled with a custom LabView program.
For magnetic manipulation, a circular Halbach array, attached to a rotational stage and
optimized for uniform magnetic field, 40mT, was mounted on the inverted microscope (Fi-
gure and b). The rotation stage was controlled by a program written in MATLAB.
Images and videos were captured using an ORCA-Flash4.0 CMOS camera (Hamamatsu).
Videos were recorded with frame rates ranging from 33 to 100 fps depending on the ex-
perimental conditions.
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FIGURE 3.14 — Experimental set-up a. A schematic illustration showing key components of the
system. The NIR illumination is provided by a laser that is connected to the fluorescence recovery after
photobleaching (FRAP) module of the microscope via fiber optic cable. A Digital Micromirror Device
(DMD) projects UV light for the photopolymerization of the hydrogel structures. The motorized inverted
microscope has two turrets stacked on top of each other to enable simultaneous laser illumination and
fluorescence imaging. SOLA light source provides the illumination required for fluorescence imaging of
tracer particles. The environmental chamber around the system provides controlled temperature and
humidity during the experiments. The magnetic control system was mountedon top of the stage around
the sample. Rectangles colored cyan show the optical path. b. A picture of the experimental platform

[46].
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3.4.5 Conclusions

We harnessed laser power to accomplish three distinct goals : optofluidic transport and
manipulation of nanoactuators by thermocapillary convection, catalyzing a local reaction
for phase transition and permanent assembly of agglomerating nanoactuators into artifi-
cial pmuscle, and localized heating for fast hydrogel volume-phase transition and actua-
tion of the self-assembled artificial pmuscle. Methods that utilize hydrodynamic forces to
manipulate particles offer several advantages such as favorable force scaling, low power
requirement, and large workspace. Other optothermal effects such as thermophoresis have
been reported in the literature in the context of particle assembly [105, 116]. Thermo-
phoresis is not expected to play an important role in our manipulation protocol because,
when we repeated the experiments in closed chambers where evaporation cannot take
place, the particles showed very limited motion. Furthermore, both mNAs and fluorescent
polystyrene beads moved from cold to hot regions in our experiments and we do not have
charged surfactants in the solution. The colloidal assembly approach may be pushed to
the next level if, instead of photopolymerization, we could self-assemble mechanisms from
nanoscale building blocks. This concept may be realized by synthesizing thermally non-
responsive nanogels with gold nanorod core. Tuning the plasmon resonance frequency of
the active and passive components using nanorods with different aspect ratios will enable
coordinated assembly of mechanisms and actuators. Finally, the assembly process may
become reversible by the initiation of covalent bonds that can be enzymatically removed
or using DNA linkers [117].

Although the complexity of the shapes that can be achieved by laser writing is unpre-
cedented, the technique may not be suitable for in vivo applications where penetration
of NIR is an issue and Marangoni flows may not be generated effectively. In contrast,
magnetic fields are suitable for particle manipulation and powering actuators under these
conditions. The magnetic properties of the mNAs pave the way for the formation of dy-
namically stable morphologies using rotating and oscillating magnetic fields. The heat
that is required for chemically crosslinking the particles and driving the sol-gel transition
can be generated using radiofrequency (RF) oscillating magnetic fields. RF signals can
also be used for powering the self-assembled artificial gymuscle. Previous work has shown
that bulk thermoresponsive hydrogels fabricated from magnetic nanocomposites could be
actuated using magnetic hyperthermia [74, 118]. However, this strategy will come with an
important trade-off, the spatial resolution and frequency selective activation provided by
plasmon resonance heating will be lost. Intuitively, the resolution of printing depends on
the laser dose and the concentration of mNAs, and precise control over laser spot would
enable printing of structures with arbitrary complexity.
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3.4 In situ-self-assembly of microactuators

3.4.6 Detailed protocols
3.4.6.1 Materials

All reagents were purchased from Sigma Aldrich and used as received, unless other-
wise stated : hexadecyltrimethylammonium bromide (CTAB, 98%), silver nitrate (AgNO3,
99.0%), L-ascorbic acid (99.9%) and sodium hydroxide (NaOH, 10 M in H20).

3.4.6.2 Synthesis of nanoactuators

The synthesis of nonmagnetic and magnetic nanoactuators were described in section

27

The protocol for silver coating was adapted from previously published reports and
applies to pNIPMAM coated and non-coated AuNRs. [115], [119] Briefly, hydrogel coated
nanorods were resuspended in a 5 mL solution of 0.01 M CTAB and 0.1mM AgNO3 to
obtain a final gold concentration of 9.6x10~* M. The reaction solution was left undis-
turbed at room temperature for 1 min, and subsequently 100 pL of 0.1 M ascorbic acid
and 50 pl of 10 M NaOH solution were added. The solution was incubated for 3 h at
room temperature with vigorous stirring. Finally, the product was purified by repeated
centrifugation for 10 min at 3500 rcf at 10°C and resuspended in mili-Qwater.

Note : after adding NaOH there should be a color change from red to yellow.

3.4.6.3 Characterization of Nanoactuators and microactuators

Several techniques were used to characterize the morphology and structure as well as
thermal and optical properties of the materials. Transmission electron microscopy (TEM)
and scanning TEM with EDX (STEM-EDX) were used to directly measure the overall
size and elemental mapping of the nanoparticles, respectively. As described in section
the samples were prepared by depositing a 15 pL droplet of the nanoparticle suspen-
sion onto a carbon grid. The samples were dried at room temperature. TEM microscope
(Tecnai Osiris, FEI) was operated with a voltage of 200 kV. UV-vis measurements were
performed with V-670 UV-vis—NIR spectrophotometer (Jasco). The internal structure
of the microscale assemblies was visualized using cryo-SEM (Zeiss Gemini 500) with an
acceleration voltage of 5 kV, working distance of 9.6 nm, magnification of 14,260X, field
of view (FOV) of 8.016 pm, and an imaging mode with variable pressure and a detection
of electron backscatter diffraction (VP BSD).

3.4.6.4 Sample Preparation for Cryo-SEM imaging

The assemblies were encapsulated inside 10mM gelatin frozen -20°C and cut into small
cubes in the micrometer range. The gelatin cubes containing the samples were then trans-
ferred into 2M sucrose solution and kept chilled at 4°C overnight. The following day, the
cubes were placed on SEM holders and dipped into liquid nitrogen for rapid freezing.
The frozen samples were prepared for imaging using Leica EM ACE600, where they were
sublimated at -90°C for 10 min to remove impurities and subsequently coated with a 5 nm
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3.4 In situ-self-assembly of microactuators

layer of carbon at -150°C using sputtering. Focused ion beam (FIB) was used to remove
remaining impurities. Leica EM vacuum cryo manipulation was used for holder mounting.

3.4.6.5 Image processing

Fiji from ImageJ [120] was used to analyze images and some videos. To study the de-
formation properties of the assemblies, videos with 100 fps were obtained and processed
with a program based on edge-detection algorithm in MATLAB. [121] To study the flow
rate generated in our experiments, 1 um-diameter fluorescent particles were added to the
colloidal suspension and fluorescent imaging was performed while the laser was on. Videos
were recorded with high frame rate and processed in MATLAB with the PIV tool, [122]
and plotted with the plugin quiverc [123].

3.4.6.6 Calculation of energy density absorbed by the artificial ymuscle

The energy density absorbed by an artificial ymuscle, E, ., ysce, Was estimated using
the following equation. We assume that all the energy carried by the photons that reach
the surface of the gold nanoparticle is converted into thermal energy. This formulation
was deduced from Beer-Lambert’s law [112].

Plaser-(l - 5)2(1 — 1OEAUNR-Z.C)'t
E,umuscle =

(9)

where P, is the laser power measured on the glass slide, £ is the scattering coefficient
of IR window, €4,nr is the molar absorption coefficient of the AuNR, I is the optical
pathlength, ¢ is the molar concentration of the gold nanorods in the artificial pmuscle, t
is the laser exposure time, and o is the area of the laser beam.

o.l

Note that, for simplification, the contributions of the Pt and Ni layers were not consi-
dered. The molar concentration of particles in an artificial pmuscle was estimated with
the following equation :

! (10)
c=—"
Vinnva.Na

where V,,n4, is the volume of a single mNA and NA is the Avogadro number.

29






4 Development of soft robotic mi-
crodevices using projection li-
thography

61



4.1 Introduction

4.1 Introduction

Microscopic soft devices that can actively interrogate and precisely perturb the bio-
logical microenvironment through physical and chemical interactions can revolutionize
therapy and biomedical research [86] 124], [125]. Hydrogels have been serving as a platform
to provide spatial and temporal control over the release of various therapeutic agents
[126]. Through appropriately designed composition and structure, they can respond to
various biochemical and physical stimuli by showing conformational or optical changes
[127, 128]. High water content and tunable mechanical properties provide physical simi-
larity to biological matter, giving the hydrogels excellent biocompatibility and stability
[85]. A broad range of printing, folding, molding, and assembly methods are available
for forming complex 3D hydrogel mesostructures [76]. Although hydrogel microsystems
have shown the unique capability of operating autonomously as sensors and actuators
inside microfluidic devices, [129, 130] existing prototypes cannot perform complex me-
chanical functions with high dexterity and performance. Magnetically and acoustically
actuated hydrogel structures have shown great promise for utilizing mechanical power in
regenerative medicine [131], [132], 133, [134], 135] and building miniaturized untethered ma-
chinery [136, 137, 138, 139} 140, [141]. However, these scaffolds cannot achieve coordination
among multiple actuators, and the force and torque acting on the structures depend on
their volume which does not scale down favorably. Optical manipulation methods offer
high resolution [142] and enable biomimetic motions of photosensitive materials [101].
Yet, none of the existing formulations allow modular assembly and addressable actuation
of untethered hydrogel MEMS devices within microfluidic platforms, a technological de-
velopment that may become instrumental for mechanobiology [143], [144].

Skeletal muscle, the epitome of soft biological actuators, delivers tightly controlled
actuation with unmatched power to weight ratio across vast size scales. The hierarchical
architecture of muscle, from actomyosin motors to muscle bundles, provides scalability
without sacrificing functionality. Fascicles consist of bundles of elongated muscle fibers
surrounded by fibrous connective tissue, which together form a linear actuator optimi-
zed for force transmission. Artificial microactuators made out of nanoscale transducers
that exhibit similar hierarchical architecture may fill this technological gap in terms of
functionality and performance [145]. Although assembly methods are available to orga-
nize molecular motors based on nucleic acids, [1406, [147] proteins, [I48], 149] or synthetic
molecules [I50] into larger arrays, none of these constructs match physiologically relevant
spatiotemporal force and deformation regimes. Another important feature underlying the
spectacular performance of biological systems is the coordination among many speciali-
zed functional modules that are spatially arranged with the presence of a skeleton. The
skeleton not only supports the structure of the organism, but also stores and releases
energy in a controllable fashion. Inspired by these principles, we aim to physically couple
hierarchical assemblies of nanoactuators with rationally-designed compliant mechanisms
and develop modular soft robotic microdevices that can perform dexterous micromanipu-

lation (Figures and [4.2)).

Here we present an experimental framework for the fabrication of soft robotic micro-
devices that seamlessly compliments conventional microfluidics technology. The key idea
is to combine the rapid and efficient transduction of energy via the plasmonic photother-
mal effect at nanoscale [60), 109, 151, 152] with colloidal self-assembly [109] and spatially
modulated optofluidic [153] additive manufacturing processes at microscale. Individual
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FIGURE 4.1 — Inspiration, concept, and realization of bioinspired soft robotic actuators
and microdevices. a. The hierarchical sarcomere architecture within myofibrils is a great example from
nature motivating the bottom up assembly of microactuators for powering larger scale machines. b. We
utilized the superior efficiency of gold plasmonic nanotransducers by either directly linking nanoactuators
together using colloidal self-assembly or embedding them into soft biopolymers. ¢. A variety of soft robotic
microdevices are constructed by physically attaching microactuators to hydrogel mechanisms that are
directly photopolymerized around the actuators without additional assembly procedures [45].

FIGURE 4.2 — Concept of in situ development of bioinspired soft robotic actuators and
microdevices. I took advantage of the eletromagnetic and catalytic properties of the mNAs to to build
soft robotic devices wirelessly and in situ.

polymer coating around each gold nanorod ensures homogeneous distribution of nanoac-
tuators (nOMAs), thus preserving the performance of the microactuators (uOMAs) at
multiple scales. We built a maskless microscope projection photolithography system for
in situ sequential polymerization of hydrogel structures constituting monolithic compliant
mechanisms. Analytical models and finite element (FE) analysis provide effective rules for
designing complex machine components. Actively modulated NIR illumination enables re-
peatable and precise operation for the machinery.
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4.2 Design, production and characterization of compliant hydro-
gel mechanisms

Figure shows a schematic representation of the fabrication of structures using
in situ polymerization of a hydrogel monomer. We chose poly(ethylene glycol) diacrylate
(PEGDA) as the hydrogel for manufacturing the skeleton due to its tunable stiffness, ease
of polymerization, and temperature independent swelling properties. Rapid and control-
lable polymerization kinetics at the microscale permitted formation of structures with
feature sizes ranging from 10 pm to 500 pm in less than 100 ms. We first utilized actua-
tors as active hinges to control the rotation of a cantilever beam with respect to a fixed
base (Figure ) The rotational motion can be precisely controlled by tuning the power
and duration of NIR exposure. A 25% strain applied by the 40 um actuator rotated the
arm by 20°. Next, we polymerized a cantilever beam that has several pfOMAs on its side
(Figure ) Prior to polymerization, we brought pOMAs together using a micromani-
pulator. uOMAs were located with 3 um position error at their target locations within 20
s (depending on the initial and final locations) within a workspace of 400 x 400 m? using
teleoperation. NIR illumination selectively activated pfOMAs according to the pre-defined
pattern. The longitudinal tensile strain generated by the contraction of pfOMAs at each
segment is converted to reversible bending of the hydrogel beam. The beam behaves as
a bilayer bending actuator and the curvature can be actively controlled by tuning the
location and power of NIR stimulation. Selective activation of fOMAs led to varying
manipulator geometry that follows a continuous curvature kinematics, and the backbone
pose can be successfully captured by the FEM analysis (Figure ) The PEGDA struc-
tures were modeled as an elastic material as strains were in the linear elastic range. We
applied empirical yOMAs deformation values as boundary conditions in the model and
the elastic modulus was measured as 550 £ 120 kPa using in-liquid AFM indentation tests.
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FIGURE 4.3 — In situ fabrication of hydrogel mechanisms a. Schematic of the fabrication
methodology for building multibody microsystems. Digital maskless lithography inside microchannels
drives the polymerization of compliant mechanisms physically coupled to the actuators. b. The rotation
of a cantilever beam using a single yOMA serving as an active hinge. ¢. Demonstration of the control of
deformation of a microscale bending actuator using structured illumination. FEM analysis predicts the
deformation patterns. Scale bars, 50 ym [45].
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We built and tested a series of mechanisms actuated by a single fOMA that would
demonstrate the fundamental principles for the development of advanced machinery. We
constructed lever systems to gain control over the displacement by polymerizing an elastic
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beam with distributed compliance around the pOMA (Figure [£.4h). The contraction of
the pOMA moves the lever arms toward each other (flexion) while opening (extension)
is achieved with the removal of the actuator force due to the stored energy. The angle of
actuator insertion and the distance from the curved region to the point of force application
determine the angular displacement according to the following trigonometric formula :

efzzzan—wangi—-——) (11)

where AL is the deformation of the actuator, 1 is the distance from the hinge to the point
of force application, 6; is the initial angle and 6 is the final angle between the arms (see
Figure ) The final geometry of machines slightly deviates from the CAD drawings
due to the swelling of pfOMAs and the consequent extension of the associated flexible
parts upon submerging in water. In the case of lever systems, the angle between the arms
of the beam increases by 10° £ 2° depending on the initial design and the size of the
actuator. The experimental measurements were in accordance with the analytical calcu-
lations as shown in Figure [4.4k, and these results demonstrate that the transformation of
actuator deformation into arm closure can be controlled by the geometric design of the
lever system (see Figure and c).
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FIGURE 4.4 — In situ fabrication of hydrogel lever systems a. Lever system for controlling the
transmission of stress and strain with a transmission angle of 60°, with the artificial gymuscle in different
positions. Scale bar, 50 pgm. b. The schematic description of the geometrical design parameters in the
lever system. c. The change in the transmission angle 6y — 6; normalized with the initial value 6; for two
different lever arm designs. We compared two types of devices having the same transmission angle of 60°
and varying arm length 1 (type I : 100 nm and type II : 250 um) (in a.). Experimental measurements (n
= 8) are compared with the calculated values for the initial design parameters [45].

As an alternative approach, we fabricated levers with slender regions serving as single-
axis flexure hinges. Complex deformation patterns can be generated by increasing the
number of hinges and tuning the flexibility of connectors (Figure |4.5]).

We next constructed a cantilever system where the deformation was applied from one
side of the beam to characterize the force output of a single fOMA (Figure ) We
used linear bending theory and experimental measurements to link the measured canti-
lever deflection to the amount of force generated by the actuators. The bending modulus
of the beams was measured using a commercially available MEMS capacitive force sensor
(Figure [4.6). The modulus was found as 800 + 85 kPa (n = 8) from the slope of the
force-displacement curves (Figure ) The force applied by a 40 pum actuator at 20%
strain was 10.3 pN, which corresponds to a uniaxial compressive stress of 8.1 kPa. The
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FIGURE 4.5 — In situ fabrication of hydrogel compliant mechanisms with multiple mecha-
nical elements. a. The actuation of a lever arm with multiple flexure hinges. The position of the hinges
determines the overall deformation profile. b. A serial double spring mechanism. The springs deform in
response to actuator stress. c. A parallel spring arrangement. This configuration aids the deformation
along the pre-defined axis by eliminating out-of-axis movement. Scale bars, 100 ym [45].

mass of a single yfOMA is approximately 38.2 nanograms and the actuation speed is 500
pm.s~! during the initial contraction phase, which together provides a power-to-mass ra-
tio of 0.14 kW.kg~!. The maximum stress and relative stroke of engineered skeletal muscle
actuators were previously reported as 0.1-2 kPa and 0.01, respectively [154], 155, [156], 157].
Biohybrid actuators based on cardiomyocytes perform better with 10-30 kPa stress and
0.2-0.4 relative stroke [154]. Our results showed that the performance of optomechanical
1wOMASs is comparable to bioengineered actuators within a similar size range. Transmis-
sion of force and subsequent deformation can be concontrolled by installing passive elastic
elements in series or parallel with the pfOMAs (Figure . As a representative example,
the actuation is completely decoupled from the cantilever displacement due to the exten-

sibility of the engineered spring (Figures and [4.6b).

This platform can be used not only to build soft microdevices for mechanobiology
studies but also to study motion. In multicellular organisms, muscles are the source of
force and motion. In musculoskeletal system, muscle tissues transmit force to the bones to
generate movement. These mechanisms usually do not move in space but rotate around a
joint axis, where the muscle provides torque. Being our spherical actuator our synthetic
muscle, I tried to mimic the motion of spermatozoids, by playing with the size of the head
and the tail and the configuration of the tail, as shown in Figure [£.7] The examples here
are just proof of concept of the possible applications of our materials, since this was not
the main goal of this thesis.
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FIGURE 4.6 — Cantilever system and characterization of bending modulus a. A cantilever
system for measuring the force generated by a single actuator. cale bar, 50 pm b. A cantilever system
with a serial elastic spring connection. Spring deformation blocks force transmission to the cantilever.
Scale bar, 50 pm. c. The position of the MEMS based capacitive force sensor is controlled by a motorized
xyz micromanipulator while the position of the sample is controlled by the microscope stage. d. The base
of the cantilever device is polymerized directly around the PDMS micropillars using the digital maskless
lithography system. The pillars stabilize the base and keep it stationary during bending tests. Scale bar,
100 pm. e. Close-up of the cantilever beam and the tip of the sensor. Scale bar, 50 pm. f. Snapshots
from a representative microindentation experiment. Scale bar, 50 pym. g. A representative force versus
deflection curve. The slope of the linear fit is used for calculating the bending modulus [45].

FIGURE 4.7 — Development of soft robotic microprototypes to study locomotion a. Re-
presentative example of a spermatozoid like microrobot. Scale bar, 100 pm. b. Representative example
of a spermatozoid like microrobot with a tail with a flexible hinge that increases the its curvature when
actuated. Scale bar, 50 pm.
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4.3 Development and characterization of soft robotic microgrip-
pers

We applied our material system to demonstrate the development of dexterous bio-
manipulation tools for microscopic samples. With a slight change in the blueprint, levers
can be converted into an angular jaw microgripper that operates like a slider-rocker. In
this configuration, the gripper jaws are synchronously opened and closed around a central
pivot point, moving in an arching motion (Figure and b). Next, we integrated an
amplification mechanism by incorporating a second pair of cantilever beams connected to
both the fingers and the actuator unit (Figure ) This arrangement constraints the fin-
gers to follow a straight line, a feature that is known to improve accuracy of manipulation
and at the same time improved the degree of displacement (Figure ) FEM analysis of
the second generation microgrippers showed very good quantitative agreement for strain,
as shown in Figure [£.9c. A 10% strain applied by the 40 um actuator leads to full closure
of the fingers with the aid of the amplification mechanism. The amplification ratio and
stress distribution on the mechanism can be further improved by optimizing the design
(Figure 4.9p). The grippers can be operated for minutes under continuous NIR exposure
without showing any sign of fatigue (Figure and c).
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FIGURE 4.8 — Development of soft robotic microgrippers actuated by ©OMAs a. An angular
jaw gripper with rotating arms (Gripper 1). b. A more robust design for an angular jaw gripper (Gripper
2). c. The parallel jaw gripper (Gripper 3). d. Displacement for the different gripper designs. The parallel
jaw gripper shows the best performance. Scale bars, 100 pm [45].

] ] ]
Gripper1  Gripper2 Gripper 3

The mechanism shown in Figure was combined with a bridge-type flextensional
mechanism (Figure to develop the microgrippers shown in Figure that ope-
ned upon NIR exposure. Naturally closed configuration would allow holding samples and
application of a constant compressive stress for extended periods in the absence of ex-
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FIGURE 4.9 — FEM simulations and performance characterization of parallel jaw
pgrippers. a. FEM simulations of two alternative gripper designs. Changes in the link angles result
in significant variations in strain at the fingers and stress distribution in the skeleton. b. Long-term ac-
tivation of a microgripper device with the illustrated design. c. The tip displacement of the gripper is
plotted over time. The actuators can work robustly against the load for relatively long actuation periods.
The results were replicated for six different microgrippers [45].

ternal actuation. On top of that, these models can be used for transporting microscale
objects. Flextensional mechanisms provide control over the direction and amplitude of
displacement. The output displacement Ax as a function of input displacement Ay is
given by :

A = \/i2sin (9) — (Ay)? + 2L cos () Ay — Isin (0) (12)

An increase in the nominal hnkage angle # will decrease Ax. Another important pa-
rameter is the length of the linkage arms 1, the longer the arm is the larger the output
displacement. We fabricated four different prototypes by varying 6 and | (Figure —
d). The measured displacement of the mechanism was found to reasonably match that
predicted by the analytical equation and FE analysis (Figure ) It is also possible
to provide linear displacement in opposite directions by combining two flextensional me-
chanisms in different orientations, hence providing full control over translational motion.

(Figure [4.10[).

As a final step, I designed inverted grippers that open the arms upon contraction of
the actuator (Figure 4.11]). As mentioned, these models could be used for transporting mi-
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FIGURE 4.10 — Development of flextensional mechanisms a-c. Flextensional mechanisms with
different link angles (30° or 45°) and arm lengths (75 pm or 150 pm). c. The FEM analysis of a repre-
sentative example for a flextensional mechanism. d. Schematic illustration of the flextensional mechanism
denoting the input, output, and design parameters. e. The free displacement of the arm is plotted for
the different geometrical mechanism designs along with the simulation results and solutions of the ana-
lytical equations. f. Optical images of a stacked flextensional mechanism during actuation. The selective
activation of fOMAs results in forward and backward displacement at the tip. All scale bars, 50 ym [45].
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croscale objects. If magnetic nanoparticles are added to the skeleton, it will be possible to
wirelessly position the gripper, hence the object, to the final destination. The compliance
of the skeleton allows manipulation of biological samples with minimal risk of damage.
The dynamics of closure and opening of grippers can be controlled by modulating the
laser input or by controlling the elasticity of the material.

FIGURE 4.11 — Development of inverted soft robotic microgrippers actuated by pOMAs
a-c. Flextensional mechanism integrated into different designs of the gripping mechanism to convert
contraction of the actuator into extension of the arms. Scale bars, 100 pm [45].
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4.4 Investigating tissue mechanics in vitro using untethered soft
robotic microdevices

Recent advances in three-dimensional (3D) culture techniques revolutionized the bio-
mimicry of engineered mammalian tissues. These models enable testing of novel therapeu-
tic agents on human tissues, thus circumventing animal trials, and facilitate the discovery
of fundamental biological principles [I58|, 159, 160, 161]. Microfluidic technology and gene-
tic engineering have already become instrumental in revealing biochemical pathways that
play important role in the physiology and disease of engineered tissues [162], 163, [164]. To
match the precision and versatility of chemical and molecular manipulation techniques,
novel mechanical manipulation tools are required. Our understanding of cell mechanics du-
ring homeostasis and disease has been garnered from techniques that work on monolayers
[165]. These studies have shown that cellular state depends on sensing and transduction
of mechanical signals (i.e. mechanotransduction), which involve proteins and associated
pathways generating intracellular signaling that ultimately give rise to transcriptional pro-
gramming and changes in cell phenotype [166]. The shaping of tissues and maintenance
of their physiological activity involve the spatial and temporal regulation of mechanics at
multiple scales. Lack of tools hinder the development of the field because applying the
engineering methods that are optimized for planar substrates to 3D biological samples
poses major challenges.

Mechanical loading of in vitro tissues must be performed in a way that is compatible
with biochemical manipulation techniques and modern imaging modalities such as confo-
cal and two-photon microscopy. That is to say, robotic micromanipulation tools must
operate inside transparent chambers with well-defined chemical composition under phy-
siological pH, temperature, and humidity. Another important specification is maintaining
the natural microenvironment of the biological samples during testing as cells are exqui-
sitely sensitive to substrate topography and stiffness, as well as the type and density of
ligands presented on the surfaces. The end-effector that is in contact with the samples
must be compliant (modulus in the kPa range) with tunable surface chemistry. Finally,
considering the inevitable accumulation of proteins and other organics from the serum
and cell secretion on the machine parts, the device must be disposable.

Robotic manipulation based on traditional MEMS (microelectromechanical systems)
technology deliver fine control over deformation (nm to gm) while providing force measure-
ments with high resolution (nN to uN) [167, 168, 169, [170]. Recently, robotic manipulation
tools have been integrated with microfluidic chips for high-throughput automated testing
of 3D biological samples [I71], [172]. Although MEMS sensors are very sensitive and actua-
tors are precise, the technology is too expensive to be disposable, the end-effectors do not
interface well with biological tissues due to their relatively high stiffness and associated
electronics, and the design framework cannot be dynamically adapted to the configuration
of the specimen. From materials perspective, hydrogels are ideal for biomanipulation be-
cause their high water content and tunable chemistry provide excellent compatibility with
living matter [126], 173], 174]. Stimuli-responsive hydrogels provide ample opportunities in
the course of building soft microscale actuators and machines for biomedical applications
[124] 130}, 136, [175] 176, 177, 178]. Bulk hydrogel actuators, however, mostly suffer from
low stress, poor resolution, and limited strain rate. One way to address these limitations is
hierarchically structuring hydrogel nanocomposites using bottom-up manufacturing tech-
niques based on self-assembly. This scalable approach provides means to harness efficient
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nanoscale energy transduction mechanisms at larger scales [60]. In section [3} I introduced
the cell-sized optomechanical actuators that exhibit mechanical properties (4.8+2.1 kPa
stiffness) and performance metrics (relative stroke up to 0.3 and stress up to 10 kPa)
that are comparable to that of living muscle cells [45]. As mentioned, these microactua-
tors have the capability to convert optical energy into heat by the gold core, which is
transduced into mechanical work due to reversible collapse of the encapsulating nanogel.
By modulating the laser input it is possible to have a fine control over actuation with
sub-micron spatial resolution at millisecond temporal resolution. In the previous sections,
it was demonstrated that a variety of microscopic artifacts can be constructed with the
incorporation of passive hydrogel structures that are directly polymerized around the ac-
tuators using digital lithography without additional assembly procedures.

This section describes the design, fabrication, and operation of soft robotic devices
for long-term dynamic mechanical loading and characterization of 3D biological samples.
The robotic toolkit involves several modules; (1) the actuated flextensional mechanism
pushing a piston-like end-effector for spatiotemporally resolved compression, (2) a body
frame that is used to position the device inside microfluidic channels or open chambers,
and (3) a calibrated cantilever beam for the quantification of tissue stiffness. The fabri-
cation method is based on additive manufacturing where the design of different modules
can be adapted according to the specifications of each biological sample on the fly. Upon
laser exposure, the soft actuator contracts and the mechanism transforms the contraction
into displacement of the piston. The deformation of the cantilever reports the stiffness
of the sample. We demonstrate the functionality of the prototype using hydrogel sensor
beads with known stiffness and 3D cell aggregates.

As show in the previous subsections, we fabricated the mechanisms using a maskless
projection photolithography method [153], [I79]. Brielfy, The system consists of a pro-
grammable digital micromirror device (DMD) module that projects light coming from
an ultraviolet LED source through microscope objective according to CAD drawings (Fi-
gure . The ptOMAs were suspended in a solution of poly (ethylene glycol) diacry-
late (PEGDA, 575 kDa) monomer solution supplemented with 20% (v/v) 2-Hydroxy-2-
methylpropiophenone (DAROCUR) photoinitiator. UV exposure initiates the free-radical
polymerization of structures in the desired form within milliseconds.

To develop the compressor devices, we utilized flextensional mechanisms for generating
uniaxial compression of biological specimen (Section Figure ) The purpose of
the flextensional mechanism is to change the direction of motion (from contraction of the
actuator to the extension of the piston) and amplify the displacement generated by the
actuator while reducing mechanical advantage as a trade off.

4.4.1 Design and computational analysis of the compressor microdevice

We applied our material system to develop a versatile, remotely controlled biomani-
pulation platform. Figure shows an image of the compression device, revealing the
overall strategy for the simultaneous execution of mechanical loading and characterization
operations. There are four major machine components : actuated flextensional mechanism
as the driver, end-effector that acts like a piston, cantilever beam for quantifying stiffness,
and outer frame. The outer frame is designed to minimize the bending of the actuated
structures. The compression device utilized the same flextensional mechanism shown in
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FIGURE 4.12 — In situ fabrication of the compressor components. The fabrication methodo-
logy for building compliant flextensional mechanisms. The projector defines the geometry of the structures
polymerizing around the actuators [65].

Figure to convert the contraction of a single fOMA into extension of the arm, which
as a result moves the piston forward. The cantilever beam reports the mechanical pro-
perties of the compressed specimen. The characteristics of the measurement can be tuned
by modulating beam geometry according to the sample properties. Figure 4.13b shows a
prototype with a thicker beam, which enables the device to quantify higher stiffness but
with lower sensitivity. The piston, which transmits the force to the sample, can be shaped
according to the intended stress profile, as demonstrated by the incorporation of a pointy
tip (Figure MC) Multiple compressors with various different modules were fabricated
en masse using the programmable features of the DMD module (Figure .

The displacement of the piston is defined by the actuator size and dynamically control-
led by the duration of laser excitation (Figure ) In our experiments, the displacement
was recorded as high as 170 pym. Figure depicts the piston displacement under the
laser illumination with 500 ms pulse duration at 0.1 Hz for two different power levels. We
assessed the long-term performance under repeated actuation cycles and confirmed that
the displacement did not change after 1000 cycles (Figure .

We built a finite element model of the device to facilitate the design process and re-
port stresses on the beams. Structures were modeled as linear elastic substrates where the
empirical value of the Young’s modulus (see sections and was used. Experimen-
tally measured actuator displacements were taken as prescribed displacement boundary
conditions. Figure consists of simulation results coming from layouts with different
arm length and angles, highlighting the relation between geometry and maximum displa-
cement. Moreover, numerical simulations reported the accumulated stress on the actuated
beams, which further quantified the device performance.
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FIGURE 4.13 — Design, operation, and computational analysis of the compressors. a. A
representative bright-field microscope image of the device showing the different modules. b. The can-
tilever beam geometry can be modified to tune the the sensitivity of the sensor. c. The design of the
piston can be modified to tune the applied stress. White arrow points to the sharp tip engineered for
localized indentation. d. Temporal sequence of micrographs from a representative actuation cycle. e. The
displacement vs time plot for the piston at different NIR laser power. The signal duration is 100 ms and
the actuation frequency is 0.1 Hz. f. Simulation results for different flextensional mechanism designs. The
arm angle and length can be modified to tune the piston displacement and stress on the mechanism. Scale
bars, 100 pm [65].

4.4.2 Heat transfer during device operation

Reliable device performance and long-term biocompatibility of the actuation strategy
relies on the following assumption; heating is transient and confined to the actuator.
Previous work has shown that the temperature of nOMAs is inversely proportional to
the distance from the gold nanorod and heat is dissipated within milliseconds, and thus
particles undergo negligible surface heating [32] [I80], Clustering hundreds of nanoheaters
together is expected to trap heat inside the yOMA, essentially reducing the laser power
required to reach the lower critical solution temperature at which the thermoresponsive
polymer goes through a phase transition. On the other hand, negligible surface heating
condition may not hold any more.
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FIGURE 4.14 — Rapid prototyping of compression devices using projection lithography.
a. A representative CAD drawing of the device. Single exposure using this digital mask polymerizes
the mechanism as a whole. b. Alternatively, the mechanism is divided into different regions (shown with
different colors) and flexible beams are fabricated with separate illumination to avoid over-polymerization.
c. Devices are fabricated en masse. Sensing probes with two different sensitivities are shown on the top
and bottom rows. Scale bar, 500 pm [65].
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FIGURE 4.15 — Testing of the soft robotic compressor microdevice performance. The
displacement of the piston over time under repetitive laser stimulation. There was no detectable change
in the performance of the device after 1000 actuation cycles. The laser power was set to 1.2 mW and the
results were replicated for six different microdevices [45].

We performed numerical simulations to assess whether heat transfer during the actua-
tion of pOMA could compromise the viability of biological samples. We first calculated
the number of nOMAs that would fit into a 400 nm thick cross-sectional cut in the middle
of a 100 pm-diameter actuator, assuming close packing of equal particles. Figure
shows the geometric configuration of the computational model. Single rectangle shown in
the inset of Figure corresponds to a group of 400 nOMAs. Conduction in solids is
used to assign the boundary heat source value to each nOMA, which is calculated using
the following formula :

Plaser
P = A—Aabsorption (13)
laserbeam

where P, 18 the measured laser power, A serveam 18 the area of the laser beam used to ac-
tuate the pOMA, Agpsorption is the absorption cross-section of one gold nanorod. In the re-
ported simulation results, Plyser=14.22 mW, Ajqserpean=1.96-10"" m? and Apsorption=06000
nm?. yOMA was placed in a 1 mm? water bath, which was taken to be large so that we
could eliminate potential issues associated with diffusion. Note that we assigned a fixed
boundary temperature of 37 °C to the walls of the bath. The software solved the following
equation :

oT
deCpE + deCpU. -VI'+ V- q= sz +qo+ szted (14>

where Q.4 is the thermoelastic damping coefficient and d, is the thickness of domain in
the out-of-plane direction. We approximated the shape as a disk with thickness of 400
nm, which is the diameter of a single nOMA. Q.4 is the thermoelastic damping which
represents the thermoelastic effects in solids. The conductive heat flux, q, is given by

q=—dkVT.

In our material system, plasmon heating phenomenon is expected to stabilize at a cer-
tain temperature for a given laser power. To experimentally demonstrate this property, we
continuously actuated beads an hour at a given laser power and verified that the level of
contraction stayed the same (Figure . Considering the transient response, the settling
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FIGURE 4.16 — Finite element simulations of the heat transfer during actuation. a. 2D
drawing showing the boundary conditions. Inset is a close-up view of the actuator highlighting the nano-
heater elements. Scale bar, 10um. b. Temperature changes over a complete actuation cycle at the three
different points shown in a. The input excitation signal is shown on the bottom plot. c. Temperature as
a function of distance from the pOMA irradiated at 14.2 mW laser power at the steady state. Scale bar,
100 pm. d. Selective actuation of a pOMA (denoted with the white arrow) at 14.2 mW laser power in
close proximity of another yOMA. Bottom image shows that only the illuminated actuator responds to
the signal. Scale bar, 100 pm [65].

time for the temperature to reach its equilibrium value depends on the laser power as well
as the boundary conditions. Taking this dynamics into account, in our simulations, we
applied a laser pulse as an input to the simulation that was long enough for the system
to reach steady state. Figure [4.16b shows the evolution of temperature at three different
points that were denoted in Figure [£.16p. Figure [£.16f shows the temperature distribu-
tion around the actuator at the equilibrium. The highest temperature was reported as
56.7 °C at the core of the actuator for the given laser power (Pser—14.2 mW), which
dissipated with a relatively steep curve. The steady-state temperature at locations 200
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pm and 400 pm away from the surface of the pOMA were 42.6 °C and 37.9 °C, respectively.
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FIGURE 4.17 — Long-term actuation of a yOMA. The deformation of the microactuator does
not change over time for a given laser power. The strain generated by a microactuator under continuous
15 mW laser illumination is measured every minute over an hour [65].

We experimentally validated the implications of this analysis by placing the actuators
close to each other at various distances. Figure shows the selective actuation of a
#wOMA in the vicinity of another muOMA. The actuator that was placed 150 um away
from the activated one did not show any response. We only observed reaction from the
non-activated actuator once the distance between the actuators were less than 50 pm.
These observations showed that numerical analysis was overestimating the temperature.
Taken together, we have a framework to design the soft robotic device and tune the control
parameters so that the temperature around the biological specimen never exceeds the to-
lerable levels. In the experiments presented in Section [4.4.4] the spheroids were placed
500 pum away from the actuator to protect the samples from overheating.

4.4.3 Calibration of poly-acrylamide sensing probes

The stiffness measurements rely on the calibration of the cantilever beam, which was
performed using a commercially available capacitive MEMS force sensor. The force sensor
was mounted on a three-axis motorized micromanipulator while the workspace was moni-
tored using an optical microscope (Figure ) The base of the PEGDA cantilevers were
polymerized around poly-(dimethylsiloxane) (PDMS) pillars that were microfabricated on
the surface of a glass chamber to avoid motion during loading (Figure 4.6(d). Force versus
deflection curve shown in Figure was obtained using the calibration settings (i.e. coef-
ficient for voltage to force conversion) provided by the manufacturer. The sensor is capable
of measuring forces perpendicular to the sensor’s axis, which allows for the monitoring
of both the sensing-probe tip and the sample under the microscope (Figure ) The
beam was progressively deformed with a speed of 1 ym-s~! (Figure ) We calculated
the Young’s modulus (£) of PEGDA structures as 800+85 kPa (6 different beams and 6
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independent measurements from each beam) using the Euler-Bernoulli beam equation :

F(3l — x)x?
610maz

where F' is the force, [ is the length and [ is the second moment of inertia of the beam,
x is the distance from the base of the beam to the location of loading, and 6,4, is the
maximum deformation of the beam.

E = (15)
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FIGURE 4.18 — Fabrication of pAAm beads and calibration of the sensing probe. a. Re-
presentative schematic of 2 different methodologies to fabricate pAAm microbeads. On the left through
microfluidics and on the right a simple water in oil emulsion. b. Representative images from a compression
test for PAAm beads. Scale bar, 100 pm [65].

We next tested the accuracy of our measurements using polyacrylamide (PAAm) mi-
crogel beads. Previous work has shown that PAAm microgel beads can be used as stan-
dardized calibration samples for mechanical measurements [25] [83]. Beads with controlled
size and elasticity can be fabricated by tuning the pre-gel composition [25]. Importantly,
using this protocol, microgels with elasticity in the range of tissue relevant mechanical pro-
perties can be fabricated. We fabricated microgels with elasticity ranging from 1.924-0.46
kPa (n = 10) to 9.19£3.82 kPa (n = 10) by varying the monomer (PAAm) and cross-
linker (BIS) concentrations. Young’s modulus was measured using the same force sensor
and these values are in accordance with AFM characterization data [25].

PAAm beads were placed into the compression device using a micromanipulator and
the laser power was increased with 0.8 mW increments. The deformation of the cantilever
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probe along with the displacement of the piston were measured from the microscope
images, which together quantify the deformation of the PAAm bead (Figure . Force
acting on the cantilever beam were calculated using Euler-Bernoulli beam theory and
experimentally measured Young’s modulus. The calculated force is assumed to be the
same as the one applied on the PAAm bead. The Young’s modulus of the beads were
then calculated using Hertzian half space contact mechanics model :

5 3(1 —1)F B fla)F
4Fa Tk’ (16)
2(1+v)R? 1—v?
(a2 4+ 4R?)3/2 ~ (a® +4R%)1/2
where R is the radius of the sphere, v is Poisson’s ratio (taken as 0.49), ¢ is the compres-
sive displacement, f is the force, and a is the radius of contact area. Young’s modulus

can be extracted from the relationship between d and f for values satisfying the condition
d/R < 0.2. This model accommodates for large deformations [I81].

fla) =

In this work, we only made measurement for one material composition. The Young’s
modulus of the PAAm beads with 40% (w/w) PAAm, 2% (w/w) BIS was measured as
5.754+1.63 kPa (n = 6). At this composition, the Young’s modulus was measured as 7+2.15
kPa (n = 8) by the force sensor shown in Figure [£.6¢. Preliminary results demonstrate the
feasibility of making quantitative measurements using an all-hydrogel, remotely actuated
compliant mechanism. However, further characterization with many samples is required
to provide a comprehensive calibration data. The material of choice is not limited to soft
hydrogels that swells and adsorbs proteins. We fabricated devices from another polymer,
Trimethylolpropane ethoxylate triacrylate (TPETA, 692kDa), that is elastic and protein
repellent (Figure . Depending on the application, different modules can be fabricated
from different photopolymerizable polymers.

FIGURE 4.19 — Compressor microdevices fabricated from TPETA polymer. Representative
images from a compressor microdevices made out of TPETA. Scale bar, 500 pm [65].
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4.4.4 Biomechanical characterization

As a proof-of-concept demonstration, we tested the feasibility of compressing cell
clusters (spheroids). The overall simultaneous mechanical loading and characterization
concept is illustrated in Figure [4.20h. We verified the biocompatibility of the materials by
performing cell viability assays with a first generation compressor microdevice (see Figure
[£.21)). Spheroids were self-assembled from human embryonic kidney (HEK) cells using a
high-throughput microengineered cell culture device (Figure ) Cells adhere to each
other and form a compact 3D tissue with a spherical shape over two days of culture (Fi-
gure m) They were then transferred to the chamber where the devices were operated.

Figure shows a representative example for the compression of the spheroids. A
single spheroid was placed between the piston and the cantilever beam using a micromani-
pulator. We recorded a compressive strain up to 40% with a device that had a cantilever
with 70 pm thickness and an pOMA with 160 pm diameter. We observed a slight de-
flection on the cantilever, corresponding to a few pum displacement. The beam was too
stiff for making a reliable measurement but this experiment showed how much a spheroid
could be compressed using the current prototype as the force was primarily harnessed to
load the sample. We fabricated a compressor device with a thinner cantilever, having a
thickness of 20 pm. This time the deflection of the beam was obvious (Figure [1.20k). The
Young’s modulus of the sample was measured as 2.45+0.46 kPa (n = 6). The geometry
and stiffness of the cantilever beam must be tuned carefully according to the characteris-
tics of the sample, which may require prior measurements done with an electronic probe
or high-throughput screening using various cantilever designs.

4.4.5 Integration with microfluidic systems

Microfluidic cell culture devices push the biomimicry of engineered tissues to the next
level by providing long-term perfusion, introduction of chemicals and cells in a dyna-
mic fashion, and notably, improving the reproducibility and throughput via automation
[182 183, 184]. We developed an integrated microfluidic solution to showcase that our
fabrication and actuation paradigm is compatible with these devices. We fabricated an
open PDMS chamber with docking stations on its walls for assembling the compressors
(Figure[4.22)). The actuation modules were transferred to this chamber in the same hydro-
gel prepolymer solution, positioned at target docking stations using a micromanipulator,
and anchored to the walls with an additional projection photolithography step. This final
step ensured that the compressors did not rotate or detach during sample loading and
actuation. The sensing module was fabricated on the other side of the chamber during
the manufacturing of the base. The chamber was closed once the biological samples were
placed in position. As an alternative to the docking site approach, the base could be
polymerized around pillars as shown in Figure [4.6d, which would reduce the area of the
blueprint.
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FIGURE 4.20 — Biomechanical characterization of 3D tissue samples. a Schematic depiction of
the working principle (not to the scale). Upon application of NIR illumination, the monolithic compliant
mechanism deforms and the piston compresses the sample. The cantilever beam reports the sample
stiffness. b. Phase-contrast image shows high-throughput fabrication of spheroids using hydrogel wells.
c. Fluorescent image of an array of self-assembled spheroids labeled with a DNA dye. d. Snapshots
from a representative compression experiment where the deflection of the beam is not obvious. e. A
compression device with a more sensitive cantilever beam. The beam deflects during the loading of the
sample, reporting its stiffness. Scale bars, 100um [65].
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FIGURE 4.21 — Live/dead assay on the cell-seeded compression microdevice. a Phase
contrast imaging of single cells seeded on the 1%!generation of compression microdevice. b. Fluores-
cent imaging. Green color indicates live cells (calcein-AM) and red color indicates dead cells (ethidium
homodimer-1). Scale bars, 200um [45].

FIGURE 4.22 — Assembly of devices inside microfluidic systems. a CAD design of the micro-
fluidic device. Scale bar, 5 mm. b. Photographs of the microfluidic chip. The engraved docking stations
are highlighted with blue ink. c. Representative example of a soft robotic device assembled inside the
channel. The compression module was fabricated elsewhere and transported to the channel while the
sensing module and the base were polymerized inside the channel. Scale bar, 500 pm [65].
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4.5 Design and in-situ production of antagonistic mechanism

The pneumatic extrusion method presented in Section allows us to print fibers at
specified locations inside the monomer solution prior to polymerization of the PEGDA
structures. We built two proof-of-concept devices actuated by multiple pfOMA fiber. The
first device is in the class of continuum robots; continuously bending, infinite-degree-of-
freedom robots with elastic structures. The device consists of two pOMA fiber connected
through a discrete backbone, as shown in Figure [£.23h. The tip position of the robot
was freely and precisely controlled within the 2D configuration space by modulating the
optical power and spatial distribution of NIR exposure (Figure [£.23b). We mapped the
configuration space for the tip of the robot by simulating the deformation at the geometric
extremes using FEM analysis (Figure [£.23f). We used thermal expansion to model the
strain response of the actuators. pfOMAs were assigned an experimentally derived mo-
dulus and a negative thermal expansion coefficient according to experimentally derived
strains. In-liquid AFM measurements on fully swollen samples showed that the elastic mo-
dulus of the fiber tOMAs was 3.5 + 1.9 kPa (n = 15) at room temperature. The PEGDA
structures were again modeled as an elastic material and assigned a thermal expansion
coefficient of zero. FEM analysis successfully captured the morphological changes upon
selective NIR exposure, as shown in Figure [4.23d.

The second system developed is an advanced microgripper actuated by an antagonis-
tic pair of fiber pOMAs, as shown in Figure [£.23k. The robot achieves large reversible
deformation in opening and closing modes by selective activation of the actuators. While
the agonist contracts, the antagonist extends thanks to the flexibility provided by the
biopolymer. FE simulations of displacement matched the experimental results, as shown
in Figure [1.23f. This arrangement paves the way to adjust the stiffness of the actuation
machinery to achieve sophisticated motion trajectories and precise control of interaction
forces when handling soft and sensitive biological samples [185].
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FIGURE 4.23 — Development of soft robotic microdevices actuated by yOMA fibers a. The
PEGDA skeleton is polymerized around the printed fiber yfOMAs while forming physical encapsulation of
fibers within the structure. b. Selective NIR exposure leads to continuous control over the curvature of the
manipulator. c. The 2D configuration space of the device plotted by generating a polynomial fit passing
through the extreme positions provided by the FEM simulations shown in d. The nonactuated original
location of the tip position is denoted by O. e. Soft robotic microgripper controlled by an antagonistic
HOMA fiber pair. f. Displacement contour plot showing the displacement of the arm corresponding to
the two extreme cases, fully open and fully closed. All scale bars, 100 pm [45].
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4.6 Controlled in-situ self-assembly and characterization of soft
micromachines

As shown in Section [3| artificial pmuscle can also be synthesized in-situ via photo-
thermal or electromagnetic forces. Like the microspheres and the fibers, their isotropic
contraction an also be converted to linear or rotary motion with desired mechanical ad-
vantage using compliant mechanisms. We chose poly(ethylene glycol) diacrylate (PEGDA)
as the hydrogel for manufacturing the mechanisms due to its tunable stiffness, ease of po-
lymerization, and temperature-independent swelling properties. Upon laser exposure, the
mNAs accumulated between the arms of a lever mechanism that was designed to amplify
the deformation (Figure ) Figure shows time-lapse images from an experi-
mental assembly process. The particles not only attached to each other but also firmly
adhered to the surface of the PEGDA structure. The contraction of the in situ assembled
artificial gmuscle moved the arms toward each other (flexion), whereas opening (exten-
sion) was achieved with the removal of the actuator force due to the stored energy (Figure
). Contraction of the actuator that gives 20% closing of the lever was completed in
750 ms, whereas relaxation took seconds due to the diffusion process (Figure 4.24d). The
contraction-relaxation curves were identical for several actuation cycles (Figure 4.24).

Long-term performance of the micromachines was tested with the application of 1000
actuation cycles, each consisted of laser pulses with 0.5 Hz frequency, 50% duty cycle, and
7 uWpum~2 power density. The angular displacement was recorded as 9.8° £ 0.7° for the
first 5 cycles and 9.7° 4= 1.3° for the last 5 cycles. This test verified the robustness of the
actuator. The strong adhesion of nanoactuators to the PEGDA structures also provides
a versatile route to form layered actuators. By depositing an actuation layer at the base
of an elastic beam, we engineered an active hinge that could rotate the beam in both
clockwise and counterclockwise directions in an antagonistic fashion (Figure [4.24f). Fi-
gure shows snapshots from an experimental assembly process. By simply changing
the location (Figure 4.24h) and intensity (Figure [£.24}) of laser exposure, we precisely
controlled the angular displacement of the beam. Finally, we asked whether the actuators
would heat or show signs of fatigue during elongated exposure. The rotating beam device
was excited continuously at various power densities for 10 min during which deformation
angle remained the same (Figure [4.24]).
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FIGURE 4.24 — Controlled self-assembly and characterization of soft micromachines actua-
ted by artificial pymuscle. a. Schematic representation of in situ assembly of artificial pmuscle between
the arms of a lever mechanism. b. Snapshots from a time-lapse movie showing the growing actuator at
the designated location. The compliant lever mechanism was fabricated from a hydrogel that does not
respond to changes in temperature. c. Optical actuation with 7 ;tWum™?2 laser power density. Dy denotes
the reference distance between the arms at the fully swollen state of the actuator. d. Actuation strain
over time graph for a single actuation cycle at a laser power density of 7 uWum™2. e. Actuation strain
over time under NIR illumination with 3s pulse width and 0.1 Hz frequency at 7 uWum™2 laser power
density. f. Schematic representation of the self-assembly of antagonistic actuators with bidirectional ro-
tation. g. Time-lapse images showing the self-assembly of the actuators on both sides of the beam. h.
Optical actuation upon NIR illumination with 7 pWum™2 laser power density. Images show the relaxed
and fully contracted states of the machine. The angular displacement, 6, is measured with respect to the
reference state. i. The change in 6 as a function of laser power density. The trend is linear for the given
power density values. j. Angular displacement of the beam over time at different laser power densities.
The angular displacement stays the same for minutes under continuous NIR illumination. All scale bars,

50 pm [46].
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4.7 Conclusions

Maskless optofluidic photopolymerization process enables the manufacturing of cus-
tom shaped functional microparts that are physically connected to the actuation units.
By varying the number and distribution of actuators or playing with the design of the
compliant mechanisms, we can generate a repertoire of complex micromachines. Further-
more, combination of longitudinal, transverse, and/or oblique actuator arrangements can
lead to the development of highly adaptive continuum microrobots providing remotely
controlled 3D motion. The class of programmable, soft actuated hydrogel microdevices
presented has potential for a wide range of applications including generation of physiolo-
gically or pathologically relevant mechanical stimuli for in vitro mechanobiology studies.
The hydrogel materials employed in the development of our microdevices have moduli in
the order of tens of kPa which is comparable to that of biological tissues, providing an in-
herently safer alternative for biomedical interfacing compared to other robotic approaches.

With the presented methodology, we can in situ fabricate arrays of devices inside
microfluidic chips. By taking advantage of laminar flow and pneumatic valves, the micro-
fluidic chip can be programmed to place biological samples at designated compartments.
This way, we can build a fully automated, high-throughput mechanochemical testing plat-
form. The blueprint for the chassis and machine components are highly re-configurable,
which allows rapid design and prototyping of a variety of different soft robotic systems.

Forces applied by the device are within physiological levels (on the order of uN). The
deformation and stress profiles can be further modulated by changing the design of the
flextensional mechanism and the shape of the piston. This methodology allows real-time
monitoring of changes in gene expression and protein signaling in response to controlled
mechanical loading. Cantilever beam simultaneously provides real-time measurements of
elasticity. Together, we can monitor and perturb both physical and biochemical properties
of the tissues. While the cantilever based measurements are not as sensitive as electrostatic
comb drives, the sensitivity is acceptable for capturing major changes in tissue mechanics.

Projection lithography is convenient and versatile yet the design of the mechanisms are
limited to extruded shapes. The polymers that we used, on the other hand, have already
been adapted to 3D nanoprinting using two-photon polymerization [186], 187, [188]. Prin-
ting mechanisms around the actuators is one interesting avenue. An alternative solution
is to push the printing concept to the next level. As shown, multifunctinal nOMAs can
be assembled on-demand by harnessing thermocapillary flows [46]. Thus, it is conceivable
that the whole machine can be manufactured in situ using direct laser writing. With the
resolution provided by printing, machines can perform dexterous manipulation of biolo-
gical samples.
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4.8 Detailed protocols

4.8.1 Materials

All chemicals were purchased from Sigma Aldrich unless stated otherwise : poly(ethylene
glycol) diacrylate (PEGDA, 700 kDa and 525kDA), 2-Hydroxy-2-methylpropiophenone
(DAROCUR), polydimethylsiloxane (PDMS) SYLGARD 184 kit, Trimethylopropane ethoxy-
late triacrylate (TPETA, 692kDa), ammonium persulfate (APS), acrylamide (AAm), bis-
acrylamide (BIS), surfactant Tween 80, mineral oil, tetramethylethylenediamine (TE-
MED). Tris Buffer 10M was provided by EPFL facility.

Supplies for cell culture were purchased from ThermoFischer Scientific : Dulbecco’s mo-
dified Eagle medium (DMEM/F-12), fetal bovine serum (FBS), Penicillin/Streptomycin,
0.25%Trypsin-EDTA and Hoechst 33342 nucleic acid stain. HEPES solutionn was pur-
chased from SIGMA Aldrich

4.8.2 Synthesis of microactuators

See section [3] For the compliant mechanisms, the spherical fOMAs produced with t-
shape microfluidic device were used. For the compressor microdevices the larger spherical
wOMASs produced with the flow focusing microfluidic device were use.

4.8.3 Fabrication of hydrogel mechanisms : Digital maslkless lithography

Maskless projection photolithography is performed with a programmable digital mi-
cromirror device module (Andor Technology) connected to the microscope. The digital
projector contains an 800 x 600 micromirror array and operated with a minimum exposure
time of 50 ps at a maximum frame rate of 5000 fps. The platform projects light provi-
ded by an ultraviolet LED source (365 nm) using a computer-aided design (CAD)-based
digital blueprint, which initiates subsequent free-radical polymerization of photosensitive
materials. 2D drawings defined the planar shape of the structures, whereas the height
was simply controlled by the channel size. Overlapping regions between the mechanism
and the actuators were created in the polymerization process to ensure a mechanically
stable connection and efficient transmission of forces. The modulated beam was projected
through a 10 or 20X microscope objective, depending on the resolution desired, onto the
substrate where we had actuators suspended in the hydrogel prepolymer solution com-
posed of PEGDA and 20% DAROCUR. The microfluidic devices were fabricated from
poly-(dimethylsiloxane) (PDMS) using soft lithography.

4.8.4 Laser actuation

All experiments were performed using a motorized inverted microscope (Nikon Ti-E)
and images were captured with an ORCA-Flash4.0 CMOS camera (Hamamatsu). A 785
nm laser (110 mW, Thorlabs) beam coupled to the microscope provided NIR illumination.
The laser illumination was modulated using a custom LabView program. During biological
manipulation, the devices were submerged in culture medium supplemented with HEPES
solution and the chamber was kept at physiological conditions using an environmental
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chamber (Life Imaging Services). The videos were captured at full pixel resolution (2048
X 2048) with frame rates ranging from 33 fps to 200 fps depending on the requirement of
the experiment. A program based on an edge-detection algorithm in Matlab (Mathworks,
MA) was used to measure the deformation from time-lapse videos.

4.8.5 Mechanical characterization of hydrogel mechanisms : MEMs force sen-
sor measurements

A commercial MEMS force sensor (FT-S1000-LAT, FemtoTools) with a resolution
of 0.05 uN was mounted on a motorized XYZ micromanipulator (SLC-2040, SmarAct
GmbH) using a 3D printed adapter. The force sensor was positioned manually using the
corresponding controller while being visually monitored using the microscope. The force
sensor was powered by a programmable linear power supply (Keysight E3631A), and out-
put was measured using a precision multimeter (Keysight 34465A).

4.8.6 Synthesis of polyacrylamide beads

The polyacrylamide (PAAm) beads were synthesized following a protocol from the
literature [25] with some modifications. The reaction solution was obtained by mixing
0.3% (w/v) ammonium persulfate (APS) with different amounts of acrylamide (AAm)
and bis-acrylamide (BIS) in 10mM Tris buffer. This solution was added to the continuous
phase composed of mineral oil with 5% (v/v) surfactant Tween 80. The emulsion was
stirred at 800 rpm and purged with Ny for a minimum of 15 min. Subsequently, 300 uL of
the catalyzer Tetramethylethylenediamine (TEMED) was added drop-wise. The obtained
beads were cleaned through centrifugation with ethanol and Milli-QQ water.

4.8.7 Formation of spheroids

HEK293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM /F-12)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were
passaged upon achieving confluency at a 1 :4 ratio using 0.25% Trypsin-EDTA and dis-
carded after 20 passages. All experiments were done using cells tested for mycoplasma
negative. A high-throughput device with microengineered hydrogel films on the bottom
of conventional multiwell plates was used to initiate spheroid formation [I89]. The size of
spheroids was controlled with the initial cell number. In this work, to produce spheroids
with 150 pm in average, 1000 cells were used. The spheroids were transferred to the device
after 32 h of culture. The nuclei were labeled using Hoechst 33342 stain.

4.8.8 Viability assay

Madin-Darby canine kidney (MDCK) cells were cultured in T-flasks in Dulbecco’s
modified Eagle medium (DMEM /F-12) 5% FBS and 1% penicillin-streptomycin. MDCK
cells were seeded on a well-plate containing several microdevices and cultured overnight.
The cells were stained using a viability /cytotoxicity assay kit from Biotium according to
the manufacturer recommendations. The kit contains the cytoplasmic dyes Calcein AM
for staining the living cells (green) and ethidium homodimer III for staining the dead cells
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(red). Briefly, 2 pM Calcein AM and 4 pM ethidium homodimer IIT were mixed in PBS
solution. Cells were incubated inside this solution for 30 minutes at 37 °C. The solution
was then replaced with complemented medium. Cells were visualized using a Nikon Ti
Eclipse motorized inverted fluorescence microscope.

4.8.9 Simulations : Finite element models

Microstructures solid mechanics simulations :

The numerical simulations were performed in COMSOL Multiphysics finite element
analysis software. The models simulate the solid mechanics of the microstructures and do
not take into account the hydrodynamic response of the surroundings. PEGDA structures
were modeled as linear elastic substrates with a Young’s modulus of 500 kPa and Poisson’s
ratio of 0.33. 3D CAD drawings were created in CATIA (Dassault Systemes) and imported
to FEM software for further analysis. We either applied experimentally measured actuator
displacements as boundary conditions or recapitulated the contraction of soft actuator
with heating of materials in the simulations. See Table [J] for the list of input parameters.
Accuracy of the mesh was ascertained through a mesh refinement study based on the
experimental strain values.

Mesh Applied Young’s Poisson’s

Simulated body Size Physics displacement modulus ratio
Flextensional Static

mechanism 4pm structural 23.5um 500kPa 0.33
Static

Microgripper 3pm structural Tpm 500kPa 0.33
Continuum Static

manipulator 2pum structural 10-15pm 500kPa 0.33

TABLE 9 — Parameters used in the FEM analysis of solid deformation [45].

Heat transfer simulations :

Structural analysis and calculations of the temperature distribution were performed
by finite element simulation (Comsol Multiphysics, Burlington MA). The heat capacity
and thermal conductivity of the polymer hydrogel is assumed to be equivalent to that of
water [32]. Smallest mesh element size is used as 0.125 pum and biggest element size is
chosen as 37 pm with maximum element growth rate of 1.25. Accuracy of the mesh was
ascertained through a mesh refinement study.
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5.1 Introduction

We defined the final goal of the project as using pOMAs to generate forces within
living tissues and study mechanobiology. To this end, we chose a model system that has
been extensively studied, mammary acini organoids. Notably, several articles provided em-
pirical evidence on the mechanical interactions among mammary acini embedded inside
collagen gels, and theoretical work speculated on the underlying physical mechanisms.
We thought it would be ideal to prove that the reported interactions were indeed dri-
ven by cell-mediated forces by using an untethered actuator that serves as a mechanical
cell. We successfully built an in vitro bioengineered platform where acini could be for-
med and cultured inside collagen gels. Integration of the microactuators with the ECM
also worked seamlessly. However, the parameter space for mechanical excitation is too
large, i.e. various factors may play an important role in mechanotransduction and signal
transmission. For example, the distance between the actuator and the target acini, the
magnitude/duration/frequency of deformation, and the timing of excitation are impor-
tant. Preliminary trials did not generate any significant change on the phenotype of the
cells that constituted the target acini. We decided to start with a relatively simple assay
to determine the excitation parameters. In this chapter, I introduce a more traditional
robotic micromanipulation system that allowed us to apply sustained local mechanical
stretch to acini. In the conclusion chapter, I will elaborate on how the material system in-
troduced in the previous chapters could be adapted to push this platform to the next level.

5.2 Background on 3D mammary organoids

The mammary gland is composed of several branched ducts, connecting the lobules
to the nipples [190]. It is a highly polarized structured composed of luminal epithelial
cells surrounding a hollow lumen and myoepithelial and basal cells on the outer layer
[190, 191]. The luminal epithelial cells are responsible for secretion of milk into the lumen
of ducts and lobules [192]. During lactation phase, milk is expelled from the lobules with
the help of myoepithelial cells, that have contractility properties and are present in the
basal surface of the epithelial cells. These cells have a crucial role in suppressing tumor
growth, invasion and angiogenesis. The mammary glands are surrounded by a basement
membrane (BM) composed mainly of laminin, collagen IV and proteoglycans. It is res-
ponsible for maintaining epithelial polarity and differentiation, hence preventing luminal
epithelial and myoepithelial cells from migrating out to the interstitial stroma. Malignant
breast tissue is typically characterized by the absence of myoepithelium and/or epithelial
basement membrane. When the tissue lacks these two components, we are in the presence
of an invasive carcinoma, where cells can disrupt the basal membrane to infiltrate the
stroma. Luminal epithelial cells are anchored to the BM through transmembrane inte-
grins, that can sense the microenvironment and trigger intracellular signaling pathways
[190]. The breast epithelium is unique because it is constantly being remodelled through
cycles of branching, especially during puberty, pregnancy and lactation. The study of
these morphogenic processes is crucial, particularly to understand breast cancer.

3D culture models recapitulate the in vivo architecture including the hollow lumen,
apico-basal polarity of cells, deposition of a BM, and even production of milk proteins
[191]. As a result, 3D culture of mammary gland is regularly used for cancer research and
the study of branching morphogenesis [190]. The organoids show several different pheno-
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types depending on the culture conditions. The cells may form 3D branches, as in the
course of morphogenesis, or they may have an invasive phenotype, as in the metastatic
tumors [191], 193], 194], 195] 196, 197, 198]. The most relevant work to our investigation
involves transferring MCF10A acini into collagen matrix to study the mechanical interac-
tions among acini [199, 193] 200]. Those interactions happen through collagen I alignment,
among acini that are up to 1.2 mm apart from each other.

Specifics of the culture conditions matter for our mechanical actuation experiments.
As the most widely accepted approach, mammary organoids have been grown on Ma-
trigel or embedded in Matrigel. In this configuration they form growth arrested acini,
and they branch out with the addition of growth factors [191], 193], 194) [195] 196, 197].
Inside a mixture of collagen I and Matrigel, acini show a similar behavior but form longer
branches [196, [197]. When the organoids have been grown only in collagen I, they showed
an invasive behavior [196, 197, [198|. The branches were no longer polar and round at the
tips, but protrusive. Interestingly, if the organoids were grown in Matrigel and then trans-
ferred to collagen I, they dissociated and started to interact with each other through fiber
alignment [193]. A drawback of this culture system is that the organoids are subjected
to mechanical stresses during isolation and transport. Unless completely cleaned, a thin
layer of Matrigel remains on the surface of the acini. Lastly, Guo et.al. [194] developed a
sandwich method, where acini were grown on Matrigel and then overlaid with collagen I.
We chose this method for our culture system because of several reasons (see Figure[5.1h).
First, growing the acini on the same plane is advantageous for time-lapse imaging and for
the application of well-calibrated forces. Second, as there is no transfer step, the risk of
mechanically damaging the acini is minimized. Lastly, this ECM arrangement mimics the
in vivo interface between the basal membrane and fibrilar ECM.

Here, we ask the following question. Can we artificially stimulate the acini to invade
the collagen gel that cover the top surface ? We distributed acini at a relatively low den-
sity on Matrigel so that they are positioned far away from each other to interact with
one another. Our results showed that a simple tensile loading is sufficient to change their
phenotype. Furthermore, combined with the inhibition of myosin contractility, mechanical
loading induces a massive branching behavior that led to formation of highly branched
networks.

5.3 The in vitro culture system

MCF10A cells were seeded on Matrigel. They formed spherical cell clusters with a lu-
men inside, representing the acini morphology, within 5 days of culture [191), 193], 194} [195].
Immunofluoresence imaging showed a characteristic laminin-rich basement membrane at
the interface of the acini with the Matrigel (Figure [5.1p) ,as a manifestation of apical
polarity [I91], 198]. Organoids were cultured in a medium that contained growth factors,
and, as a result, they kept growing over time [196} [197|. Acini cultured longer on Matrigel
formed buds (Figure [5.1k), resembling branching morphogenesis of the mammary gland
[196]. A similar morphogenic outcome was detected when we covered the top part of the
acini with collagen I at day 5 (Figure ) The expression of vimentin on the periphery of
the acini and their branches was an indication of the presence of myoepithelial cells, known
to be found on the outer layer of the mammary gland lobules [191] 196, 201, 202, 203]. In
the presence of collagen I, organoids developed more branches with larger sizes, consistent
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with previous work [197].

Seed of single cells Top view

_________

: PBS+Ca?
' +Mg? wash
: 3D-Collagen I
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FIGURE 5.1 — MCF10A epithelial organoids growth methodology and characterization.
a. Schematic of MCF10A acini growth (Top view). Single cells are seeded on Matrigel with 3D-growth
medium. After 5 days, most of cellular spheroids formed have a lumen, a characteristic of the MCF10A
acini. The culture devices are washed with PBS supplemented with Ca*? and Mg*? and 3D-collagen I is
added on top and incubated for 1h at 37°C. As control, the acini are left growing without the collagen
layer. b,c. Representative brightfield (BF) and confocal images of MCF-10A epithelial organoids after b.
4 days and c. 12 days of growth on Matrigel. Scale bars, b. BF :100um ; Confocal :25um ; ¢c. BF :250um ;
confocal :100um. d. Representative brightfield (BF) and confocal images of MCF-10A epithelial organoids
after 12 days (grown for 5 days on Matrigel plus 7 days sandwiched with collagen I). Scale bars, 250 ; 250

and 100pm.
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5.4 Optomechanical actuation to stimulate cells

Spherical microactuators functionalized with a photoactivable heterobifunctional cross-
linker, sulfo-SANPAH (Pierce™). The functional group of sulfo-SANPAH, a N-hydroxy-
succinimide (NHS) Ester, reacts with the amine groups present on the collagen fibers
(Figur. The pOMAs were suspended in the collagen precursor solution, which was
added on top of the Matrigel and incubated for 1h. Almost all actuators sank and stayed
on the Matrigel-collagen interface, where the organoids rest. Actuators were dynamically
and continuously activated with the NIR laser. Majority of the fOMAs remained attached
to the matrix and maintained their strain over time.
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FIGURE 5.2 — mOMAs fucntionalization for collagen integration. a. Schematic representation
of the microactuator with amine groups on the surface. b. Schematic representation of the functiona-
lization reaction with the heterobifunctional molecule Sulfo-SANPAH. c. Representative example of a
microactuator embedded in a collagen I matrix, in its relaxed state and fully contracted under NIR
illumination. Scale bar 100um. [68]

Next, ptOMAs were activated in the presence of the acini to test whether we could in-
duce the formation of any protrusions into the collagen matrix (Figure. The actuators
were operated overnight either continuously or in a cyclic manner at different frequencies
ranging from 0.1 Hz to 1 Hz (data not shown). We observed that the acini that were
located within 200 um distance to an actuator visibly deformed upon NIR illumination
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(Figure . Further experiments should be done to characterize the collagen deforma-
tion and the forces applied to the cells using particle tracking, rheology, and stress/strain
sensors. Due to time constraints, we decided to move to a different platform where we can
generate very high deformation and push the limits of mechanical loading.

a

FIGURE 5.3 — mOMAs factuation in 3D-collagen I. a. Schematic representation of the mechanical
actuation set-up with the MCF10A acini and the microactuators. b. Representative example of a spherical
actuator deforming a MDCK cyst. c. Actuation of the spherical microactuator in a 3D-Collagen I labelled
with fluorescent 1um beads. Scale bars 100 pm.

5.5 Micromanipulation platform

Tensile stresses were applied to acini by embedding a stainless steel pin (4cm long and
30 um in diameter) inside the collagen gel. The pin was pulled using a micromanipulator
with 4 degrees of freedom (Figure ) The micromanipulator was assembled on a 3D-
printed base that fit our microscope stage. The design of the base could be easily adapted
according to the size of the dish and the specifications of the microscope. We moved the
base along with the manipulator and the sample from the incubator to the microscope to
enable long term culture without blocking the microscope.

After 5 days of culture on Matrigel, the samples were washed with PBS. The pin was
positioned about 100um above the Matrigel surface (Figure ) Reconstitued collagen
I was then added on top and polymerized at 37°C for 1 h. Once the collagen was gelled,
culture medium was added and the sample was mechanically loaded by moving the pin
in x axis, parallel to the base of the dish. We systematically varied the duration of the
loading, and decided to set the duration to 2 days. After 2 days, the pin was returned to
its original position. We varied the displacement from 50 to 600 pm. It was found that
the maximum pull that can be done is 300 um before the gel started to detach from the
pin. We pulled the pin by 300 pum in the rest of the experiments.

5.5.1 Characterization of the invasive phenotype

Mechanical loading resulted in several changes in the acini and their microenviron-
ment. We used the percentage of acini that had protrusions 7 days after forming the
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collagen matrix as our primary metric for the evaluation of invasiveness (Figure [p.4(d).
The results showed that pulling the pin by 300 pm had a significantly higher impact on
the phenotypic change compared to the control where the samples were not mechanically

loaded or pulling the pin by 150 ym (Figure [5.4g).

Next, we checked the distribution of several important protein markers using immu-
nostaining. Vimentin was specifically expressed by cells residing along the protrusions
(Figure ), which could be linked to the migration of myoepithelial cells during tu-
mor formation [201]. In agreement with the published results [198], fibronectin deposition
was visible around the branches invading the collagen, whereas we did not see fibronectin
around non-invasive part of the acini (Figure[5.5p). Finally, collagen was aligned at the tip
of the branches, while fibers remained unorganized around the rest of the acini. Laminin
was visible inside the cells that formed the protrusions, as an indication of loss of polarity

(Figure [5.5¢).

In the next sections, I explored the mechanism behind the emergence of the invasive
phenotype.

5.5.2 Tensile loading and matrix remodelling

Fiber alignment could guide the cell migration into the collagen matrix. We checked
the state of the collagen matrix before and after mechanical loading to determine whether
there was plastic deformation. The results showed that collagen alignment only occured
in the vicinity of the pin (within 200 pm diameter), and the rest of the collagen matrix
appeared to be unstructured (Figure [5.6h). Furthermore, fibers returned to their original
state upon removal of the mechanical loading, ruling out the possibility of plastic defor-
mation.

Fiber deformation was quantified from particle displacements (Figure ) The par-
ticles were displaced up to 100pm, and this maximum level of displacement was recorded
around the pin. There was no bead displacement at location more than 1 mm away from
the pin. The phenotypic change was not triggered by strain, therefore, stress induced si-
gnaling remained as the sole explanation.
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FIGURE 5.4 — Platform development for mechanical manipulation of MCF10A acini. a.
Schematic of MCF10A acini mechanical manipulation (Top view). Once the acini are formed, they are
washed with PBS supplemented with calcium and magnesium and then, under the microscope, a stainless
steel pin is positioned approximately at 100 um of the surface focus. After, 3D-collagen is added and
incubated for 1h. Once gelled, medium is added and, under the microscope, the pin is pulled for 300um
for 2 days and then pull back to its initial position. b. Set-up designs in SolidWorks. The micromanipulator,
purchased form Thorlabs, is assembled in a 3D printed customized support for the microscope. The pin
holder, also 3D printed in-house, is assembled on the rotational part of the manipulator. c. Left : Picture
of the assembled device with a sample. Right : For high-throughput, several devices are used at the same
time. d. Representative BF images of the resulting phenotype, 7 days after the initial pull (5 days after
pin relaxation). Scale bars, 100 pm. e. Quantification of % of acini with protrusions for n>200 organoids
per condition from 4-7 independent experiments.
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Collagen I

b

C

FIGURE 5.5 — Mechanically stress-induced invasive cell phenotype. Representative confocal
images of actin, vimentin (a),fibronectin (b) and laminin (c¢), staining on 12 day-old organoids subjected
to stress, induced by the 300 pum pull. Collagen type I was also labeled. It is possible to observe collagen
I alignment around the acini’s protrusions. On the left are bright-field images. Scale bars, 100 pum.
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FIGURE 5.6 — Collagen deformation characterization a. Representative images of fluorescently
labelled 3D-collagen at different distances from the pin before, during and after pulling. Scale bar, 100um.
b. Vectorial displacement maps at different regions of the collagen Matrix (preliminary data). Up and

right from the areas highlighted there is no displacement, as shown in region V.
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5.5.3 Tensile loading and intracellular mechanics

The response of the acini to mechanical loading depends on the state of the constituent
cells. First, the force must be transmitted to the cells, therefore, the level of attachment
to the surrounding collagen matrix is important. Second, cell mechanics that entails the
cortical tension, actin cytoskeleton, and actomyosin contractility is involved in the me-
chanotransduction process. We first investigated the role of contractility. To this end,
non-muscle myosin II activity was suppressed with a cell-permeable small molecule, Bleb-
bistatin. Low concentrations of Blebbistatin are known to induce migration of epithelial
cells due to a decrease in cortical tension [204, 205]. Blebbistatin was added at two key
time points, either during the 2 days the acini were stimulated or right after returning
the pin to its original position (Figure[5.7n). Inhibiting myosin activity during mechanical
loading resulted in a very invasive phenotype. Almost all acini branched out and they
were already connected to each other at the end of 5 days of culture post-stimulation
(Figure ) The protrusions were significantly longer and collagen fibers were aligned
in between acini (Figure [5.7d). Blebbistatin treatment also increased the invasiveness in
the control samples that were not mechanically stimulated (Figure ) Notably, when
Blebbistatin was added after mechanical loading, the drug did not make the same impact.
The cells were more invasive compared to the chemically non-treated samples, yet we did
not observe network formation.

Several studies have shown the role of RhoA /Rock/MLC pathway on the invasive and
carcinogenic phenotype of tumors, including the mammary cancer [20], 201, 206}, 207, 208].
RhoA is the key regulator of the activity of myosin IT [209]. The pathway involves several
proteins, and the protein directly involved in the regulation of myosin II activity is Rho
Kinase (ROCK). Both ROCKI and ROCKII upregulate myosin II activity by augmenting
the level of phosphorilation of the regulatory myosin light chain (MLC), which in return
will promote the assembly and ATPase activity of myosin II. We tested whether the whole
pathway is involved in the phenotypic transition.

Inhibiting RhoA activity during pulling almost completely eliminated the effect of
mechanical loading (Figure ) We tried to rescue the invasive phenotype by adding
Blebbistatin after inhibition of RhoA signaling during pulling. There was an increase in
the number of acini with protrusions, reaching the levels of samples that are not chemi-
cally treated. Swithching the order of administration of drugs, i.e. first Blebbistatin during
pulling and then RhoA inhibitor resulted in a similar outcome. Rho signaling is required
for both mechanotransduction and invading the collagen gel. Inhibition of myosin II re-
sults in a decrease of cell stiffness and cortical tension, which is correlated to metastatic
behavior [192], 210]. RhoA activity is also related to myosin contractility. However, the
downstream signaling pathway has more extended implications, including the inhibition
of cell migration.

Rho/Rock mediated actomyosin contractility is responsible for collagen remodelling,
specifically fiber alignment during migration [192] 206]. Previous work has shown that
within aligned matrices the Rho/Rock/MLC pathway is not necessary for cell invasion
[20, 206]. Since the collagen characterization studies excluded the influence of matrix-
alignment on the invasive phenotype, we checked whether ROCK was coordinating the
matrix invasion of cells and acini-acini interactions through matrix alignment. Inhibiton

of ROCK decreased the invasive phenotype (Figure[5.8¢). When added to the media after

104



5.5 Micromanipulation platform

e g ,,Jl
—
= \ S~
S+ —iﬂ’
Sesm \oecy
\/;‘L

O el
_ After 2 days T /'//,/7 7
 — \,Jﬁ/r+>
= . N <C; R
Y\ Pin relaxattion LS

€ =

Pull pin

S days after
pin relaxation

1004

80

% acini with protrusions

(& a -

Collagen I

2

Collagen I Vimentin Actin Collagen I

FIGURE 5.7 — Investigating the role of myosin II in the invasive phenotype. a. Schematic of
mechanical manipulation and suppression of myosin II with Blebbistatin. Blebbistatin is added during the
mechanical manipualtion (Bleb+300um_d0) or after pin relaxation (300pum_d0_Bleb_d2) for 2days. Two
days after pin relaxation, it is possible to observe already the formation of some invadopodia and some
collagen alignment around them. 5 days after pin relaxation it is possible to observe long protrusions and
some connections between the organoids. b. Quantification of % of invasive acini for n>200 organoids
per condition from 4-7 independent experiments. c. Representative brightfield images of the epithelial
organoids 5 days after of pin relaxation. Left : Bleb+300um_d0. Right : 300um_d0_Bleb_d2. Scale bar,
1mm. d. Representative phase-contrast image of acini with invasive phenotype connecting with each other.
e-f. Representative confocal image of invasive acini connecting with each other. Collagen I alignment can
also be seen. d,e,f. Scale bars, 100um.
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pulling combined with myosin inhibition, cells branched out but had difficulty to remodel
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the ECM, which resulted in shorter protrusions.

Treating the samples with 81 integrin blocking antibody (AIIB2) completely elimi-
nated the effects of mechanical loading. We did not observe any protrusions (data not
shown). Cells must be connected to the collagen fibers during and after mechanical loa-
ding to be able invade the matrix.
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FIGURE 5.8 — Investigating cellular processes involved in the epithelial invasive phenotype.
a. Quantification of % of acini with protrusions for n>150 organoids per condition from 1-7 independent
experiments. Several conditions were tested : RhoA inhibitor is added during the mechanical manipulation
(RhoA-Inh+300pum_d0) ; the combination of Blebbistatin and RhoA inhibitor was also tested, first adding
RhoA inhibitor while pulling and then Blebbistatin after relaxation (RhoA-Inh+300um_d0-+Bleb_d2)
or vice-versa (Bleb+300um_d0+RhoA-Inh_d2). b. Representative brightfield images of the epithelial
organoids after 5days of pin relaxation. RhoA inhibitor was added while pulling and blebbistating was
added after pin relaxation. Scale bar, 500 pm. ¢. Quantification of % of acini with protrusions for n>250
organoids per condition from 4-7 independent experiments. The combination of Blebbistatin and Rock
inhibitor (Y27632) was tested. First adding Rock inhibitor while pulling and then Blebbistatin after re-
laxation (Rock-Inh+300pm_d0+Bleb_d2) or vice-versa (Bleb+300um_d0+Rock-Inh_d2). d. Schematic
representation of the mechanotransduction mechanism. The integrins sense the mechanical properties of
the environment and the forces propagating through the ECM, inducing a cascade-response signalling
via Rho/Rock/MLC pathway. Blockage of this cascade inhibits carcinogenic-cellular responses.
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5.6 Discussion

The work presented in this chapter was motivated by the recent reports on the invol-
vement of mechanical forces in branching morphogenesis and carcinogenesis of mammary
gland organoids [193] 194]. These processes involve long-distance mechanical interactions
through fibrous ECM. We have shown that application of tensile forces induce an inva-
sive phenotype on the mammary organoids. This effect is more emphasized when the cell
contractility was reduced through myosin II inhibition. Imaging of collagen fibers and
embedded tracer particles during mechanical loading excluded the possibility that matrix
remodeling initiated or guided the invasion process. Pharmacological experiments showed
that Rho/Rock/MLC pathway was involved in the mechanotranduction and matrix inva-
sion.

This simple platform opens up several opportunities to study mechanobiology of cell

clusters embedded inside matrices. Now that we have a basis to plan on manipulation ex-
periments, we will use the wireless optomechanical actuators to generate localized stresses.
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5.7 Detailed Protocols

5.7.1 2D cell culture

MCF10A cells (ATTCC® CRL-10317"M) were culture in Dulbecco’s modiefied Ea-
gle’s medium /Nutrient Mixture F-12 with Glutamax (DMEM/F-12, GlutaMAX™ sup-
plement) supplemented with 20ng/mL of EGF (PrepoTech); 5%(v/v) horse serum (HS,
ThermoFischer Scientific) ; 0.5ug/mL of Hydrocortisone (SIGMA Aldrich) ; 100ng/mL of
Cholera Toxin (SIGMA Aldrich); 10ug/mL of insulin (SIGMA Aldrich) and 1%(v/v) pe-
nicilin /streptomycin (ThermoFischer Scientific). The cells were passed every 2/3 days up
to 5 passages, following the protocol published elsewhere [I91]. Briefly, or 2 days culture
seed 1x10%cells/cm? and for 3 days culture (over-weekend) seed 2.67x103cells/cm?. For a
T75 culture flask :

1. Aspirate the medium and add 10mL of PBS for washing.

2. Aspirate, add 3mL of 0.05%Trypsin-0.48mM EDTA (ThermoFischer Scientific) and
incubate in a 5%CO, humidified incubator at 37° for 15 min.

3. Neutralize the cell suspension by adding complete growth medium (CGM). Add at
least double of the volume of Trypsin. Pipette up and down gently do dissociate
cell clumps.

4. Aliquot cells into 15mL falcon tubes and centrifuge at 120g for 5min at room
temperature.

5. Ressuspend the cell pellet in CGM.

6. With a hemocytometer count cells. Plate 8x10° cells for 2 days or 2x105cells for 3
days culture.

7. Incubate.

Note : To avoid thermal shock put the T-flask in the incubator with the medium while
you trypsinize the cells. It warms up the medium and stabilizes the pH.

5.7.2 3D cell culture : MCF10A acini formation

MCF10A acini were cultured on Matrigel in a 3D culture medium (3D-CM) composed
by DMEM/F-12, GlutaMAX™ supplement, 10ng/mL of EGF; 2%(v/v) HS; 0.5ug/mL
of Hydrocortisone ; 100ng/mL of Cholera Toxin ; 10ug/mL of insulin and 1%(v/v) penici-
lin/streptomycin supplemented with 2% (v/v) Matrigel (BD Biosciences Growth Factor
Reduced (GFR) Matrigel Matrix). They were formed on glass-bottom petri-dishes, pre-
pared in-house or bought from Mattek, for imaging purposes. MCF10A acini were formed
following several reported protocols [191], 194) [195] as follows :

1. Spread 80uL.cm™2 of 8mg/mL Matrigel on the coverslip and incubate at 37°C for
30 min. (It is important to do it in a humidified incubator to avoid dehydration.)

2. In the mean time, prepare the 3D-CM with 2%(v/v) Matrigel. (Note : The 3D-CM
can be kept in the fridge at 4° but the Matrigel should be added fresh each time.
When handling Matrigel it should be kept on ice to prevent it from thawing.)

3. Trypsinize the cells as mentioned for 2D cell culture.
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4. Ressuspend the cells in the right volume (see next step).

5. Once the gels are formed, add the single cells on the Matrigel with a seeding density
of 3.14x103cells/cm?. (The seeding density should be adapted to the cell passage
and acini density desired.)

6. Incubate for 30 min to 1h.
7. Cover with 3D-CM complemented with 2%(v/v) Matrigel, prepared on step 2.

8. Incubate and replace the medium every 2-3 days.

In this work the acini formed within 5 days, age at which the acini were used for
mechanobiology studies.

5.7.3 Experimental set-up : MCF10A acini sandwich and pin set-up

After 5 days, acini were formed and sandwiched between the Matrigel bottom layer
and a 1mg/mL 3D-Collagen I (5mg/mL, Cultrex™ 3-D Culture Matrix Rat Collagen
I from R&D Systems) layer, added on top for mechanobiology studies. Like Matrigel,
collagen must be handled on ice. Collagen I was prepared according to the manufactu-
rer specifications. Collagen I was labelled either with Alexa Fluor NHS-Ester 647 or 488
either with Dylight 650 (ThermoFischer Scientific). Aliquots of collagen I were prepared
with the fluorescent die at a ratio of 1 :1000 and stored at 4°C. The labelled collagen is
added to the non-labeled collagen solution in a ratio of 1 :7.

The acini were washed 3 times for 5 min with chill PBS supplemented with Ca?*
and Mg*™ (DPBS, SIGMA Aldrich). To avoid avoid collagen detachment, the petri-dishes
were well dried around the Matrigel area with the help of a pipette tip connected to the
aspirator. Then, a hole was made on the petri-dishes with a soldering machine followed
by the positioning of the pin (Stainless insect pin; size 000 ; tip diameter 0.03mm ; 4cm
length ; Fine Science Tools) under the inverted microscope. Once the set-up was ready,
the collagen was added carefully on top of the acini and Matrigel layer and incubated for
1h at 37°C. When gelled, add 3D-CM without Matrigel. For experiments with inhibitors,
10uM Blebbistatin (SIGMA Aldrich), 10uM Rho inhibitor I (Cytoskeleton) and 10uM
Rock inhibitor (Y-27632 dihydrochloride, STEMCELL™ Technologies) were added on
day 5 (while pulling) or day 7 (after pin release) for a 48h treatment. For experiments
blocking integrins, the Anti-Integrin Betal, clone AIIB2 (Azide Free) antibody (Merck
Milipore) was used.

5.7.4 Immunohistology

The immunostaining was based on the protocols reported elsewhere [191], [198|. Brie-
fly, samples were fixed with 2% paraformaldehyde (PFA, SIGMA Aldrich) for 20 min at
room temperature and then washed 3 times 5min with PBS 1X. The acini were then
permeabilized with 0.5% Triton X-100 (SIGMA Aldrich) in PBS for 10 min at 4°C follo-
wed by 3 washes of 15 min at room temperature with 100mM glycine solution (100mM
glycine, 130mM NaCl, TmM NayHPO, and 3.5mM NaH,PO, in mili-Qwater). After they
were blocked for 1.5h with IF buffer (130mM NaCl, 7mM NayHPOy, 3.5mM NaH;POy,
7.7 mM NaNj, 0.1% bovine serum albumin (BSA), 0.2% Triton X-100, 0.05%Tween-20
in mili-Qwater) and 10%(v/v) goat serum. The acini were incubated over night at 4°C
with primary antibody [Vimentin (D21H3) XP@®Rabbit mAb 5741, from Cell Signalling
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Technology®) ; E-cadherin (24E10) Rabbit mAb 3195, from Cell Signalling Technology®) ;
Fibronectin : Anti-Fibronectin antibody (ab2413), from abcam ; Laminin : Anti-Laminin
5 antibody (ab14509), from abcam| diluted in the blocking solution with a dilution of
1 :50 and washed 3 times for 20 min with IF buffer at room temperature with gentle
rocking. After, the acini were incubated over night at 4°C with the fluorescent conjugated
antibody in block solution with a dilution of 1 :100 (IgG (H+L) Cross-Adsorbed Goat
anti-Rabbit, Alexa Fluor™647 or 488, Invitrogen). Once again, the samples were washed
3 times for 20 min with IF buffer at room temperature with gentle rocking followed by
actin cytoskeleton staining with Phalloidin (Texas Red or 488, 3 :1000) for 15 min and 2
times Smin washing with PBS 10x, and nucleus staining with Hoesch (2 :1000) for 15min
and 2 times 5min washing with PBS 10x. Samples were then sandwiched with fluorescent
mounting media and a coverslip, and stored at 4°C.

5.7.5 Image acquisition and data analysis

All live-experiments were performed using a Nikon Ti Eclipse motorized inverted mi-
croscope. Bright-field (BF), differential interference contrast (DIC) and phase-contrast
(PH) images were captured with an ORCA-Flash4.0 CMOS camera (Hamamatsu). The
acini were imaged every 2/3 days, to track their morphological changes. The organoid
morphologies were quantified manually. Fiji from ImageJ [120] was used to analyze images.

The acini and collagen matrix immunofluorescence characterization was done using a
Leica SP8 multipurpose point scanning inverted confocal microscope.

For particle displacement quantification, 1 um-diameter fluorescent particles were ad-
ded to the collagen matrix. Videos were recorded with high frame rate and processed in
MATLAB with the PIV tool, [122] and plotted with the plugin quiverc [123].

5.7.6 mOMAs integration in collagen

The spherical microactuators were embedded in the 3D-collagen matrix by functio-
nalizing them with a heterobifunctional crosslinker, sulfo-SANPAH (Pierce™). Briefly,
the microactuators are spun down for 2 min at 14000rcf and the supernatant is removed.
Then, 0.5mg/mL of sulfo-SANPAH in PBS are added in a ratio of 1 :2 (v/v) beads :SAN-
PAH, and mixed for a proper homogenization. The suspension is exposed to UV light
(300-460nm) for 7 minutes to activate the cross-linker and initiate the functionalization
reaction. After, the suspension is washed 2 times with PBS 1X and 1 time with etha-
nol, to remove unreacted sulfo-SANPAH. The supernatant is removed and the rest of the
ethanol is evaporated in the hood while the collagen gel mixture is prepared. Once both
are ready, the collagen is added to the functionalized microactuators, then added on the
experimental set-up and incubated for 1 hour. Once the collagen is polymerized, add PBS
or culture medium.
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6.1 Actuators and mechanical systems

Mammalian cells are surrounded by other cells and matrix proteins that provide va-
rious mechanical signals. Advances in materials science and microengineering brought 3D
cell culture models that mimic the conditions within living organs. While the mechanical
properties and architecture of the ECM can be tuned using engineered materials, existing
techniques do not allow the application of spatiotemporally resolved forces within bioen-
gineered platforms in a minimally invasive fashion. In this thesis, I described one such
technique that involves the use of optically addressable soft microactuators.

I presented a repertoire of actuators and devices with different layouts and functions.
Nevertheless, the building actuator block is always a nanogel that can transduce light into
heat and, subsequently, mechanical work. Gold nanorods coated with pNIPMAM harvest
light and generate heat at the LSPR of gold. This thermal energy is then converted into
mechanical work with the contraction of the thermoresponsive polymer, as a consequence
of the breakage of hydrogen bonds. This process is fast, powerful, and reversible. To
scale up the forces provided by the nanoactuators, the particles were agglomerated and
crosslinked. Spherical optomechanical microacuators composed only of nanoactuators were
synthesized using a template-assisted microfluidic approach. The resulting microactuators
exhibit mechanical properties (4.8 + 2.1 kPa stiffness) and performance metrics (actuation
strain up to 0.3 and stress up to 10 kPa) that are comparable to mammalian cells. NIR
laser illumination provides effective spatiotemporal control over actuation (sub-micron
spatial resolution at millisecond temporal resolution). As a second strategy, an ink in the
form of a hydrogel-nanoactuator composite was prepared. This ink was casted and printed
to form actuators with various forms and structures, such as thin films and fibers. The
last strategy involves laser directed assembly of nanoactuators.

I showed that the morphology of the gold core and the polymer coating could be finely
tuned by changing the synthesis conditions. Notably, I demonstrated that these nanoac-
tuators could be upgraded to become multifunctional by adding other metal layers to
the core. In our application, Pt coating provided catalytic activity and Ni coating provi-
ded magnetization. Together, these two extra layers realized on-demand self-assembly of
microactuators. It would be interesting to explore other functionalities such as control-
ling the electric charge of the particles. Charged nanoparticles respond to electrophoretic
forces. Optoelectronic manipulation is a versatile technique to simultaneously transport
hundreds of particles on a plane [211]. This way, we may increase the complexity of devices
assembled from the colloidal suspension. The colloidal assembly approach may be pushed
to the next level if, instead of photopolymerization, we could self-assemble mechanisms
from nanoscale building blocks. This concept may be realized by synthesizing thermally
nonresponsive nanogels with gold nanorod core. Tuning the plasmon resonance frequency
of the active and passive components using nanorods with different aspect ratios will en-
able coordinated assembly of mechanisms and actuators. Finally, the assembly process
may become reversible by the initiation of covalent bonds that can be enzymatically re-
moved or using DNA linkers [117].

Although the complexity of the shapes that can be achieved by laser writing is unpre-
cedented, the technique may not be suitable for in vivo applications where penetration
of NIR is an issue and Marangoni flows may not be generated effectively. In contrast,
magnetic fields are suitable for particle manipulation and powering actuators under these
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conditions. The magnetic properties of the mNAs pave the way for the formation of dy-
namically stable morphologies using rotating and oscillating magnetic fields. The heat
that is required for chemically crosslinking the particles and driving the sol-gel transition
can be generated using radiofrequency (RF) oscillating magnetic fields. RF signals can
also be used for powering the self-assembled artificial gmuscle. Previous work has shown
that bulk thermoresponsive hydrogels fabricated from magnetic nanocomposites could be
actuated using magnetic hyperthermia [74, [118]. However, this strategy will come with an
important trade-off, the spatial resolution and frequency selective activation provided by
plasmon resonance heating will be lost. Intuitively, the resolution of printing depends on
the laser dose and the concentration of mNAs, and precise control over laser spot would
enable printing of structures with arbitrary complexity.

From the device side, compliant mechanisms were fabricated from a biocompatible
hydrogel, PEGDA, using projection lithography. A programmable Digital Micromirror
Device (DMD) that was connected to an inverted microscope projected the UV light to
predetermined regions and polymerized the hydrogel in situ around the actuators. A va-
riety of microdevices were presented ranging from lever arms, continuum microrobots,
flextensional mechanisms, and microgrippers. The design space is only limited by the
imagination of the researcher. The mechanisms could be printed using direct laser writing
for creating more sophisticated 3D machines. Any polymer that can be photopolymerized
and deformed by the actuators can be used for building the mechanisms.

6.2 Mechanobiology

We introduced a soft robotic compression device for mechanical characterization and
stimulation of organoids. A cantilever beam was incorporated for real-time monitoring
of mechanical properties of 3D cell clusters. I showed that the compression device could
be fabricated inside microfluidic channels, which opens up the door to a wide range of
combinatorial biomechanical studies with high-throughput. Combination of pharmacolo-
gical studies with real-time biomechanical characterization of organoids will bring new
perspectives to the crosstalk between biochemical signaling and cell mechanics. There is
work to be done to provide a complete solution. The samples were loaded manually, which
is sub-optimal. Organoids can be guided with fluid flow inside channels with structured
compartments or integrated valves. Once the samples are located in place, a programmed
laser system will apply the predefined loading regimen on each device in an automated
fashion.

As final contribution, it was demonstrated that externally applied tensile stresses ini-
tiate biomechanical interactions among organgoids inside a fibrillar matrix. A 3D model
of the human mammary gland was developed following a sandwich configuration where
the acini were grown on matrigel, and later covered by collagen 1. External forces were
applied using a micromanipulated stainless steel pin. Combination of mechanical forces
and chemical inhibition presented an invasive phenotype. The results also showed that
the Rho/Rock pathway is involved in the mechanotransduction process. Blocking [1-
integrin isolated the acini from mechanical stimulation. The work done here, regarding
biomechanical characterization and manipulation, is far from completed. The pin set-up
was expected to provide us the excitation parameter so that we could plan experiments
with the wireless microactuators. A detailed characterization of the forces exerted on the
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ECM is on the way. This characterization is going to be performed using polyacrylamide
(pAAm) or alginate sensor beads [24], 25 26, 27].

6.3 Bioinspired programmable active matter

Gottfried Wilhelm Leibniz once said “I define the Organism, or natural Machine, a ma-
chine in which each part is a machine [. . .|, whereas the parts of our artificial machines are
not machines”. Although both natural and synthetic machines require an input of energy
to perform work, living organisms possess a self-organized hierarchy from the nano- to
the macroscale. Every unit of a biological system is active, and interacts with other units
through integrated feedback loops as if machines are made from smaller machines. In
other words, organisms are non-equilibrium self-organized hierarchical dynamical systems,
which is a manifestation of oscillatory patterns of interactions among building blocks. On
the other hand, man-made machines are assembled from inactive building blocks. This
construction and operation framework gives limited ability to mimic lifelike properties
to 1) study fundamental principles that govern the adaptive behavior of self-organizing
structures and 2) engineer machines that operate away from equilibrium. There is an
emerging field called active matter, a sub-class of soft matter physics and chemistry that
focuses on the study of self-driven systems, in which energy is directly supplied to the
building blocks [212].

An impactful contribution to the field of active soft matter would be the development of
autonomous micromechanical hydrogel systems from self-driven hierarchically assembled
nanoscale machines. These autonomous micromachines can serve as a platform to study
fundamental biological processes driven by mechanical work such as self-organization in
the embryo, driven by growth, differential adhesion, and cortical tension. An important
contribution of such work would be the introduction of mechanosensing into artificial
systems with the objective of coupling the local oscillations of individual machines to
generate self-organized collective deformations. Autonomous micromachines with time-
varying actuation would also allow the study of biological locomotion, which is primarily
based on coordinated oscillations or undulations of musculoskeletal components interac-
ting mechanically with the surrounding environment.

Multicellular organisms are complex biological systems that grow from a single cell
during embryogenesis through spatiotemporally controlled proliferation, differentiation,
migration, and apoptosis. Each cell operates like a microscale factory self-assembled from
nanoscale proteins and other biochemical molecules. Embryonic research has decisively
shown that disordered and distributed biological systems can spontaneously form patterns
and organized structures via selective and specific interactions that lead to rearrangement
of the relative positions of the units within the embryo in the absence of external control
inputs|213] 214]. Recapitulating this self-organization in synthetic systems may open up
completely new avenues for building adaptive soft micromachinery.

The first step to implement biological construction principles in synthetic system is to
understand the governing physical and chemical rules. To explain self-sorting, scientists
made analogies with immiscible liquids such as oil and water, where the multicellular ag-
gregates are represented as oil droplets in water. In a liquid system, molecules of different
properties phase-segregate (cohesion) in order to minimize the surface tension. Steinberg
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proposed the Differential Adhesion Hypothesis (DAH) based on this liquid-tissue analogy,
where he stated that random motility allows cells to reorganize and differences in cell
adhesion generate mechanical forces that drive segregation. It is proposed that cell segre-
gation is driven by mechanical forces of affinity and tension, analogous to surface tension
that occurs at the molecular level for oil and water. A difference in affinity between two
cell populations leads to tension at their interface because cells of one or both populations
experience stronger cohesive forces from homologous cells than from heterologous cells. In
principle, this imbalance in forces will drive segregation to generate and maintain a flat
interface that minimizes contact between the two cell populations and interfacial tension
will drive the segregation of the more cohesive population to the center. An alternative
hypothesis called Differential Interfacial Tension (DITH) proposes that segregation can
be driven by tension and cell-surface contraction generated independently of differen-
tial adhesion. In fundamental contrast to inanimate liquids, tension at the cell surface
is maintained by the permanent expenditure of metabolic energy to support contraction
of the cortex. Signaling from one cell population induces assembly and contraction of
cell-surface-associated actomyosin in the adjacent cells. This cortical tension sharpens the
borders and restrains movement of cells across the interface [215, 216], 217].

Random sorting of different cell populations cannot lead to complex patterns. Pat-
terning requires spatial regulation of cell-cell adhesion, actin dynamics, and actomyosin-
based contractility. Reaction—diffusion systems are feasible and attractive models for how
repeating spatial patterns emerge from an initially homogeneous group of cells. As an
alternative theory, the concept of positional information has been proposed as the major
driver of tissue patterning. The mechanism involves cells differentiating according to their
position within a chemical or mechanical gradient. Recent work has shown that patter-
ning of vertebrate digits is a result of both mechanisms. In theory, mechanical rather
than chemical instabilities may underlie tissue patterns, an idea largely explored in the
context of mesenchymal condensation [215], 216], 217]. Whether chemically or mechanically
controlled, the differential mechanical state such as adhesiveness, viscosity, contractility,
and elasticity of spatially compartmentalized cells lead to morphogenesis, which is basi-
cally the establishment of a functional multicellular form and structure [215] 216] 217].

Once the biological system is constructed, hierarchically-organized muscle and connec-
tive tissue units together drive various types of spatiotemporally coordinated motion. One
of the most elegant examples of coupled mechanical oscillators is the beating heart. Cells
beating in unison can exert a much stronger force, required for regular pumping of blood
through the body. When the beating is not coherent, arrhythmia can occur, which im-
pairs proper function. Recent work has shown that mechanical coupling between cells
facilitated by X-ROS signaling, ensures that the final outcome of action potential pa-
cing is synchronized beating [129, 218]. Another example to the generation of motion via
coupled oscillators is locomotion, which is primarily produced by appendages that oscil-
late or by bodies that undulate, pulse, or undergo peristaltic waves [219]. Application of
coordinated, time-varying forces to the surrounding fluid or substrate is the key for suc-
cessful movement. Although the activation of skeletal muscle units is generally controlled
by motor neurons, mechanical coupling among muscle units and between the body and
the environment can passively tune the gait, which allows the animals to spontaneously
adapt their motion or preserve stability during maneuvers.

The key for developing experimental platforms that can reveal biological construction
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and operation principles is engineering of structures from materials that allow sensing,
actuation, and computation on the same system. Artificial cells have been engineered
from biological components, such as protein motors and filamentous polymers that are
present in the cytoskeleton or DNA-binding enzymes that act as motors. However, none
of these systems are regulated spontaneously by internal feedback mechanisms. Further-
more, apart from simple shape deformations, these droplet-based systems cannot perform
useful mechanical work and they are far from self-organizing into functional machinery
[219, 220]. Hydrogels have been serving as a platform to provide spatial and temporal
control over the release of various therapeutic agents. Through appropriately designed
composition and structure, they can respond to various biochemical and physical stimuli
by showing conformational or optical changes. High water content and tunable mechanical
properties provide physical similarity to biological matter, giving the hydrogels excellent
biocompatibility and stability. A broad range of printing, folding, molding, and assem-
bly methods are available for forming complex 3D hydrogel mesostructures [2211, [222], 223].

Although hydrogel microsystems have shown the unique capability of operating si-
multaneously as sensors and delivery vehicles, existing prototypes cannot perform com-
plex autonomous mechanical functions with high efficiency. One promising approach to
introduce self-regulatory behavior to hydrogels is utilizing exothermic catalytic inorga-
nic or biochemical reactions that undergo reversible and repeatable cycles. Pioneering
work has already shown the feasibility of building self-sustained homeostatic systems
that couple the chemical reaction with mechanical transduction, which in turn triggers
the chemical reaction in a cyclic manner [129)]. Self-oscillating gels based on the integra-
tion of thermal oscillatory Belousov-Zhabotinsky (BZ) reaction into the polymer back-
bone have been developed. BZ is a cyclic redox reaction with thermal bistability, that,
when coupled to a thermoresponsive polymer induces a periodic conformational change
[220, 221, 222 223 224], 225, 226, 227, 228, 229, 230]. BZ gels oscillate periodically wi-
thout the need for external stimuli as the rhythmic pulsations are fueled by the reaction
occurring within the hydrogel network. Although proof-of-concept examples of coupled
oscillating micromechanical systems have been already introduced, [230] the field is still
in its infancy from engineering point of view. Furthermore, BZ reaction has to be replaced
with a more generic catalytic reaction that allows better control over oscillation dynamics
and incorporation of a wide range of hydrogels.

The last missing piece in this puzzle is engineering a connection between self-sustained
agents to build higher order artificial tissues and organisms. Recent efforts in polymer me-
chanochemistry introduced ways to design functional materials with the ability to rear-
range molecularly in response to mechanical input or to transduce mechanical loading into
chemical reactions. For example, mechanical stress can be lead to fluorescence as a result
of a spatial separation between the quencher and the fluorophore molecules. Alternati-
vely, loading can induce variations in the optomechanical properties of the material due
to translocations in molecular assemblies. Thus, the path to engineering mechanosensing
in hydrogel systems goes through integration of a motif called “mechanophore” capable
of transducing mechanical forces to catalyze a chemical reaction [231, 232] 233] 234].
More recently, it has been shown that macroscopic isotropic hydrodynamic pressure can
be translated into molecular level anisotropic strain with the aid of soft mechanophores
coupled to hard ligands [235].

In this thesis, I brought together functional active materials with hydrogels to build
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more complex machinery (section [4)) and I showed proof of concept of functional mate-
rials that could be used for drug delivery, termed as colloidosomes (section . To reach a
more cell-like unit, an autonomous system, this work should be continued by integrating
mechanosensing and/or self-regulatory properties as suggested.
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