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Abstract

This work describes the use of microfluidic technology and biomaterials in cancer research by
mimicking the extracellular matrix (ECM) and development of drug delivery system. Initially,
biomaterials such as Gelatin methacryloyl (GelMA) and collagen type I were combined to create
a hydrogel composite able to mimic both healthy and cancerous ECM. The impact of the tumor
microenvironment was analyzed by using the hydrogel inside of a pressurized microfluidic device
and by tracking the movement of gold nanoparticles (GNPs). The GNPs showed a decrease in
diffusion coefficient of 77% when analyzed in cancerous conditions. This investigation was further
explored by analyzing the diffusion of charged GNPs in the same system, while also tracking
cellular uptake. An inverse correlation between diffusion and cellular uptake was obtained for
charged GNPs in breast cancer cells. Due to the tunable properties and biocompatibility of GeIMA,
this hydrogel was also employed in the development of pH-responsive drug delivery systems.
Since GelMA contains a gelatin backbone, two responsive polymers (Polymers A and B) were
synthesized. Microspheres of ~40 um were fabricated in flow focusing microfluidic devices.
Polymer A microspheres displayed a swelling increase of 167% in pH 6.0, while polymer B
spheres showed a 296% swelling in pH 10. Considering the unique properties of the tumor
microenvironment such as leaky vasculature and acid pH environment, polymer A was selected to
be used in the production of nanocarriers. The behavior of this polymer in acidic environment
illustrated its potential applicability as drug delivery systems to the tumor area. Polymer A
nanogels displayed a uniform size of 74 + 7 nm. Lastly, GNPs were added to the solution of
polymer A, leading to the fabrication of GNPs-loaded nanogels, presenting a homogenous

distribution of gold particles inside nanogels.
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Chapter 1 Introduction?®

Cancer is a devastating disease that affects millions of people every year. According to
the National Cancer Institute, by 2024 almost 19 million people are expected to be living beyond
a cancer diagnosis [ 1]. Due to the evident increase of people diagnosed with cancer and undergoing
treatment, the National Expenditures for Cancer Care in the United States is projected to grow
from US$125 billion in 2010 to US$156 billion in 2020.

Even though cancer is referred to as a single disease, cancer is composed by hundreds of
diseases that have a main factor in common: uncontrolled cell growth. This group of diseases arise
from a set of mutations on the cell DNA caused by genetic and environmental factors. Cancer
defies the most basic behavior of normal cells such as controlled division, specialized character
situated in a specific location of the body and survival just as long as required. Instead, cancer cells
proliferate uncontrollably, invading territories of healthy cells and affecting the functionalization
of different organs. Some cancer cells have the ability to migrate from their primary tumor location
to a different location in the body through blood vessels and lymphatic system during metastasis
[2, 3]. This invasion of new organs is responsible for about 90% of cancer deaths [4, 5].

Cancers can be diagnosed during routine tests such as physical examination, blood tests
or screening procedures. More specific tests can be requested by the physician in order to confirm
the occurrence of cancer [6]. Once the cancer is confirmed, different treatment approaches may be

taken depending on the type of cancer, size of the tumor and the ability of the person to tolerate

2 The following chapter contains excerpts from: Valente, K.P; Khetani,S.; Kolahchi, A.R.; Sanati-
Nezhad, A.; Suleman, A.; Akbari, M. Microfluidic technologies for anticancer drug studies, Drug
Discovery Today, 2017, 22, 11, 1654-1670.



certain side effects [6]. Treatment options consist of surgery, radiation therapy, systemic therapy
(chemotherapy) and target therapy.

In order to better understand this devastating disease and to better predict the response of
cancer to current therapeutic treatments, traditional drug studies are performed in two-dimensional
(2D) cultures, where cells are seeded on flat plates to form a monolayer. This method has been
extensively used by researchers and pharmaceutical companies due to its simplicity. However, the
translation of the results obtained from cancer cell monolayers to a tumor is not very promising
since 2D models are unable to replicate the cell-cell and cell-extracellular matrix signaling of
complex three-dimensional (3D) tissues [7]. For instance, in a 2D model, the cells are cultured on
hard plastic substrates and are exposed to uniform concentrations of nutrients and drugs in a static
condition [8]. However, natural tumor cells reside in a 3D matrix with a disorganized network of
blood vessels that distribute the bioactive molecules non-uniformly [9]. Therefore, great effort has
been made during the past few years to develop more reliable in vitro models by utilizing
biomaterials and microfluidic technology [9]. Three-dimensional cell cultures allow the
combination of multiple cell types and the presence of stromal and extracellular matrix [10].
Moreover, the cell-cell and cell-ECM interactions combined with a 3D architecture creates a closer
functional resemblance of the in vivo tumor. In addition, 3D tumor models demonstrate less
sensitivity to cytotoxic agents.

There are different methods used in the creation of 3D cell cultures, such as spheroids
(agglomeration of cells) and scaffolds. Spheroids have been widely used in the development of 3D
high throughput cell culture systems. The advantages of the use of spheroids over 2D cell cultures
are numerous such as the recapitulation of a 3D architecture of the tissue, including hypoxic

regions on larger spheroids, and the possibility to recreate cell-cell and cell-matrix interactions



[11]. Spheroids can also better mimic the response of the 3D tumor to cytotoxic treatments in terms
of drug sensitivity and resistance [12]. However, even though the benefits of using spheroids are
evident, there are still a few challenges to be overcome since spheroid culture is time-consuming,
requires intensive labor and may lack consistency in the production of uniform spheroid sizes [12].

Even though spheroids are able to mimic the 3D architecture of tumor and tissues,
spheroids still lack the presence of chemical and physical properties of the extracellular matrix.
Bioengineered scaffolds have been extensively used for mimicking the complexities of the tumor
microenvironment [13]. Scaffolds provide a 3D structural support to the cells and mimic
physicochemical cues of the native tissue [14]. Scaffolds can be produced from naturally-derived
materials [15] or synthetic biomaterials [15, 16] using biofabrication strategies including
electrospinning [17], particle-leaching [18], direct writing [19], and weaving [20].

Hydrogels can be used as scaffolds. Hydrogels are 3D networks composed of polymeric
materials (natural and synthetic) capable of absorbing a considerable amount of water and swelling
in aqueous medium, while maintaining physical integrity due to the presence of hydrophilic
functional groups (-OH, -COOH, -SOsH and -CONHD>) [21]. The use of hydrogels as scaffolding
materials has recently drawn much attention as their physicochemical properties can be tuned to
match the properties of the natural tissue [22, 23].

Comparatively to spheroids, scaffolds combine properties of the ECM in order to better
recapitulate in vivo cell-ECM interactions. The presence of a scaffold provides not only structural
support to encapsulated cells, but may also affect cell behavior and function [24]. However, there
are still limitations on the use of bioengineered scaffolds. Synthetic, natural or a combination of
both, the material used in the construction of a scaffold needs not only to be compatible but also

required to match the mechanical properties seen in the natural tissue [25]. The matching of



stiffness, elasticity, porosity and biodegradability rate can be challenging for the case of highly
complex tissues and may require the combination of more sophisticated and complex biomaterials.

Even though 3D cell culture models present many advantages when compared to 2D cell
monolayers, 3D cell cultures still do not mimic relevant key aspects of in vivo tissues [26]. 3D in
vitro cell cultures fail to reproduce a dynamic environment, where interactions and
communications between different cell cultures is seen in presence of fluid flow perfusion [27,
28]. Microfluidic technology has been applied to bioengineering research in order to overcome the
limitations seen in the current 3D cell culture models.

Microfluidic technology is based on the field of biological microelectromechanical
systems (bioMEMS) and it has been employed in chemistry, pharmaceutical, biological and
medical research. Microfluidics studies the transport and manipulation of microliter/nanoliter
volumes in channels with dimensions as small as the human hair [29]. With the advent of
microfluidics technology, novel culturing platforms have been emerged that can be continuously
perfused and imitate the physiological functions of tissues and organs [30].

Microfluidic devices allow the creation of an in vitro tumor environment that closely
resembles the in vivo situation due to precise spatial and temporal control of nutrients, oxygen and
cytotoxic drug delivery [8] and integrated biochemical and mechanical features [27]. In addition
to providing a more realistic in vitro environment for small-scale systems, microfluidic devices
are cost-efficient since they require small sample and reagent volumes, transparent and can be used
to perform high throughput assays [31].

Microfluidic technology can also be applied to the development of drug delivery systems.
Drug carrier particles can be fabricated in droplet-based microfluidic devices displaying mono-

dispersed and size-controllable nano/microparticles [32]. When compared to bulk methods,



microfluidics allow the generation of monodispersed particles with high encapsulation efficiency

based on the control of the geometries of the chip and flow rate of solution [33].

1.1. The Tumor Microenvironment

Tumor microenvironment is complex and plays an important role in the growth, invasions
and metastasis of cancers [34]. The environment of a normal tissue is extremely altered in presence
of a tumor. The invasion and the proliferation of cells in the tumor can reorganize the ECM of the
tissue, increase interstitial pressure, and create hypoxic regions within the cells [35] (Figure 1.1).
The ECM is mainly composed of biomolecules such as proteins, polysaccharides and water and it
is responsible for providing a physical scaffold for cells, containing biochemical and

biomechanical cues that can direct cellular differentiation and homeostasis [36].
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Figure 1.1 Characteristic of the tumor microenvironment

Abnormal interstitial flow caused by pressure of cancer cells on tissue results in drainage of tissue
lymphatics and decreases the efficacy of drug therapies. Hypoxia caused by absence of oxygen
results in the activation of angiogenic genes. Angiogenesis resulting from the activation of
angiogenic genes causes the proliferation of blood vessels and a disorganized blood network.
Tumor metastasis results from the migration of cancer cells from the primary site to different
tissues via intravasation into blood vessels and the lymphatic system [37].



In addition to waste products, the degradation of protein components such as collagen and
fibronectin also occurs inside the tissue [29]. This protein deposition creates a stiffening in the
ECM and it is a diagnostic indicator in solid cancer [38]. A deregulated and abnormal ECM can
also influence the behavior of endothelial cells, playing an important role in tumor angiogenesis
[39]. Moreover, the structure of the vascular network in tumors is highly disorganized, display
unusual leakiness and express surface molecules that mediate the diffusion of tumor cells in the
bloodstream and preserve the tumor microenvironment [40]. Such abnormalities in the tumor
tissue results in the resistance of tumor cells to therapeutic agents and affects the transport of drug

within the tumor [41].

1.1.1. Effect of Hypoxia and Interstitial Pressure on Drug Penetration

One of the most well-known hallmarks of cancer is uncontrollable growth and
multiplication of cancer cells [42]. Since this growth occurs within a healthy tissue, the cancer
cells develop a ‘stressful’ environment by pressing the cancer on the surrounding tissue and
extracellular matrix. Elastic stress (in terms of Young’s modulus) increases on this tissue, which
can in return result in an increase in the intratumoral pressure [43]. The increase in pressure creates
an interstitial fluid flow from the tumor to the surrounding healthy tissue, draining tissue
lymphatics [41, 43—45]. Poorly organized vascularization system combined with the rapid
proliferation of cancer cells increases the amount of toxins and biomolecules, contributing to a
raise in pressure in the tissue. These inhibits the distribution of large molecules by convection
(pressure gradient) [43, 45-47]. Therefore, within solid tumors, it is very common to see the
presence of hypoxic regions [35]. In these hypoxic regions, cancer cells use oxidative pathways to
metabolize and produce more lactic acid and carbonic acid [48]. Consequently, the increase in

interstitial pressure does not allow a good clearance of waste products, due to an increase in



localized pressure, and alters the pH within the tumor (decrease in pH from 7.4 to 5.8 in some

cancers) [45].

1.1.1.1. Hypoxia

Hypoxic regions are present in most tumors and they increase the resistance of the cancer
to therapeutic treatments [41]. In the case of systemic therapy, cytotoxic drugs are delivered to
damage fast growing cells. However, in many tumors blood flows in a disorganized manner and,
due to excessive growth of cancer cells, blood vessels are not capable to reach all parts of the
tumor, generating hypoxic regions where neither oxygen, nutrients or cytotoxic drugs can be
delivered to the cells [41, 45] . Consequently, hypoxic regions are often close to necrotic regions
and are therapeutic resistance [45, 49]. However, in order to survive, tumor hypoxia activates genes
associated to angiogenesis in cancer cells [49] by secreting angiogenic activators such as vascular
endothelial growth factors (VEGF) and basic fibroblast growth factor (bFGF) [50-52]. These
angiogenic factors stimulate proliferation of blood vessels by sending a signal to induce new
endothelial cell growth and ECM degradation (matrix metalloproteinases) [50]. The degradation
of the ECM allows endothelial cells to migrate and to start the division process, initiating blood
vessel growth and sprouting from pre-existing blood vessels [50, 51]. Once vascularized, the tumor

is free to grow and to metastasize to different regions of the body [53].

1.1.1.2. Interstitial Pressure

Chemotherapeutic drugs can penetrate healthy tissues by diffusion and convection [41].
While convection depends on a gradient of pressure between the blood vessel and the interstitial
space, diffusion occurs due a concentration gradient within the tissue. In healthy tissue, the

interstitial fluid is composed of an influx of nutrients and oxygen from blood vessels [43]. In the



case of cancerous tissue, the interstitial fluid is poorly drained due to the lack of lymphatic
vasculature [41], resulting in an increase in interstitial pressure. Also, cancer cells invade a healthy
tissue by pressing and pushing the surrounding environment, creating an increase in pressure inside
of the tumor and resulting in a large differential pressure between the tumor and the healthy tissue.
This pressure gradient acts against the transport of nutrients and drugs from the blood vessels.
Therefore, the drug penetration and distribution is limited to diffusion, decreasing the efficacy of

systemic therapies [45].

1.2. Microfluidic Technology in Cancer Research

Microfluidic platforms have been recently emerging as powerful tools for recreating the
complexities of the natural tissues and disease modelling [54, 55]. Due to the small dimensions,
laminar flow is seen inside the channels and viscous forces dominate over inertial forces [27].
Mass transport of nutrients and gases inside microfluidic devices occurs by diffusion, which closer
mimic the in vivo delivery of nutrients. Small dimensions of channels allow precise control of the
system and low volume of reagents which, consequently, reduce equipment and sample costs. In
addition, the small dimensions are comparable to the dimensions encountered inside the human
body, allowing a better replication of human tissues in vitro. Microfabrication techniques are used
in the development of microfluidic devices including soft lithography and replica molding,
injection molding, and 3D printing [56]. Among different materials, poly(dimethylsiloxane)
(PDMS) is the most common material used in microfabrication. PDMS is a transparent
biocompatible silicon-based polymer that allows high gas permeability, providing enough oxygen
permeation to cell culture systems [27]. Microfabrication techniques present sufficient flexibility
to develop different designs of microfluidic devices. Therefore, the addition of chemical gradients

generator combined to sensing technology and mechanical stimuli allows the development of
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predictive platforms of human physiology and disease for drug development [30]. Table 1 lists

the advantages of microfluidic devices of traditional 2D and 3D in vitro cell culture models.

2D Cell Culture e  Static conditions
.o e Methodology well established Uniform concentration of
L ® nutrients and drugs
°® (S ®
@0 a%°q® _o e Simplicity to work with cell .
® .\ e o .‘ monolayer e Lack of 3D environment
e
S @ °® e Large reagent volumes
3D Cell Culture
@
e e  Fail to produce dynamic
z%z&%’g‘\‘ o Cell-cell and cell-ECM interactions environment
é,g& <“5<i o S_en.sitivity' to cytotoxic agents e Lack of fluid flow
&%fo% similar to in vivo perfusion
e  Higher control of environment ¢ Non-standardized
protocols
e Diffusion of nutrients and drugs
. e PDMS may adsorb
e Cost-effective molecules

e  Combination of CGG, biosensors e Perfusion of more than
and mechanical stimuli one growth medium can

e  High throughput assays be challenging

Table 1. Advantages and disadvantages of in vitro cell culture models.

Microfluidic devices have been extensively used to cancer research. Due to the high
flexibility of architectural design fabrication, different types of cancer models can be developed in
microfluidic platforms. Most cancer-on-chip models are of breast, lung, and liver cancers due to
their high incidence rates [57].

Breast cancer is still one of the most dangerous types of cancer, responsible for more than
40 thousand estimated deaths for US only in 2016 [57]. Therefore, great effort has been made to
develop microfluidic-based breast cancer models and investigate the cancer progression and
efficacy of different drugs. For instance, a multichannel microfluidic device was developed to

investigate the crosstalk of breast cancer cells and immune cells [58]. In this study, MDA-MB-231
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breast cancer cells were suspended in collagen and injected in two channels of the microfluidic
device (Figure 1.2A). Macrophages were then suspended in Matrigel and injected in the central
channel, between the two breast cancer collagen channels. The co-culture was incubated for over
one week and no movement was seen in the breast cancer culture towards the Matrigel layer. The
macrophages, on the other hand, migrated and invaded the collagen cancer cells on day 3. This
invasive behavior was more extensively seen after 7 days, when macrophages also showed an
increase in number due to the multiplication when in presence of MDA-MB-231 cells. The results
of this study proved the ability of microfluidic platforms to mimic the crosstalk between the cancer
cells and the immune cells.

Ductal carcinoma in situ (DCIS) is a type of non-invasive breast cancer that occurs inside
of the milk duct. However, some of these cancer cells have the ability to migrate from the original
duct region to the surrounding tissue (Invasive Ductal Carcinoma). A microfluidic platform to
replicate DCIS in a 3D in vitro model was developed, composed of upper and lower channels
separated by a collagen membrane (Figure 1.2B) [59]. The lower channel recreated the stromal
tissue exist in the mammary duct by seeding cancer associated fibroblasts on a collagen coated
membrane. Endothelial cells, on the other hand, were cultured in the presence of a mixture of
Matrigel and fibronectin on top of the collagen membrane. The culture of different cell types was
possible in the DCIS-on-a-chip model due to the presence of two chambers, where different types
of growth medium were delivering nutrients to the cell cultures. DCIS spheroids were allowed to
adhere to the epithelial layer on the top channel. Cytotoxic evaluation of anticancer drug paclitaxel
(20 nM) was performed by injecting the drug on the lower channel (stromal-like culture) for 24 h
in order to simulate an intravenous administration of the drug. Lactate dehydrogenase (LDH)

levels released from the epithelial cells and fibroblast were used to assess drug cytotoxicity. The
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results indicated that production of LDH doubled at day 4 when DCIS spheroids were present in
the upper channel. However, in the case of the control experiments performed in the chip in
presence of a monolayer of epithelial cells, no change in cytotoxicity was seen. Spheroid sizes
inside the microfluidic device in presence and in absence of the anticancer drug were compared
and the results indicated the efficacy of paclitaxel. Untreated spheroids were nearly threefold the
size of the treated spheroids. The results indicated the importance of developing a 3D architecture
and microenvironment to assess cytotoxicity of cancer drugs.

Cancer can become even more complex to treat when it migrates from its original place
to different tissues inside the body. Tumor extravasation is known as metastasis and it has been
largely explored using microfluidic systems. The extravasation of breast cancer cells to bone was
studied using a 3D microfluidic model [60]. The microfluidic platform was composed of eight gel
channels and three media channels and it was previously used to investigate angiogenesis [61-63].
A tri-culture system was generated by the injection of human osteo-differentiated bone marrow-
derived mesenchymal stem cells embedded in a collagen matrix in one of the channels, while
endothelial cells were seeded in the central channel to create an endothelial cell barrier covering
the lateral wall of the channels. Breast cancer MDA-MB-231 cells were introduced in the
endothelial channel (Figure 1.2C). The results demonstrated that the cancer cells migrated trough
the collagen layer by penetrating the endothelial barrier. This migration was also confirmed in the
absence for osteo-differentiated bone cells. However, in presence of the osteo-cells, 77.5% of cells
migrated to the bone matrix, compared to only 38% extravasation rate seen when pure collagen
was present. To further study the role of the osteo-differentiated bone cells in the extravasation of
breast cancer cells, the expression of chemokine CXCL5 was investigated in the bone

compartment. This specific chemokine is known to be involved in cancer migration by expression
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of surface receptor CXCR2 [64]. The production of CXCLS5 by the bone cells was confirmed and
the expression of CXCR?2 surface receptor was shown to be present in cancer cells. After blocking
the CXCR2 receptor, the rate of cancer cell extravasation dropped from 77.5% to 45.8%. This
study elucidated the use of microfluidic system to study cancer metastasis, where different cell
lines could be cultured inside of a chip.

Lung cancer is one of the leading causes of death by cancer and is responsible for 27% of
all deaths by cancer in 2016 in the United States [57]. The high mortality rate is due to the fact that
symptoms of lung cancer are difficult to be distinguished from normal infections or disorders arise
from the side effects of smoking. Therefore, the lung cancer is generally diagnosed in advanced
stages. Lung cancer metastasis was studied in a multi-organ microfluidic device composed of a
lung and three “distant organs”: brain, bone and liver (Figure 1.2D) [65]. Lung cancer A549 cells
cultured inside the microfluidic device formed a cancer mass, showing epithelial mesenchymal
transition (EMT), whereas the level of EMT markers (E-cadherin, N-cadherin, Snail 1 and Snail
2) were used to evaluate the invasion of A549 cells to the “distant organs”. In addition, the
formation of a tumor mass in the brain, bone and liver was analyzed by mesenchymal-epithelial
transition (MET) makers. The results indicated that the expression of the markers in the A549 cells
found in the “distant organs” pointed out that the lung cancer cells had metastasized from its
primary site to the different organs in the microfluidic device. This invasive capability was only
possible to be analyzed due to the integration of multi-organs-on-chip, promoting the investigation

of cell-cell interactions during the process of metastasis.
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Figure 1.2 Biomimetic in vitro cancer models

(a) Microfluidic device for cell co-cultures in different matrices: design of the chip (top) and
migration of macrophages (in green) toward tumor cells (in red) suspended in Matrigel (bottom).
(b) Microfluidic platform to mimic the microarchitecture of ductal carcinoma in situ (top)
composed of upper and lower cell channels separated by an extracellular matrix (ECM)-derived
membrane. Cancer spheroids were embedded in the mammary epithelial layer on the upper
channel, where a fibroblast-containing stromal layer was formed in the lower chamber. The effect
of paclitaxel in the breast tumor- on-a-chip (bottom) is illustrated by fluorescence micrographs of
the spheroid sizes (shown in green) in absence and in presence of the cytotoxic drug. (c) 3D
microfluidic device for MDA-MB-231 breast cancer cell extravasation to bone: generation of the
osteo-cell-conditioned microenvironment, where endothelial cells were cultured to create a barrier
covering the lateral wall of the microchannels and breast cancer cells were seen to migrate toward
the differentiated bone cells through the endothelial layer. (d) Biomimetic multiorgan microfluidic
chip system composed of lung, brain, bone, and liver for the study of metastasis of lung cancer
cells to ‘distant organs’ [37].
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Microfluidic devices present many advantages over conventional 2D and 3D cell culture
models, including high spatial and temporal control of the system, the use of low sample volumes
and the ability to incorporate mechanical and chemical features in the platforms. However, there
are still a few challenges to be overcome. For instance, most microfluidic devices are developed
for very specific applications and, consequently, there is a lack of translation from one type of
cancer to another using the same platform. In addition, the integration of different types of
biochemical factors to recapitulate a more complex tumor microenvironment is still a challenge
[66]. Limitations can also be seen in the extraction of data from microfluidic devices: most results
can only be obtained using microscopy, whereas a large amount of information in terms of

molecular level is lost [67].

1.3. Nanoparticle Technology in Cancer Research

Nanoparticles are materials with nanoscale dimensions, normally between 1 to 100 nm.
Nanoparticles can have different material composition, depending on the application. In medical
applications, semiconductor and magnetic nanoparticles have been used for imaging, providing
considerable improvement in the quality of tissue and organ images [68].

Nanoparticles have also been extensively used as nanocarriers in nanomedicine in order
to systemically deliver drug to cancerous tissues. The unique features seen in solid tumors, such
as a leaky vasculature, leads to an increase of penetration and accumulation of nanoparticles
around cancerous areas [69]. This process is known as enhanced permeation and retention (EPR)
effect and happens in vascularized tumors. After reaching the tumor, nanoparticles can then release
the drug to the cancer cells. While different strategies can be used to target the tumor areas [70],
the particles need to exhibit the certain properties. First, since the leaky vasculatures present pore

sizes around 400 nm, the nanoparticle dimensions must be below this cut-off size in order to
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perform an efficient extravasation [69, 70]. However, the kidneys and liver also have a big impact
on nanoparticle size. Particles smaller than 10 nm undergo renal clearance, while the liver is
capable of capturing particles above 100 nm [71, 72]. Therefore, the size of the nanoparticles
should be in the range of 10-100 nm. Second, the transport of nanoparticles inside the body is also
highly affected by their surface charge. Cationic and anionic particles have high propensity to
stimulate phagocytosis and, therefore, are cleared from circulation faster than neutral particles
[73]. A well-known strategy to create a neutral charge on the nanoparticle surface is to coat the
particle with polyethylene glycol (PEG) [74]. PEG-coated nanoparticles have increased circulation
time inside the body due to the reduction of interactions with protein and opsonins (molecules that
enhance phagocytosis) [75]. Lastly, particle shape can also affect the biological response of the
body to the nanoparticles. Black et al. [76] studied the impact of different gold-doped
nanostructures, such as nanospheres, nanodisks and nanorods, in biodistribution tumor uptake and
intratumoral distribution applied to a murine breast cancer models. The results showed that
nanospheres circulated longer in the blood stream. In addition, nanospheres also showed least
clearance by phagocytosis and resulted in better and higher accumulation in the tumor area.

The applications of nanoparticles in diagnosis and cancer treatment also extends to
radiation therapy. Gold nanoparticles can be applied as radiotherapy enhancers due to the high
atomic number (Z) of gold [77] . For instance, McQuaid et al. [78] saw an enhancement of 14 fold
when MDA-MB-231 cells were cultured with 1.9 nm gold nanoparticles (500 pg/mL) and
irradiated with 3 Gy. Kong et al. [79] used 15 nM of 10.8 nm gold nanoparticles to analyze the
radiosensitization using MCF-7 cells. The results showed that after an X-ray dose of 10 Gy, the
nanoparticles increased radiation cytotoxicity by 60%. Chattopadhyay et al. [80] developed a

human epidermal growth factor receptor-2 (HER-2) targeted gold nanoparticles for enhanced X-
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ray treatment, using trastuzumab as a targeting agent. The ability to enhance the breakage of DNA
strands in breast cancer cells (SK-BR-3) was evaluated after exposure of the cells (6x10*
cells/well) to 0.3 nM of 30 nm gold nanoparticles (~2x10'! particles/mL) and treated with up to 1
Gy of 300 kVp of X-radiation. An enhancement of 5.1-fold was obtained with the gold
nanoparticles, compared to radiation alone. Starkewolf et al. [81] developed doxorubicin (DOX)
conjugated to DNA strands attached to the surface of gold nanoparticles in order to trigger the
release of DOX by X-ray. DOX-DNA-gold nanoparticles were incubated with breast cancer cells
(MCF-7) for 12 hours before exposure to up to 10 Gy, where an enhancement in toxicity of 33 +

21% for 10 Gy was seen, compared 1 + 15% with 2 Gy.

1.4. In vitro Diffusion of Nanoparticles

As described in the previous section, most in vitro models used in nanoparticle studies
are normally 2D cell culture models. Therefore, nanoparticles are directly deposited on top of the
cells. This direct delivery of nanoparticles to cell monolayers does not mimic the highly complex
delivery witnessed in vivo. Tumor microenvironment is complex and plays an important role in
the growth, invasion and metastasis of cancers [34]. The environment of a normal tissue is
extremely altered in presence of a tumor. The invasion and proliferation of cells in the tumor can
reorganize the extracellular matrix of the tissue, increase interstitial pressure, and create hypoxic
regions within the cells [35]. The ECM is mainly composed of biomolecules such as proteins,
polysaccharides and water and it is responsible for providing a physical scaffold for cells,
containing biochemical and biomechanical cues that can direct cellular differentiation and
homeostasis [36].

A strategy to mimic the ECM in vitro is to use hydrogels for cell encapsulation. When

cells are encapsulated in a hydrogel matrix, the delivery of drugs/nanoparticles happens chiefly by
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diffusion [82, 83]. Quignard et al. [84] investigated the diffusion of fluorescent silica nanoparticles
in collagen hydrogels. A 2 mm thick collagen layer with entrapped fibroblasts was created in order
to mimic the dermis. Nanoparticles were deposited on top of the thick hydrogel film and diffusion
of the particles was analyzed by measuring the fluorescence from collected samples at the bottom
of the hydrogel layer (Figure 1.3). The results indicated the impact of collagen concentration in
the diffusion of 60 nm silica particles: when the collagen concentration was high (5 mg/mL), the
particles diffused much slower than at low concentrations of collagen (1.5 mg/mL), where
diffusion coefficients of 2 x 10”7 cm?/s and 11 x 10”7 cm?/s were obtained, respectively. Interesting,
when the diffusion of the 60 nm particles was evaluated in collagen containing fibroblasts, no
significant difference was seen, where a diffusion coefficient of 3 x 10”7 cm?/s was obtained for a

collagen concentration of 3 mg/mL and 4 x 10”7 cm?/s was obtained in absence of fibroblasts.
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Figure 1.3 Set-up for diffusion studies of silica nanoparticles through collagen hydrogel [45].

Tomasetti et al. [85] studied the impact of PEGylation on nanoparticle mobility in two
different ECM models: Collagen I and Matrigel. Collagen I is a neutrally charged gel, while
Matrigel is a basement membrane with strong negative charge. The final collagen I concentration
of 5 mg/mL formed a gel with median pore size of ~470 nm, while 7.4 mg/mL Matrigel samples
showed a median pore size of 140 nm. The diffusion of 120 nm silica nanoparticles was
investigated by Fluorescence Recovery After Photobleaching (FRAP) measurements of regions of

interest in the ECM-like gels with encapsulated nanoparticles. The results showed that the
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reduction of particle surface charge with PEG resulted in mobility improvements in both matrices.
However, the results also demonstrated that diffusion coefficients were ten times higher in
collagen I than in Matrigel, whereas diffusion coefficients of 4 x 10® cm?/s and 0.4 x 10" cm?/s

were obtained for collagen I and Matrigel, respectively.

1.4.1. Integration of Nanoparticles with Microfluidic Systems

Currently, the major focus in cancer medicine is the transport of
nanoparticles/nanocarriers to cells and tissues [86]. However, most in vitro studies are restricted
to 2D transport, chiefly due to ease of fabrication. The integration of nanoparticles in microfluidic
systems allows the study of diffusion in a 3D in vitro model that more closely mimics the reality
seen in vivo. Raeesi et al. [87] investigated the effect of near-infrared light stimulation of
PEGylated gold nanorods in a 7 mg/mL collagen I matrix inside a microfluidic device. The
microfluidic device consisted of a rectangular channel with one inlet and one outlet. The central
channel was filled with collagen I gel and nanorod solution was injected in the inlet reservoir. A
near-infrared laser (785 nm) was used to excite the nanorods, causing an increase in temperature
up to 55 °C (photo-thermal effect) (Figure 1.4). The increase in temperature created an irreversible
denaturation of the collagen I matrix. The change in the collagen matrix was evaluated in terms of
diffusion of 50 and 120 nm AlexaFluor labeled-gold nanoparticles throughout the central channel
of the microfluidic device. Without photo-thermal effect, the fluorescence seen in the central
channel was low, indicating low diffusion of the nanoparticles. After irradiation with the laser,
higher average fluorescence intensity was seen inside the chip, showing an increased penetration
by the nanoparticles in the collagen I matrix. The photo-thermal effect resulted in an increased

diffusivity of 50 nm and 120 nm by ~14-fold and ~21-fold, respectively. In addition, it was
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evaluated that 120 nm nanoparticles were 4.5 times slower than the 50 nm particles, with effective

diffusivity of 7.22 x 10® cm?/s and 2.36 x 10”7 cm?/s, respectively.

Figure 1.4 Effect of photo-thermal GNRs on collagen I matrix [47].

Albanese et al. [88] developed a tumor-on-a-chip platform to investigate the diffusion of
fluorescently labelled PEGylated gold nanoparticles in breast cancer spheroids (Figure 1.5). Gold
nanoparticles with different hydrodynamic diameters, ranging from 40 nm to 150 nm, were
injected inside the chip at 50 uL/h and the accumulation of the particles was verified in the MDA-
MB-432 tumor spheroid. The results indicated that 40 and 70 nm nanoparticles could be seen
inside the interstitial space of the spheroid within 10 minutes of flow. However, in the case of 110
and 150 nm particles, the accumulation of those particle was much less, showing the effect of size

on the delivery of nanoparticles.
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Figure 1.5 Schematic of the PDMS microfluidic device on a microscope stage for
investigation of diffusion in spheroids [48]

In a more complex study, Kwak et al. [89] investigated the diffusion of fluorescent
polystyrene nanoparticles inside a tumor-microenvironment-on-chip system. The chip was
composed of two layers, separated by a polycarbonate membrane. The top layer was composed of
a channel that simulated the capillary vessel of a tumor. The bottom layer, on the other hand,
contained an interstitial channel, where breast cancer cells (MCF-7) encapsulated in collagen were
injected and two lateral channels, mimicking the lymphatic vessels. In order to create a functional
endothelium, the polycarbonate membrane was coated with Matrigel and seeded with endothelial
cells. The cell culture channel was pressurized to 20 mmHg, while the pressures in the capillary
channel and in the lymphatic chambers were 20 mmHg and 5 mmHg, respectively (Figure 1.6).
The diffusion of 100, 200 and 500 nm fluorescent nanoparticles (10'! particles/mL) from the
capillary channel through the tumor channel was detected by time-lapse fluorescence images.
Since the pore size of the polycarbonate membrane was 400 nm, the diffusion of 500 nm particles

was not detected as the particles were unable to cross the membrane. In the case of 100 nm and
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200 nm particles, effective diffusivity values of 3.3 x 108 cm?/s and 4.4 x 10" cm?/s were obtained,
respectively, when 3 mg/mL collagen I matrix was used. The effect of tissue microstructure was
also investigated by increasing the collagen concentration from 3 mg/mL to 6 mg/mL in order to
develop a denser matrix. For the case of 100 nm particles, the effective diffusivity value decreased
from 3.3 x 10 cm?/s to 1.7 x 10"® cm?/s, emphasizing the effect of ECM composition on transport
of particles. Therefore, the tumor-microenvironment-on-chip was capable of providing

information about nanoparticle transport and behavior in a breast tumor-like environment.

Lymph channel
sEeEeESESR
Tumor interstitial channel
B -— -

Capillary channel

Tumor interstitium chaniel
’ 300 pm
ORI

EEENRamENn
Lymph channel

—— > Interstitial fluid pressure (IFP)
= Capillary fluid pressure (CFP)

===p> Lymph fluid pressure (LFf’)‘

Figure 1.6 Schematic of the tumor-microenvironment-on-chip

(A) Conceptual design: A minimal functional unit of a solid tumor, i.e., a pair of capillary and
lymphatic vessels, is mimicked into a 3D microfluidic platform with a 3D structure. The top
channel (red arrow) simulates the capillary with endothelium (monolayer of endothelial cells on a
nanoporous membrane). Nanoparticles can be introduced along this capillary channel. The bottom
layer has a center channel (blue arrow) mimicking a 3D tumor microstructure (i.e., cells in 3D
matrix) and two side channels simulating the lymphatics (green). The tumor channel was
pressurized to establish the elevated interstitial fluid pressure (IFP) [89].
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1.5. Drug Delivery Systems in Cancer Research

Nanomaterials are increasingly used as drug delivery systems for cancer therapy. The use
of nanocarriers (preferable in the range of 5-200 nm) displays advantages over conventional drug
administration since parameters such as drug efficacy, toxicity, solubility and stability are
improved [90]. Extravasation of nanocarriers from the vasculature due to the EPR effect in solid
tumors results in targeted delivery of these particles to the tumor area [91]. Although it has been
recently shown that nanoparticles are able to extravasate to the tumor area by trans-endothelial
pathways (active route), passive extravasation (gaps through endothelial cells) happens with 25%
of 100 nm gold nanoparticles [92].

In addition to the formation of a leaky vasculature system, the decrease in pH in the tumor
microenvironment is another area explored in tumor-target delivery. Yu et al. [93] explored the
resistance of breast cancer to doxorubicin by developing pH-sensitive polymeric microspheres that
contained the drug at their core. Microspheres formed by polyethylene glycol-block-poly[2-
(diisopropylamino)ethyl methacrylate] and D-a-tocopheryl polyethylene glycol 1000 succinate.
Although microspheres were stable under physiological pH, after cellular uptake, doxorubicin was
released by pH-triggered dissociation of the particles. Similarly, Lee et al [94] designed pH-
responsive microspheres containing aspartic acid imidazole as the hydrophobic group, and
ethylene glycol as the hydrophobic group. The microspheres were able to hold up to 28% of
doxorubicin. Under acid conditions (below pH 7), the microspheres released gold by protonation
and degradation, displaying an increase cell cytotoxicity.

Hydrogel nanoparticles, also known as nanogels, can also be pH-triggered depending on
its functional groups. Nanogels present unique advantages such as biocompatibility and reversible

deformation [95]. Cai et al [96] designed 250 nm amphiphilic hyaluronan- based conjugates loaded
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with organoiridium(IIl) complex. Under reducing environment, the micelles showed rapid
dissociation. In vitro results demonstrated that iridium(IIl)-loaded nanogels displayed higher
cytotoxicity than the free anticancer drug. In vivo results showed accumulation of micelles in the
tumor, suggesting a great potential to delivery iridium(Ill). Raza et al. [97] focused on the
development of a pH-responsive FER-8 peptide hydrogel loaded with paclitaxel. In addition to a
sustained release of paclitaxel at pH 5.5 for almost one week, intratumoral injection of the
nanohydrogel in mice showed a retention of 96 h in the liver tumor site. The growth of the tumor
was inhibited at 12 days post-treatment, after a single weekly injection. In addition, no obvious
inflammation was seen at the injection site.

Xu et al. [98], on the other hand, encapsulated doxorubicin in nanoparticles composed of
polyacrylic acid and amorphous calcium carbonate (inorganic-organic system). Although
amorphous calcium carbonate displays high drug loading ability and biocompatibility, when used
by itself, it quickly dissolves. The nanogels displayed a size around 60 nm and a drug encapsulation
efficiency of 80%. /n vitro studies demonstrated degradation of the particles at pH 6.6, while in
vivo results showed major accumulation of the particles in mouse xenograft models at 24 h, while
displaying sustainable cell-killing efficiency at hepatocarcinoma tumors.

Metallic nanoparticles are currently being applied as contrast agents and nanocarriers in
cancer treatment [99]. The fabrication of core-shell structured nanoparticles can be applied to the
targeted delivery of metallic particles to the tumor area in order to reduce metal toxicity. Han et
al. [100] developed a complex 50 nm pH-responsive core-shell nanoparticles displaying a
mesoporous silica core (modified with polyethylene glycol) loaded with doxorubicin. The anionic
shell of the nanoparticles was composed of a hepatocarcinoma-targeting polymer (galactose-

modified poly(allylamine hydrochloride)-citraconic anhydride). At acidic environment (pH 6.5),
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polyethelyene glycol detached due to acidic hydrolysis, exposing the galactose ligand and,
consequently, resulting in high uptake by the hepatocarcinoma cells. Since the endosomes and
lysosomes display pH of 5.0, the anionic shell was converted into positive charges, resulting in
disassembly and delivery of the drug.

Ellis et al. [101] explored the fabrication of 46 nm gold nanoparticles with multilayer
shell of copolymers (poly(oligo(ethylene glycol)methyl ether methacrylate), poly(2-(diisopropyl
amino)ethyl methacrylate), and poly(2-(methacryloyloxy)ethyl phosphorylcholine)). Doxorubicin
was loaded close to the gold core and, due to the pH-responsive nature of the nanoparticle shell,
doxorubicin was then released at pH 6. In a similar approach, Yilmaz et al. [102] developed a 100
nm pH-responsive drug-conjugated glycopolymer-coated gold nanoparticles that were loaded with
doxorubicin. The 55 nm gold nanoparticles were tagged with D-mannose methacrylate
glycomonomer, responsible for the pH-sensitive response at pH 5.3 and release of doxorubicin in
72 h. The effect of the drug in terms of cell viability was evaluated in four different cell lines
(HeLa, A549, SH-SYSY and Vero cells). Cellular internalization resulted on a display of higher

toxicity to cancer cell lines than to the Vero healthy cell line.

1.6. Relevant components

1.6.1. Role of ECM in Breast Cancer

The mammary epithelium is composed of two layers, an inner layer of luminal epithelial
cells (apical layer) and an outer layer of myoepithelial cells (basal layer). These two layers are
encapsulated with a basement membrane rich in laminin. More than 80% of the breast volume is
mammary stroma, which consists of fat tissue, blood vessels, interstitial dense connective tissue

and intralobular loose connective tissue [103, 104]. Stromal cells are in contact not just with the
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basement membrane, but also with the stromal extracellular matrix. The stromal ECM is a dense
meshwork composed of collagen types I and III, fibrillar glycoproteins, hyaluronic acid and
proteoglycans [105].

Cancer progression in breast tissue is accompanied by ECM remodeling, where an
increased deposition of proteoglycans, collagen, and fibronectin, and increased levels of lysyl
oxidase-dependent matrix crosslinking are seen [38]. This leads to an increase in stiffness in breast
cancer, where the elastic modulus of the tissue ramps from 150 — 400 Pa to ~ 4 kPa [38, 106, 107].
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Figure 1.7 Elastic Modulus (Pa) different matrices [58].

1.6.2. Gelatin Methacryloyl

Gelatin Methacryloyl is a gelatin derivative polymer. This hydrogel is usually produced by
the reaction of gelatin with methacrylic anhydride [108]. This results in a polymer that contains a
large quantity of methacrylamide groups and a small amount of methacrylate groups [109]. Due
to the presence of different functional groups in the gelatin backbone, the degree of
functionalization of this polymer can be changed based on reactions conditions, such as pH and

amount of methacrylate (methacrylic anhydride and glycidyl methacrylate) [110].
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GelMA form covalently crosslinked hydrogels by photoinitiated radical polymerization
under UV light. The degree of functionalization (or substitution) of GelMA affects its mechanical
properties. GeIMA hydrogels with high degree of functionalization display high elastic moduli
values and low swelling [111]. This illustrates the tunable mechanical properties of this hydrogel.
In addition, the presence of the peptide sequence arginine-glycine-aspartic acid (RGD) from its
gelatin backbone enhances cell adhesion and proliferation, and a degradation sequence matrix
metalloproteinase (MMP) which promotes enzymatic degradation [112]. This hydrogel has shown
numerous biomedical applications, ranging from tissue engineering to drug delivery systems and

bio-sensing [113-115].

1.6.3. Collagen Type I

Collagen is one of the most abundant proteins found in ECM in vivo [116]. Collagen type
I is composed of acid-soluble molecules and can be polymerized by changing pH and temperature.
Polymerization of collagen happens in two phases: 1) nucleation phase, in which molecular
assembly happens and 2) a rapid growth phase, in which cross-linking occurs. The thickness of
the fibers formed during polymerization can be increased by decreasing the pH and temperature,
and, consequently, prolonging the nucleation phase [116]. Collagen I present low values of
Young’s modulus (100-300 Pa). In addition, high pore sizes (400 nm to 4.4 um) can be obtained

by tuning the concentration and thickness of the collagen fibers [85, 116].

1.6.4. Microfluidic Devices

Microfluidic devices can be applied in the fabrication of microspheres and nanogels. In the
case of microspheres, flow focusing microfluidic devices are used. In these devices, microspheres
are produced by using a minimum of two immiscible fluid phases (dispersed phase and continuous)

that flow in a cross-junction channel [117]. In the case of water-in-oil systems, the dispersed phase
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is composed of an aqueous solution, while the continuous phase is composed of an oil solution.
The formation of microspheres is created when the shear stress of the oil phase overcomes
interfacial tension that keeps the droplets attached to the aqueous region, breaking off from the
aqueous phase into droplets [118]. The fabrication of the droplets and their size are dependent on
parameters such as flow rate of the two phases, geometry of the microfluidic device, and fluid
properties of the continuous and dispersed phases [119]. Two nondimensional numbers (Capillary
number and Weber number) govern the droplet formation inside flow focusing devices.

The relationship between interfacial tension and inertial forces is described by the Weber

number, according to [118]:

(1)

where p, U, Dy correspond to the density of the aqueous solution, velocity of the aqueous
solution, and channel hydraulic diameter, respectively. The interfacial tension between the two
immiscible fluids is represented by o.

The Capillary number, on the other hand, shows the ratio between viscous and interfacial

tension forces, according to [118]:

Ca=— (2)

where p and U represent the continuous phase viscosity and mean velocity, respectively.
Three regimes are known to occur during droplet generation: squeezing, dripping, and

jetting [120]. The squeezing regime (Figure 1.8) occurs when the flow rate and viscosity of the
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fluids is low (We << 1 and Ca << 1). Droplets are formed due to a build-up in pressure at the cross-
junction, in which an aqueous neck is seemed to form in order to minimize surface energy. In the
case of the dripping regime (Figure 1.9), viscosity of the oil phase is higher than the viscosity of
the aqueous phase. A spherical shape is also formed in this case in order to minimize the surface
tension. A neck is created by the continuous phase, dragging the aqueous phase to the channel
opening. Droplets are created due to Rayleigh-Plateau instability [121], when the viscosity of the
oil phase is higher than the interfacial force of the aqueous phase [123]. Lastly, the jetting regime
(Figure 1.10) occurs when a high flow rate is being used for the aqueous phase (We ~ 1 or greater),
and, consequently, inertial forces dominate interfacial tension forces [118]. In this case, a stream
of the dispersed phase is created and droplets are formed due to Rayleigh-Plateau instability [121].
The jetting regime also occurs when the flow rate of the continuous phase is high (Ca ~ 1 or
greater), resulting on pulling of the aqueous phase by the oil phase due to viscous drag forces

(aqueous flow rate is not high enough to overcome interfacial tension forces) [118, 122].
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Figure 1.8 Droplet formation by the squeezing regime [122].
Point 1 indicates upstream hydrostatic pressure and point 2 shows pressure after the cross-junction.
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Figure 1.9 Droplet formation by the dripping regime [122].
Point 1 indicates upstream hydrostatic pressure and point 2 shows pressure after the cross-junction.

Figure 1.10 Droplet formation by the jetting regime [122].

Flow focusing microfluidic devices can also be used in the production of nanogels.
Nanogels are fabricated due to the nanoprecipitation process. At low flow rate of the aqueous phase
(solvent in the case of nanogels), this fluid is pressed by the oil phase (nonsolvent in the case of
nanogels) until a narrow stream is formed. The nanoprecipitation of the polymeric particles is

induced by the interfacial diffusion between the two phases.

1.6.5. Gold Nanoparticles as Radiotherapy Enhancers

Radiation therapy is used in cancer treatment by bombarding the cancer region with
ionizing radiation, causing damage in the DNA of the cells. The DNA damage can also be caused

by free radicals, generated by the ionization of water and oxygen molecules, and secondary
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electrons [123, 124]. The disadvantage of this type of treatment relies on the fact that it is non-

selective: unwanted damage is also created in the healthy tissue surrounding the tumor.

Figure 1.11 Illustration of mechanism of radiation damage.

Both photons (red oscillatory line) and ion radiation (straight line) may directly damage cell DNA
or other parts of the cell, such as mitochondria, as well as ionise the medium, thereby producing
radicals and other reactive specieis (OH) also as secondary electrons. Secondary electrons can
cause direct damage after diffusion (red stars). Secondary electrons may also react with the
medium to further increase the number of radicals [124].

Photon-based radiotherapy, such as gamma and X-ray, use photons to effectively ionize
biological matter. The drawback of this technique is due to the exponential dose deposition with
tissue depth [124]. This means that a significant dose of radiation is delivered to the healthy tissue
that is located above the targeted area [125]. Therefore, normally lower-energy radiation delivered
from multiple angles around the cancerous area is used, where an overlap of beams focuses in the
cancerous tissue [126].

Radiosensitizers can be used to enhance the effect of radiation in tumors by amplifying
the radiation dose in the tumor area. When X-rays hit a molecule, several emissions can occur,
including scattered photons, photoelectrons, Compton electrons, fluorescence photons and Auger
electrons.

When radiation reaches a soft tissue, the photons lose their energy by the Compton effect,
where the photon is scattered by an electron losing energy due to the ejection of the electron from

the atom [127]. The photoelectric effect, on the other hand, occurs when the radiation wave hits
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an electron from the inner shell of the atom, ejecting this electron from its orbital with a certain
kinetic energy [128]. This process varies with (Z/E)?, where E is the energy of the incident photon
and Z is the atomic number of the targeted molecule. The position of the missing electron is
occupied by an outer-shell electron, releasing energy as fluorescent photons or Auger electrons

[129].
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Figure 1.12 Schematic illustration of ionization caused by Compton and Photoelectric Effect
a) Compton effect and b) Photoelectric effect [127].

The enhancement of radiation therapy can be achieved by introducing materials with high
atomic number. The high atomic number of gold (Z=79) compared to soft tissues (Z=7.4) can
produce an enhancement of 1217 (79%/7.4%), as illustrated by Figure 1.13. The interaction of X-

ray radiation with gold nanoparticles is illustrated by Figure 1.14.
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Figure 1.14 Interaction of X-rays with high-Z material nanoparticles [129].
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1.7. Thesis Research Objectives

The overall objective of the thesis research is to apply microfluidic devices and biomaterials in the

study of cancer. To this end, the objectives can be grouped along four distinct projects.

1.7.1. Research Objective 1

Research Statement: Considering that hydrogels mimicking ECM components have not shown an

integration with the tissue mechanical properties, such as stiffness, a hydrogel composite was
developed to mimic cancerous and healthy breast tissues. In addition, the impact of stiffness and
interstitial pressure on the diffusion of a dye (fluorescein) and 10 nm gold nanoparticles was
evaluated.

Methodology: In Chapter 2, a microfluidic device containing three channels was created. The
central channel simulated the tumor area, while lateral channels mimicked capillary vessels. A
hydrogel composite was developed by combining GeIMA and Collagen type 1. By changing the
ratio of these two materials, hydrogels with tunable stiffness were produced. The hydrogel
composite was injected in the central channel of the microfluidic device, while fluorescein sodium
salt and fluorescently labeled gold nanoparticles were introduced to the lateral channels. The
movement of the dye and the gold particles through the hydrogel layer was tracked by fluorescence
in a Laser Scanning Microscope (LSM). Additionally, pressurization was introduced to the central
channel in order to mimic interstitial pressure.

Expected Outcome: The results are expected to clarify the impact of interstitial pressure and

stiffness on the transport of fluorescein dye (simulating a chemotherapy drug) and gold
nanoparticles in a hydrogel composite. This was done by quantification of the diffusion
coefficients of the species. This is a new contribution to the state of the art, and it is crucial for the

understanding of the delivery of species in a 3D environment.
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1.7.2. Research Objective 2

Research Statement: The investigation of the impact of surface charge of gold nanoparticles on the

diffusion and cellular uptake of an ECM-mimicking hydrogel composite was performed.
Considering that many studies have shown that positive gold nanoparticles display the highest
cellular uptake, it was decided to investigate their diffusion in a microfluidic device. In addition,
diffusion of neutral and negative particles was also investigated to demonstrate that cellular uptake
should not be the only parameter analyzed in drug delivery.

Methodology: In Chapter 3, the same microfluidic device (described in Chapter 2) was used in the
tracking of diffusion of gold nanoparticles with different surface charges (neutral, positive, and
negative). Gold nanoparticles moved from the lateral channel of the microfluidic device, through
the hydrogel layer. It was observed that neutral particles diffused faster than negative and positive
particles. In addition, cellular uptake of these particles was investigated in a 3D in vitro breast
cancer model created by encapsulating breast cancer cells in the hydrogel composite developed
previously. Quantitative cellular uptake measurements were performed by inductively coupled
plasma mass spectrometry (ICP-MS).

Expected Outcome: The goal is to detect a correlation between diffusion and cellular uptake. This

is the first time that these two parameters are analyzed together. In addition, the effect of these two
parameters are quantified. While numerous studies in the literature have investigated the cellular
uptake of gold nanoparticles with different charges and sizes, diffusion had not been yet taken into

account.

1.7.3. Research Objective 3

Research Statement: The development of pH-responsive hydrogels to be applied as drug delivery

systems to cancer was carried out. Considering that Gelatin Methacryloyl has shown excellent
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biocompatibility due to its gelatin backbone, two types of uniform microspheres of pH-responsive
GelMA hydrogels were created using a flow focusing microfluidic device.

Methodology: In Chapter 4, two synthetic routes were taken to create two pH-responsive GelMA
(polymers A and B). Microspheres (40 pm) were fabricated using a flow focusing microfluidic
device. Investigation of swelling behavior of particles was performed to illustrate and quantify
their pH-responsive property.

Expected Outcome: GeIMA has been extensively used as a biomaterial. However, the advantage

of being a gelatin derivative in terms of functional groups has not yet been explored. In this work,
the synthesis of GeIMA hydrogels was tuned towards pH-responsive polymers, opening a new line
of applications for this hydrogel as drug-delivery systems.

1.7.4. Research Objective 4

Research Statement: The acidic pH-responsive hydrogel (from Chapter 4) was applied in the

fabrication of nanogels loaded with gold nanoparticles in a flow focusing microfluidic device and
to demonstrate good loading of gold inside the nanogels for future applications in cancer
extravasation.

Methodology: In Chapter 5, GNP@GeIMA nanogels (~70 nm) from polymer A were produced
using a flow focusing microfluidic device, displaying a considerable amount of gold in the
nanogels. Gold nanoparticles were mixed in the hydrogel solution prior to the injection in the
microfluidic device.

Expected Outcome: While encapsulation of individual nanoparticles in hydrogels has been

presented in the literature, here the sizes of the particles are proposed to be explored differently.

The size of GeIMA nanogels is tuned towards efficient extravasation, while the size of the GNPs
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was selected in order to enhance diffusion. Therefore, this system of GNP@GeIMA nanogels is

expected to show promising applications in the field of targeted delivery.

Finally, chapter 6 presents a discussion and conclusions for each chapter, as well as
potential research avenues for future work. Chapter 7 summarizes the dissemination of results and
other academic activities performed such as research presentations, review papers, and papers from
collaborations. Appendices A and B present the supplementary information of Chapter 2 and 3,

respectively.
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2.1. Abstract

Therapeutic drugs can penetrate tissues by diffusion and advection. In a healthy tissue, the
interstitial fluid is composed of an influx of nutrients and oxygen from blood vessels. In the case
of cancerous tissue, the interstitial fluid is poorly drained due to the lack of lymphatic vasculature,
resulting in an increase in interstitial pressure. Furthermore, cancer cells invade a healthy tissue by
pressing and pushing the surrounding environment, creating an increase in pressure inside the
tumor area. This results in a large differential pressure between the tumor and the healthy tissue,
leading to an increase of extracellular matrix (ECM) stiffness. Due to high interstitial pressure in
addition to matrix stiffening, penetration and distribution of systemic therapies are limited to
diffusion, decreasing the efficacy of cancer treatment. This work reports on the development of a
microfluidic system that mimics in vitro healthy and cancerous microenvironments using collagen
I and gelatin methacryloyl composite hydrogels. The microfluidic device developed here contains
a simplistic design with a central chamber and two lateral channels. In the central chamber,
hydrogel composites were used to mimic the ECM, while lateral channels simulated capillary
vessels. The transport of fluorescein sodium salt and fluorescently labeled gold nanoparticles from
capillary-mimicking channels through the ECM-mimicking hydrogel was explored by tracking
fluorescence. By tuning the hydrogel composition and concentration, the impact of the tumor
microenvironment properties on the transport of those species was evaluated. In addition, breast
cancer MCF-7 cells were embedded in the hydrogel composites, displaying the formation of 3D

clusters with high viability and, consequently, the development of an in vitro tumor model.
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2.2. Introduction

The growth of cancerous cells alters the tissue microenvironment, inducing extracellular
matrix remodeling [36]. While uncontrollable cell growth is known as one of the primary
manifestations of cancer, tumor growth also displays other hallmarks, such as angiogenesis, high
interstitial pressure, ECM stiffening, and metastasis [130—132]. As illustrated in Figure 2.1, the
development of cancer results in an increase of intratumoral pressure caused by the proliferation
of cancer cells inside a confined healthy tissue space that presses normal cells, ECM and capillary
vessels [43]. This ‘stressful’ environment leads to an increase in colloidal osmotic pressure in the
tumor interstitium, resulting in a net outward pressure from the tumor area to the surroundings (up
to 18 mmHg) [46]. Rapid cancer proliferation, combined with a disorganized vascularization
system and an increased fluid pressure, results in a build-up of toxins and waste products. It also
initiates the formation of hypoxic regions, where the lack of oxygenation results on a shift from
metabolic oxidative pathways to glycolysis and, consequently, acidification of the medium [48].
Cancer progression is also accompanied by ECM remodeling and stiffening. For example, in the
case of breast cancer, an increased deposition of proteoglycans, collagen, fibronectin and high
levels lysyl oxidase-dependent matrix crosslinking is related to a ramping of tissue elastic modulus

from 150-400 Pa to values higher than 4 kPa [106, 107].
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Figure 2.1 Mimicking ECM in vitro using a microfluidic device

Healthy tissue displays organized internal structure and soft ECM (represented by loosely packed
fibers on 1), while tumor region exhibits disorganized vessel network and ECM stiffening
(represented by closely packed fibers on ii) (a). Healthy and cancerous environments were
simulated inside a microfluidic device with the aid of hydrogel composites containing Collagen I
and Gelatin Methacryloyl. The microfluidic device consisted of a central ECM-mimicking
channel, where hydrogel mixtures were injected, and two capillary-mimicking lateral channels (b).
A solution containing CY3-GNP and fluorescein sodium salt was injected in the lateral channels
in order to study species transport within hydrogel matrix.
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Chemotherapy presents one of the most common ways to treat cancer. However, systemic
delivery of chemotherapeutic drugs is hindered by the tumor microenvironment [41]. The
contribution of advection to the penetration of the therapeutic drug becomes minimal due to
elevated interstitial fluid pressure within the tumor region [45]. Consequently, diffusive transport
dominates therapeutic drug delivery [133]. Radiation therapy is another well-used method in the
treatment of cancer (around 50% of the cases), in which the cancer is bombarded with ionizing
radiation which causes DNA damage [124]. Radiosensitizers, such as gold nanoparticles (GNP),
can be used to enhance radiation effect in tumors based on the contrast between the electronic
properties of gold and soft tissues [127]. The synthetic versatility of GNP permits their fabrication
in different sizes, shapes and morphologies [134-136]. Surface modification allows the
conjugation of GNP with cytotoxic drugs, extending the application of these particles to drug
delivery [137-139].

Although different therapeutic cancer treatments are available, only around 5% of drugs
and drug delivery agents can actually be delivered to the tumor area after systemic administration
due to factors such as the tumor microenvironment [140, 141]. Moreover, despite the fact that the
leaky vasculature seen in solid tumors can help nanoparticles to move from capillary vessels
towards the cancerous area through the gap between the endothelial cells, further movement
between ECM and dense interstitial space is diffusion-dominated [69, 142].

The study of the transport of molecules and particles in a system that recreates the key
features of the tumor microenvironment is then important for the development of novel drug-
delivery platforms. While most in vitro studies involving GNP transport have been performed in
cancer cell monolayers, the integration of nanoparticles in a microfluidic system allows the study

of diffusion in a 3D in vitro model. The micrometer dimensions of microfluidic channels limit the



43

amount of reagents, reducing equipment and sample costs. In addition, small dimensions combined
with a precise spatial and temporal control of nutrients allows the replication of human tissues in
vitro [37]. Therefore, an architectural microfluidic design combined with the structural
environment provided by hydrogels should allow the investigation of fluid transport in a model
that resembles more closely the tumor microenvironment than a cancer cell monolayer.

In this study, a simplistic microfluidic device was developed. The device, shown in
Figure 2.1, contained three channels: an ECM-mimicking central channel and two capillary-
mimicking lateral channels. The influence of key features of tissue-mimicking microenvironments
(healthy and cancerous), such as interstitial pressure and ECM stiffness, in the transport of
molecules and gold nanoparticles were assessed. In vitro ECM was mimicked by tuning the
composition of a hydrogel composite formed by collagen type I and gelatin methacryloyl. To the
best of our knowledge, this is the first example of healthy and cancerous tissues simulation (using
a collagen I-GelMA tunable composite) in a simplistic microfluidic device that assessed the impact
of the tissue microenvironment in the delivery of nanoparticles and small molecules. In addition,
we also investigated the viability and morphology of tumorigenic human breast cancer MCF-7

cells encapsulated in the hydrogel composites, allowing the creation of in vifro microtumors.

2.3. Materials and Methods

2.3.1. Materials

Gelatin Methacryloyl (Bloom 300, >280% degree of substitution), Gelatin from Porcine
Skin (Bloom 300), 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959)
(98%), Glutaraldehyde solution (grade I, 70% in water), (3-Aminopropyl)triethoxysilane

(APTES), 3-(trimethoxysilyl)propyl methacrylate (98%) (TMSPMA), Fluorescein sodium salt,
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24,6 -Trinitrobenzenesulfonic acid solution 5% (w/v) in water (TNBS), Phosphate Buffered
Saline (PBS) and hexamethyldisilazane (HMDS) (= 99%) were purchased from Sigma-Aldrich.
CULTREX® 3D Culture Matrix Rat Collagen I was purchased from Trevigen at a concentration
of 5 mg mL-'. Sodium dodecyl sulfate, sodium bicarbonate and glycine were purchased from Bio
Basic Canada Inc. Stainless steel 440c (SS) and silicon nitride (Si;N4) indenters were purchased
from Bearings Canada. Fluorescent Polystyrene (PS) particles (100 nm, aqueous suspension of
2.5% (w/v)) containing a red fluorescent emission were purchased from Magsphere Inc., while 10
nm CY3-labeled gold nanoparticles (CY3-GNP) were obtained from Nanocs (concentration 0.05%
(w/v) based on gold). P-type boron silicon wafers measurement 76.2 mm of diameter were
purchased from Silicon Materials Inc. Permanent Epoxy Resist SU-8 100 and SU-8 Developer
were purchased from MicroChem Corporation. Sylgard 184 Silicone Elastomer kit was obtained
from Dow Corning Corporation. Coverslip metallic cell chamber for live-cell microscopy was
purchased from Aireka Cells. Collagenase type II was obtained from Worthington Biochemical
Corporation at a concentration of 230 U mg'. MCF-7 cells (HTB-22) were obtained from Facility
of Biomolecular Sample Preparation at University of Victoria. Dulbecco’s modified eagle’s
medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, 10X PrestoBlue cell
viability reagent and LIVE/DEAD™ viability/cytotoxicity kit for mammalian cells were purchased
from ThermoFisher Scientific. DAPI staining solution and phalloidin-iFluor 488 reagent were

obtained from Abcam.

2.3.2. Hydrogel Preparation

A solution containing 15% (w/v) GeIMA was prepared in 1% (w/v) Irgacure 2959 in 1x
PBS. Additionally, a solution of 4.0 mg mL-! of Collagen Type I CULTREX® was prepared using

the required amounts of 1M NaOH, 10x PBS and deionized water.
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In order to simulate the healthy ECM conditions, 25% (v/v) of GeIMA solution was mixed
with 75% (v/v) Collagen I to a final concentration of 3.0 mg mL"' Collagen I and 3.75% GelMA
(3 Coll I-3.75 GelMA) for soft ECM. For the case of cancerous-mimicking ECM, 75% (v/v) of
GelMA solution was mixed with 25% (v/v) Collagen I sample to a final concentration of 1.0 mg
mL! Collagen I and 11.25% GelMA (1 Coll I-11.25 GelMA). The volumes of each respective
component were mixed to form a homogeneous hydrogel mixture and the final pH was adjusted
to 7 by adding required amounts of 1M NaOH.

A volume of 10 pL of the hydrogel samples were pipetted in spacer created by two glass
slides (thickness of 400 um) attached to the cover of a petri dish. A modified coverslip was then
deposited on top of the gel, supported by the glass slides. TMSPMA-modified and APTES-
modified cover slips were used during the fabrication of stiff and soft hydrogel composites,
respectively, and detailed information can be found in Appendix A. Collagen I-GeIMA composite
hydrogels were initially crosslinked under UV light (365 nm and 6.3 mW cm) for 4 min and,

consecutively, moved to an incubator at 37 °C for 30 min, in order to polymerize collagen I.

2.3.3. Hydrogel Characterization

Hydrogel morphology, porosity, and surface charge were all characterized using standard
methods (scanning electron microscopy, gravimetric methods and zeta potential measurements).
The details of these techniques are provided as Appendix A.

Characterization of swelling ratio was performed by producing a hydrogel pellet, as
described previously, and removing the excess of PBS from the surface of the hydrogel using a
paper tissue. After recording the mass of the swollen hydrogel, the samples were then frozen at -
80 °C, followed by lyophilization. The mass of the lyophilized hydrogels was measured and

compared with swollen masses. The swelling ratio was calculated as the ratio of swollen hydrogel
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mass to the mass of lyophilized hydrogel. Five samples were prepared for each hydrogel
composition.

Enzymatic degradation properties of the different hydrogels were determined by
incubating hydrogel samples in DPBS containing 2.5 U mL"! of collagenase type IT at 37 °C. At
predetermined time points, samples were removed from collagenase type II solution, washed with
deionized water, frozen at -80 °C and lyophilized. The percentage of degradation (D%) was
obtained by relating the mass of the samples at each time (W;) with the mass at time zero (initial

dry weight = Wy) according to the following equation:

W, — W,
D(%) = (%) x 100% 3)
0

The elastic modulus of each hydrogel pellet was determined by indentation method [143,
144]. Hydrogel pellets with 400 um of height were prepared on the surface-modified cover slips,
as described previously. After polymerization, hydrogel pellets were stained for 1 h with a 50 uM
fluorescein sodium salt solution prepared in 1x PBS. After staining, the pellets were rinsed three
times with deionized water and inserted on a metallic cell chamber. On this chamber, 2 mL of a
solution containing fluorescent PS particles diluted in 1x PBS were deposited on top of the
hydrogel pellets. The assembly was then moved to the laser scanning microscope (LSM 880 Zeiss)
and left undisturbed for 3 h, to allow deposition of fluorescent particles to the hydrogel surface.

The deposition of the PS particles on the surface of the hydrogel was verified on the LSM.
Before addition of the indenter to the surface of the hydrogel, the heights of the hydrogel samples
were measured under the microscope. For these measurements, Z-stack images (layer thickness of

2 wm) were obtained using 10x objective lens (EC Plan-Neofluar 10x/0.30 M27) and two
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excitation sources (488 nm and 543 nm). The 488 nm Argon laser was used to excite fluorescein
molecules embedded in the hydrogel layer (emission 490-540 nm), while 543 nm Helium-Neon
laser excited fluorescent PS particles (emission 550-700 nm). Z-step displacement of the focal
plane was corrected using refractive index of water. The determination of the hydrogel height was
performed by calculating the derivative of fluorescence intensity profile for each sample
measurement [145].

After height (h) determination, an indenter was carefully positioned on top of the hydrogel
pellet. Two different types of indenters were used during the measurements. For stiff hydrogel, a
3/16” spherical SS 440C indenter was used. For soft gels, a 1/32” spherical Si;N, indenter was
used. The deformation caused by the indenter in the surface of the hydrogel was measured by
capturing images in the Z-stack mode (layer thickness of 2 um) on LSM, in a similar way as
described previously for height determination. In the case of the stainless-steel indenter, tile scan
mode was used in addition to z-stack in order to capture the entire deformation on top of the
hydrogel. Experiments were repeated five times for each type of hydrogel composition using
newly prepared pellets. All measurements were performed at room temperature (25 + 2 °C).

To determine the indentation depth (0) performed by the indenter in the surface of each
gel, Zen 2.3 (Blue edition) software was used, where cross-section images (XZ and YZ) were
obtained in the axis of symmetry of the gel indented surface. Details on the calculation of elastic

modulus can be found in Appendix A.

2.3.4. Breast cancer cells encapsulated in hydrogel composites

MCEF-7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a 5% CO, incubator

at 37 °C. Media was changed every 2 days and cells were passaged when 80% confluent.
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Cell encapsulation in the hydrogel samples were prepared by adding breast cancer cells
to the hydrogel mixture prior crosslinking, at a final concentration of 1 x 10* cells per hydrogel
pellet (10 pLL sample). Characterization of cell viability in the hydrogel samples was performed
using PrestoBlue assay. A 1X solution of PrestoBlue was prepared by diluting PrestoBlue with
DMEM and added to each well containing cell encapsulated hydrogel samples. Samples were
incubated for 1 h at 37 °C. After incubation 200 pL of the supernatant was obtained to measure
fluorescence signal at 560 nm of excitation and 590 nm emission using a plate reader, according
to the manufacturer’s instructions. Fluorescence signal of culture medium containing PrestoBlue
in absence of cells was also measured to be used as background control. Five samples were
prepared for each hydrogel concentration.

In order to visualize cell viability, hydrogel samples were stained with LIVE/DEAD™ at
a concentration of 2 uM for calcein-AM and 4 uM for ethidium homodimer-1. LIVE/DEAD™
solution was prepared in PBS and incubated with hydrogel samples for 1 h at 37 °C. Fluorescent
confocal images were obtained using LSM Zeiss 880 at 488 nm excitation and 515-540 nm
emission for calcein-AM, and at 543 nm excitation and 560-650 nm emission for ethidium
homodimer-1. To visualize cell nuclei and actin filaments, DAPI and phalloidin-iFluor 488
staining solutions were used. DAPI was excited at 360 nm and fluorescence signal was collected
at 400-500 nm. Labelling of actin filaments was imaged at excitation of 488 nm and emission of

500-600 nm.

2.3.5. Fabrication of a tumor microenvironment-on-a-chip

A microfluidic device was fabricated using standard photolithography (see Appendix A

for details) to allow transport measurements in a mimic ECM environment. The microfluidic

design, shown in Figure 2.1, was composed of two identical lateral channels (width of 1000 pum)
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and a central channel (width in the range of 600 — 800 pwm and length of 2.5 mm). Lateral channels
with width of 1000 um were selected in order to guarantee a constant concentration of GNP and
dye during the diffusion process. Although the defined width of lateral channels was larger than
actual capillary vessels, the selection of this dimension allowed the determination of diffusion
coefficients for the species while using Fick’s second law as a fitting model.

Hydrogel composites with tunable stiffness were injected in the central channel of the
microfluidic device. After hydrogel crosslinking, the solution in the central channel became a gel.
Consequently, the lateral channels were used during injection of a solution containing gold
nanoparticles and fluorescein, and transport of the species was analyzed from the lateral channels
through the hydrogel contained in the central channel. Trapezoidal posts between the central and
lateral channels were created with 100 um gaps (Appendix A), allowing the contact between the
solution in the lateral channel and the hydrogel, while avoiding leakage of the gel from the central

chamber towards the capillary-mimicking channels.

2.3.6. Transport of GNP on the microfluidic device

Hydrogel mixtures were injected inside the central channel, as illustrated in Figure 2.1,
followed by polymerization by UV-light and incubation at 37 °C. After incubation, the
microfluidic device was moved to the LSM and positioned correctly. The same excitation and
emission wavelengths described previously for the indentation measurements were used. A
confocal image was collected before the addition of any solution in the capillary-mimicking
channels, in order to verify the presence of a black background from the hydrogel (no emission).

For the diffusion experiments, 10 pL of a solution containing CY3-GNP and 10 pM
aqueous solution of fluorescein sodium salt was injected in the capillary channel. Timer was started

immediately after injection of this solution in the lateral channel. Confocal images were taken
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using line scan mode, where each frame 1470 um x 1470 pum took 3 s to be collected (1024 x 1024
pixels). Images were taken every 3 min for 60 min in total. A humidity chamber was adapted on
top of the LSM platform, in order to keep samples from drying. For pressure-driven experiments,
hydrostatic pressures of 3 mmHg and 18 mmHg were added to the inlet and outlet ports of the
lateral and central channels, respectively. When hydrostatic pressure was added to the inlet and
outlet ports of the central channel containing hydrogel-mimicking ECM, pressure was allowed to
normalize throughout the hydrogel matrix for 30 minutes, prior to the injection of CY3-GNP and
fluorescein dye in the lateral channel. All experiments were performed at room temperature.

Information regarding fitting of experimental data to obtain diffusion coefficients can be found in

Appendix A.

2.4. Results and Discussion

2.4.1. Hydrogel composite characterization

Hydrogels are three-dimensional polymeric networks that display hydrophilic character
and, consequently have the ability to absorb a considerable amount of water [146]. Due to this
swelling behavior, hydrogels resembles in vivo tissues and have been used to simulate in vitro
ECM [147]. Here, we aimed to compare the applicability of Collagen type I (Coll I) and Gelatin
Methacryloyl hydrogels in the mimicking of healthy and cancerous in vitro ECM. Two Coll I-
GelMA composites were developed: 3 Coll I-3.75 GeIMA (concentrations of Coll I and GeIMA
were 3.0 mg mL! and 3.75% (w/v), respectively), and 1 Coll I-11.25 GeIMA (concentrations of
Coll I and GeIMA 1 mg mL"'and 11.25% (w/v), respectively).

GelMA is a light-activated crosslinked hydrogel originated from gelatin. This semi-

synthetic hydrogel is composed of a gelatin backbone with methacrylamide and methacrylate
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groups. GelMA can be easily synthesized at low cost and presents excellent biocompatibility due
to abundant presence of arginine-glycine-aspartic acid (RGD) sequences in gelatin [148, 149]. Its
porous morphology is illustrated in Figure 2.2 that presents scanning electron micrographs of the
hydrogels used in this work. Substitution of amino groups by methacryloyl can be quantified by
TNBS assay. TNBS assay determines the degree of substitution of GelMA hydrogels by
quantifying the amount of free amino groups in gelatin, GelMA and glycine samples. Detailed
information regarding this assay can be found in Appendix A. GeIMA demonstrated a high degree
of substitution of 85.7 + 1.3%.

Collagen is one of the most abundant proteins found in ECM, consisting of one-third of
the total protein amount present in the body. Therefore, the combination of this hydrogel with
GelMA allows a more realistic in vitro ECM [150]. Although there are many types of collagen,
types I, II and III correspond to 80-90% of the total in vivo collagen [151]. Collagen type I is
composed of acid-soluble collagen molecules that undergo polymerization under neutral pH and
temperature of 37 °C. Collagen polymerization is accompanied by two phases: nucleation
(molecular assembly) and rapid growth (crosslinking phase), resulting on fibrils, as illustrated in

Figure 2.2 [116].
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Figure 2.2 SEM images of Hydrogel Samples

4.0 mg mL! Collagen I (4 Coll I) was mixed 15% (w/v) Gelatin Methacryloyl (15 GeIMA) in order
to produce two hydrogel composites. Properties of the composites indicated suitability of 3.0 mg
mL! Collagen I and 3.75% (w/v) GeIMA (3 Coll I-3.75 GeIMA) to mimic healthy ECM, while
1.0 mg mL! Collagen I and 11.25% (w/v) GeIMA (1 Coll I-11.25 GelMA) simulated cancerous

ECM. Scale bars of 1.0 pm for bottom images and 500 nm for top images were used.

When GelMA and collagen I were combined, it resulted in composites with different
morphologies. Figure 2.2 shows that while 3 Coll I-3.75 GeIMA samples is a composite with both
fibrous and porous morphology, 1 Coll I-11.25 GelMA exhibited only a porous morphology which
was similar to the structure seen for pure GelMA (15% (w/v)). Hydrogel composites were also
characterized according to their swelling behavior (see experimental details in Appendix A), in
order to confirm the formation of gel samples and to verify the effect of composition on hydrogel
swelling. Figure 2.3(a) shows that the composites (3 Coll I-3.75 GeIMA and 1 Coll I-11.25
GelMA) present decreased swelling behavior relative to pure GelMA. A high degree of
substitution of amine groups by methacryloyl combined with high concentrations of GeIMA and
photoinitiator resulted in dense hydrogels. A dense meshwork decreases the capability of the

polymer to absorb water [152]. The addition of collagen I to the GeIMA samples resulted in a
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decrease of swelling ratio (22.33 + 0.33 for 3 Coll I-3.75 GelMA and 8.86 + 0.14 for 1 Coll I-
11.25 GelMA). Since collagen type I samples display no swelling behavior, the addition of this

component to GelMA produced a more rigid composite than pure GeIMA, resulting in a decrease

in swelling ratio [153].

30 100 g

(a)

3.75 GelMA 1 | (b) B 3.75 GelMa

3 Coll I-3.75 GelMA o 3 Coll-3.75 GelMA
11.25 GelMA : I m 11.25 GelMA

1 Coll I-11.25 GelMA 80 - .\- 1 Coll-11.25 GelMA | T

25

EECE

58]
(=}
T

|

00T 771711 |
40 [ ] 7
| 80 b

Mass Swelling Ratio
= I
T T
| | I s s
Remaining Hydrogel Weight (%)

xS :

F ok ; ]
20f  F ] g

0 L 0.“‘|“..‘..‘\..“|.“.
3.75 11.25 0 10 20 30 40 50

GelMA % (w/v) Time (h)

Figure 2.3 Characterization of Hydrogel Composites

(a) Mass swelling ratio of GelMA samples and hydrogel composites. GeIMA hydrogels (red and
blue bars) exhibited higher swelling behavior compared to hydrogel composites (light and dark
grey bars). Five samples were analyzed for each hydrogel concentration. Scale bars represent one
standard deviation. (b) Degradation of hydrogels in presence of collagenase type II. Addition of
collagen type I slowed the degradation of hydrogel composites. Three samples were analyzed for
each hydrogel concentration in each time step.

Degradation tests assess the long-term stability of the hydrogel samples and evaluate the
suitability of the hydrogel in cell culture applications. To evaluate degradation, hydrogel samples
were incubated in 2.5 U mL™! collagenase type II solution. As illustrated by Figure 2.3(b), the
degradation rate decreased with the increase of GeIMA concentration in the samples. Furthermore,
the addition of collagen I to the GeIMA samples resulted in a slower degradation of the hydrogel

composites.
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ECM components, such as hyaluronic acid and proteoglycans, are negatively charged
molecules responsible for attracting counter-ions and water molecules [154]. On the other hand,
collagen fibers display positive charge at neutral pH [155]. Since the diffusion of particles in ECM-
mimicking hydrogels can be influenced by the matrix charge, zeta potential measurements were
performed for all hydrogel samples and CY3-GNP and the results are presented in Table 2 [85].
While collagen I displayed a positive surface charge (6.6 £ 0.3 mV), hydrogel composites and
CY3-GNP were negatively charged (-6.0 £ 0.3 mV for 3 Coll I-3.75 GelMA, -10.7 £ 0.4 mV for
1 Coll I-11.25 GelMA, and -29.8 + 1.4 mV for CY3-GNP). In order to mimic ECM, a matrix has
to be composed of both negatively and positively charged parts with a net negative charge [156].
In addition, fluorescein sodium salt displays negative charge after dissociation in solution. Since
the combination of collagen I and GelMA resulted in a negatively charged composite, the
interactions between CY3-GNP and the hydrogel mixtures was minimized. Consequently, the

effect of surface charges hindering the transport of the particles through the hydrogel matrix is not

significant.
Sample Zeta Potential / mV
Gold Nanoparticles -29.80 £ 1.42
GelMA -12.6 £0.5
Collagen I 6.6 +0.3
3 Coll I-3.75 GeIMA -6.0+0.3
1 Coll I-11.25 GelMA -10.7+0.4

Table 2. Zeta Potential Measurements of Gold Nanoparticles and Hydrogels Samples.

During cancer progression, altered tumor microenvironment results in ECM remodeling
and stiffening, indicating cancer aggression [157]. Investigation of human breast tumor biopsy
samples has shown that normal and non-invasive stroma display elastic moduli up to 400 Pa, while
elevated stromal stiffness (>5 kPa) was demonstrated for invasive breast cancer [158]. Indentation

experiments were performed on the LSM in order to obtain the stiffness of the hydrogel samples.
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As illustrated in Figure 2.4, hydrogel samples were stained with fluorescein (excitation at 488 nm
and emission at 490-540 nm) and red fluorescent polystyrene particles (excitation at 543 nm and
emission at 550-700 nm) were deposited on the surface of the samples. The indentation depth ()
caused by the indenters was tracked by XZ- and YZ- cross section images of the pellets after Z-
stack imaging acquisitions. Figure 2.4 shows a typical result obtained in those indentation

experiments.

Figure 2.4 Indentation Experimental Set-up

(a) Hydrogel pellets were fluorescently labeled with fluorescein sodium salt (green), followed by
deposition of red fluorescent polystyrene particles on the surface of the gels. Spherical indenters
(Silicon Nitride and Stainless Steel) were carefully positioned in the hydrogel surface, causing a
deformation on the gel samples. (b) Indentation depths were visualized on the laser scanning
microscope, where XZ- and YZ- cross section images of the hydrogel samples were obtained.

Measurements of elastic moduli of 4.0 mg mL! collagen I samples (4 Coll I) were
performed using a 1/32” spherical Si;N, indenter (density of 3.184 g cm™). Figure 2.5(inset) shows
that pure collagen samples demonstrated low stiffness values (54 = 2 Pa). However, stiffness
enhancement was obtained when collagen I was combined with GelMA to a final concentration of
3.0 mg mL". For this 3 Coll I-3.75 GeIMA composite, the elastic modulus increased from 139 *

5 Pato 183 £ 10 Pa. Since this enhanced elastic modulus value is within the range of normal tissue
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stiffness as seen in Table 3, the 3 Coll I-3.75 GeIMA composite was selected to mimic regular

ECM in vitro.
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Figure 2.5 Elastic Moduli of Hydrogel Samples

Stiffness values obtained by indentation measurements. Hydrogel composites (light grey and dark
grey) displayed stiffness enhancement when compared to GelMA samples (red and blue) and 4.0
mg mL"! Collagen I (white). Three samples were analyzed for each hydrogel concentration in five
different spots. Scale bars represent one standard deviation.

Since no significant deformation was obtained when Si;N, indenter was deposited on the
surface of 11.25% (w/v) GelMA samples, a 3/16” SS was selected for samples with high
concentrations of GeIMA. As presented in Figure 2.5, elastic moduli values displayed small
stiffness enhancement on the 1 Coll I-11.25 GelMA composites (5914 + 120 Pa) compared to pure
11.25% (w/v) GeIMA samples (5812 + 54 Pa). This can be explained due to low stiffness behavior
of collagen I fibers, especially in low concentration. The elastic modulus obtained for the 1 Coll
I-11.25 GelMA composites was 30 times higher than values obtained for 3 Coll I-3.75 GeIMA

composites (see Figure 2.5). In addition, since stiffness of 5914 + 120 Pa can be found within the
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range of values for tumor tissues shown in Table 3, the 1 Coll 1-11.25 GeIMA composite was

selected to mimic irregular (cancerous) ECM in vitro.

Brain 100 0.17 - 16 [159-161]
Breast 150 - 400 3-8 [107, 158]
Colorectal 300 — 3,000 4-20 [162—164]
Liver 400 - 600 7-26 [165-167]
Lung 500 — 5,000 4-30 [168—171]

Table 3. Elastic Moduli of Soft Tissues and Related Cancers.

2.4.2. Evaluation of transport of fluorescein and CY3-GNP in microfluidic device

The massive growth of cancer cells inside of a tissue deforms and stiffens the ECM,
leading to an increase in interstitial pressure in the tumor area. Consequently, the transport of
nutrients and therapeutic drugs is limited to diffusion from capillary vessels toward the tumor area
[71]. In addition, the increased interstitial pressure also contributes to a drainage of tissue
lymphatics. Without efficient lymphatic drainage, nanomedicine, such as gold particles, can
accumulate surrounding the tissue and slowly diffuse to reach the core of the tumor [172].
Diffusion of 10 nm CY3-GNP and fluorescein sodium salt through hydrogel composites was
evaluated using the microfluidic device illustrated in Figure 2.1. Hydrogel composites were
injected in the central channel in order to mimic normal (healthy and soft - 3 Coll I-3.75 GelMA)
and irregular (cancerous and stiff - 1 Coll I-11.25 GelMA) ECM. Microfluidic chips were
illuminated with UV light, followed by incubation at 37 °C, to allow polymerization of the
hydrogels. After polymerization, a solution containing CY3-GNP (excitation at 543 nm and
emission at 550-700 nm) and fluorescein sodium salt (excitation at 488 nm and emission at 490-
540 nm) was injected in the lateral channel. The small sample volume required, and set-up

practicality of the microfluidic device allowed the study of three transport conditions: 1) Diffusion-
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driven transport, i.e., no pressure gradient between lateral and central channels, 2) Diffusion and
advection transport, with favorable pressure gradient by an increase in pressure in capillary-
mimicking lateral channel, and 3) Diffusion and advection transport, with adverse pressure
gradient by an increase in pressure in ECM-mimicking central channel.

The size of the GNP (10 nm) was defined based on the distribution of nanocarriers within
the body and enhanced permeation through the tumor microenvironment. Since leaky vasculatures
present pore sizes around 400 nm, nanoparticle dimensions must be below this cut-off size in order
to perform efficient extravasation [69, 70]. The kidneys and liver also play an important role in
selecting the optimal nanoparticle size. Particles smaller than 10 nm undergo renal clearance, while
the liver is capable of capturing particles above 100 nm [71, 72]. Lastly, collagen display mesh
size in the range of 20 to 40 nm in solid tumors [173]. While particles with dimensions smaller
than 20 nm are able to move through the collagen mesh, larger particles will have hindered
transport [174]. In addition, smaller particles show faster diffusion in tissue than large nanocarriers
[175].

Addition of fluorescein sodium salt to CY3-GNP solution served four important purposes.
First, fluorescein sodium salt displays a molecular weight (MW = 376.3 g/mol) similar to the MW
of anti-cancer drugs such as Carboplatin (371.2 g/mol), and Capecitabine (359.3 g/mol) and,
consequently, similar transport responses may be expected of fluorescein compared to these drugs.
Second, the size of fluorescein dye (~ 1 nm) is similar to the size of cell nutrients, such as glucose
and amino acids. Third, fluorescein provided an excellent fluorescence collection window when
combined with CY3-GNP and, since both components were negatively charged, the effect of
surface charge on transport was not significant. Fourth, tracking transport of fluorescein dye

combined with CY3-GNP confirmed that the fluorescence signal obtained from 10 nm CY3-GNP
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was coming from CY3 molecules attached to the surface of the particles, instead of dissolved in

solution.

2.4.3. Diffusion-driven transport: no pressure gradient between microchannels

In the case of diffusion-only, inlets and outlets of central and lateral channels were kept
open and only atmospheric pressure was being exerted on top of the microfluidic device. After
injection of a solution containing 10 nm CY3-GNP and fluorescein, diffusion of these components

was tracked by fluorescence under the LSM, as presented in Figure 2.6.

Single Channel Injection
Concentration Profile fitting

Two Channel Injection

Figure 2.6 Diffusion Concentration Profiles

Fluorescent images obtained in the LSM of diffusion of CY3-GNP (red) and fluorescein sodium
salt (green) inside microfluidic device. Experimental data obtained from LSM was fitted using the
appropriate transport equation. (a) For single capillary channel injection, diffusion fitting of CY3-
GNP and fluorescein resulted on a decaying profile. (b) When the species were injected in both
lateral channels, diffusion fitting of the species displayed a parabolic-shaped concentration profile.

In order to determine diffusion coefficient values for the different species, fluorescence
intensity signal tracked inside the microfluidic device at different time steps was fitted using the
transport equations described in the Appendix A. Figure 2.7 and Table 4 summarize the diffusion
coefficients obtained for different experiments. Fluorescein dye displayed diffusion coefficients

of (1.63 £0.13) x 10 cm? s and (7.78 £ 0.08) x 107 cm? s! in 3 Coll I-3.75 GelMA and 1 Coll
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[-11.25 GelMA, respectively. In the case of CY3-GNP, diffusion coefficients of (1.07 £ 0.03) x
10°cm? s and (4.42 £0.15) x 107 cm? s'in 3 Coll I-3.75 GelMA and 1 Coll I-11.25 GeIMA were
obtained, respectively. As the size of fluorescein sodium salt molecules (~1 nm) is 10 times smaller
compared to the GNPs (~10 nm), it was expected to diffuse faster. However, a 60% decrease in
diffusion was demonstrated for GNP when comparing results obtain in soft and stiff composite
hydrogels. In the case of fluorescein, dye particles displayed a 50% decrease in diffusion when
their transport from both hydrogels were compared. The decrease in diffusion resulted from a
decrease in porosity of the hydrogel composites, in which 3 Coll I-3.75 GelMA displayed (71.9 +
3.8)% while 1 Coll I-11.25 GelMA showed a porosity of (45.5 + 4.5)%, as illustrated by Figure
A 3. This decrease in porosity resulted in a smaller media volume available for diffusion of the
species within the stiff hydrogel samples. In addition, the change in morphologies observed in the
stiff hydrogel composites (1 Coll I-11.25 GelMA) may have induced a difference in tortuosity,

resulting in a decrease in diffusive transport.
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Figure 2.7 Diffusion Coefficients in Hydrogel Composites

Determination of diffusion coefficients for CY3-GNP (red) and fluorescein (green) was performed
in both hydrogel composites, (a) 3 Coll I-3.75 GelMA, and (b) 1 Coll I-11.25 GelMA. Three
samples were analyzed for each hydrogel concentration and each pressure condition. Scale bars
represent one standard deviation.
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3 Coll I-3.75 0 (1.07+0.03) x 10°  0.92+0.05 (1.63 £0.13) x 10¢  0.89+0.07
GelMA 3 (1.20+0.06) x 106 0.86+0.06  (1.83+£0.05) x 10°  0.90+0.05
1 Coll I-11.25 0 (4.4240.15) x 107 0.96+0.02  (7.78+0.08) x 107 0.9740.01
GelMA 18 (2.76+0.40) x 107 0.93+£0.05  (5.77£0.15) x 107 0.95+0.04

Table 4. Diffusion Coefficient Values for CY3-GNP and Fluorescein in Hydrogel
Composites.

2.4.4. Diffusion and advection transport: increased pressure in capillary-

mimicking channel

Within normal conditions (non-cancer tissue environment), a net outward pressure in a
range of 1 to 3 mmHg from capillary channels towards the surrounding tissue drives transport of
nutrients [46]. Hence, to simulate regular tissue conditions inside the microfluidic device, the soft
composite mixture (3 Coll I-3.75 GelMA) was injected in the central microchannel and, after
hydrogel polymerization, a liquid column containing CY3-GNP and fluorescein sodium salt
solution was added to the inlets and outlets of the lateral channel, to a final hydrostatic pressure of
3 mmHg. Transports of CY3-GNP and fluorescein dye were tracked, as described previously, by
fluorescence imaging.

The results, summarized in Figure 2.7, indicated that the increase of pressure in the lateral
channel contributed to the transport of both GNP and dye molecules through the hydrogel
composite, marginally increasing the diffusion coefficients. The diffusion coefficients of both
CY3-GNP and fluorescein displayed obtained by applying the additional pressure ((1.20 £ 0.06)
x 10 cm? s and (1.83 £0.05) x 10 cm? s'!, respectively) increased by 12% when compared to

the values obtained in absence of the pressure gradient.
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2.4.5. Diffusion and advection transport: increased pressure in ECM-mimicking

microchannel

The accelerated cancer cell growth within a confined space causes an increase in the
interstitial pressure within the tumor area and, consequently, a net outward pressure in a range of
2 to 18 mmHg is observed from the cancer area to the surrounding tissue [46]. Accordingly, in
order to mimic the tumor microenvironment within the microfluidic device, injection of stiff
hydrogel composite mixture (1 Coll I-11.25 GelMA) was performed in the central channel. After
polymerization, a water column with hydrostatic pressure equivalent to 18 mmHg was added to
the inlets and outlets of the ECM-mimicking central channel. The pressurization of the entire
central channel containing the hydrogel was performed in order to evaluate the effect of tumor
interstitial pressure on the transport of species. Once this channel was pressurized, a solution
containing CY3-GNP and fluorescein sodium salt was injected in the lateral channels. Change in
fluorescence signal within time and distance was tracked inside the microfluidic device.

In the presence of an adverse pressure gradient, CY3-GNP and fluorescein displayed a
decrease in the diffusion coefficient. Figure 2.7 presents the diffusion coefficients in hydrogel
composites and the diffusion values of (2.76 £ 0.40) x 107 cm? s and (5.77 £0.15) x 107 cm? s°!
were obtained for CY3-GNP and fluorescein, respectively. Comparing diffusion results obtained
in the absence and in the presence of an adverse pressure gradient, a 37.5% decrease was seen for
CY3-GNP, while fluorescein displayed a 25% decrease. These values indicated that the effect of
adverse pressure is higher in CY3-GNP than in fluorescein dye molecules, due to a difference in
size of the species. These results indicate that the properties of the tumor microenvironment play

a significant role on the transport of species. High interstitial pressure in the tumor area is
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responsible for hindering diffusion and, consequently, decreasing effective delivery of anti-cancer
treatment to the target areas.

The transport of Immunoglobulin G (IgG) has been previously studied in a murine
mammary carcinoma, displaying diffusion coefficients of (1.24 —3.12) x 107 cm? s [176, 177].
Due to the similar dimensions of this antibody (14.5 nm x 8.5 nm x 4.0 nm) compared to the GNP
used in this study, the diffusion coefficient value of (2.76 £ 0.40) x 10”7 cm? s obtained for CY3-
GNP highlighted the feasibility of application of Collagen I-GeIMA composites in the creation of

mimic in vitro ECM.

2.4.6. MCF-7 cells encapsulated in hydrogel composites

Assessment of cell viability is essential for the application of the hydrogel as an in vitro
tissue-mimicking biomaterial. Viability of MCF-7 cells was evaluated by using PrestoBlue cell
viability assay. After 1h of incubation at 37°C, the 1X resazurin-based PrestoBlue reagent was
modified by the reducing environment of the cells, turning into a fluorescent solution.
Fluorescence was measured using a plate reader on days 1, 3, 5 and 7 after hydrogel preparation,
at 560 nm excitation and 590 nm emission. Fluorescence values obtained for blank samples of 1X
PrestoBlue on days 1, 3,5 and 7 were subtracted from the fluorescence intensity obtained for all
hydrogel samples in each respective day. Increasing fluorescence intensity in all hydrogel samples,
as illustrated by Figure 2.8, indicates increase in cell viability and proliferation. Addition of
collagen type I to the GelMA samples resulted in increase of fluorescence intensity, and,
consequently, provided a better matrix for the MCF-7 cells. Higher cell viability was verified in
the stiffer hydrogel composite, 1 Coll-11.25 GeIMA, displaying the impact of matrix composition
and stiffness on cell proliferation. Control samples were also incubated with PrestoBlue for 1h.

High fluorescence signal obtained for the control samples is related to the direct contact by the
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cells with PrestoBlue. For cells encapsulated in the hydrogel samples, PrestoBlue had to diffuse

through the matrix in order to reach the cells.
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Figure 2.8 Quantification of Metabolic Activity by PrestoBlue

Higher fluorescence signal was obtained in composite hydrogels (light and dark grey bars)
compared with GeIMA hydrogels (red and blue bars). Control samples are labeled in green. Five
samples were analyzed for each hydrogel concentration and for each control. Scale bars represent
one standard deviation.

Live/dead staining demonstrated that the MCF-7 cells were viable and mostly alive (green
fluorescent cells), with little evidence of dead cells (red fluorescent cells) over cell monolayer and
all hydrogel samples at day 7, as illustrated by Figure 2.9(a, b, ¢, d and e). In addition, no
significant differences in cell morphology were observed in the different hydrogel samples, as
indicated by the Appendix A. Staining of DNA and actin filaments of MCF-7 cells encapsulated
in hydrogel composites revealed the formation of cell colonies, as shown in Figure 2.9(f and g).,

in which cell clusters were developed with disorganized nuclei, as previously seen [178].
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Figure 2.9 MCF-7 Cell Images

Bright field (top), live/dead (middle) and DAPI/Phalloidin (bottom) images of MCF-7 cells: a)
Cells cultured in well plate displayed a flat morphology, while cells cultured in hydrogel samples
(b) 3.75 GelMA, c) 3 Coll I-3.75 GelMA, ¢) 11.25 GeIMA ,d) 1 Coll I-11.25 GelMA) developed
3D cell cluster formation. DAPI/Phalloidin staining of MCF-7 cells encapsulated in f) 3 Coll I-
375 GelMA and g) 1 Coll I-11.25 GelMA exposed the formation of cell colonies with
disorganized nuclei. Scale bars of 100 um and 1000 um were used for bright field and live/dead

images of 2D and 3D cell cultures, respectively. DAPI/Phalloidin images contain 50 pm scale
bars.

2.5. Conclusion

The use of nanoparticles in cancer treatment extends from drug delivery systems to
radiation therapy. However, while blood vasculature displays enhanced permeation during cancer
progression, further movement towards the tumor is guided by advection and diffusion. The
increase in interstitial fluid pressure within the tumor hinders fluid movement, resulting in
diffusive transport as the main delivering method of drug and particles to the tumor area.

Consequently, it is important to understand the impact of characteristics of the tumor
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microenvironment, such as matrix stiffening and high pressure, on the transport of species. In this
work, transport of CY3-GNP and fluorescein sodium salt molecules through ECM-mimicking
hydrogel composites was investigated inside of a microfluidic device. Tuning the collagen type I-
gelatin methacryloyl hydrogel composition allowed the simulation of in vitro healthy ECM (soft)
and cancerous ECM (stiff) in terms of elastic moduli. Hydrogel composites displayed elastic
moduli of 183 + 10 Pa 5914 + 120 Pa for 3 Coll 1I-3.75 GelIMA and for 1 Coll I-11.25 GelMA,
respectively, similar to elastic modulus values displayed by healthy and cancerous breast ECM.
Therefore, while CY3-GNP demonstrated negative zeta potential the combination of collagen I
and GelMA resulted in a negatively charged composite, minimizing charge interaction between
CY3-GNP and ECM-mimicking hydrogels. Comparing healthy properties (favorable pressure
gradient of 3 mmHg and 3 Coll I-3.75 GeIMA) with cancerous conditions (unfavorable pressure
gradient of 18 mmHg and 1 Coll I-11.25 GelMA), decreases of 77% and 68% in the diffusion
coefficient were obtained for CY3-GNP and fluorescein, respectively. These results indicated that
with the opposing advection, adverse pressure gradient also hindered diffusion. In addition, in
absence of pressure gradient, hydrogel matrix properties demonstrated to have a considerable
impact on decreasing diffusion transport of species, resulting in a 60% and 50% decrease for CY 3-
GNP and dye, respectively. The decrease in diffusive transport demonstrated the impact of the
tumor microenvironment on transport of species and highlighted the importance of using more
realistic ECM-mimicking hydrogels. Therefore, this study was able to investigate the influence of
tumor microenvironment on the transport of species using a collagen type I-GelMA composite.
The combination of a more realistic ECM in terms of mechanical properties with a pressure
gradient inside of a microfluidic device allowed the determination of diffusion for cancerous and

healthy conditions. The proximity of elastic moduli and diffusion coefficient values with literature
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values obtained in real tumors emphasizes the ability of our system to mimic in vitro ECM using
a relatively simple chip design and a two-component hydrogel composite.

In order to resemble a real tissue in vitro, hydrogels need to provide not only similar
mechanical properties and microarchitecture to the native tissue, but also should allow cell
adhesion and proliferation. While collagen type I is a native extracellular matrix component, the
mechanical properties of this material limits its applications due to its low elastic modulus.
GelMA, on the other hand, can have its mechanical properties tuned according to its concentration.
In addition, the presence of cell binding motifs, such as binding sequence (RGD), enhances cell
adhesion to GelMA. Therefore, collagen type I-GelMA composites were able not just to mimic
mechanical and chemical properties of native ECM, but also provided high cell viability and the
formation of 3D cancer clusters, allowing the use of these composites not just in the creation of in

vitro tumors, but also as an in vitro platform to study drug delivery mechanisms.
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3.1. Abstract

Gold nanoparticles have emerged as a prominent tool in nanomedicine, particularly for
applications in cancer diagnostic and treatment. One of the challenges for the successful
implementation of gold nanoparticles in cancer therapy is their delivery to the specific cancer area
within the tumor microenvironment. The presence of cancer enables a poorly organized
vascularization system, increasing the pressure with the microenvironment, limiting the uptake of
particles. Physicochemical properties of the gold nanoparticles (size, shape, and surface charge)
also play a significant effect on diffusion to the tumor site and cellular uptake. In this work, we
analyzed the transport of 10 nm gold nanoparticles with different surface charges (neutral, negative
and positive) through a hydrogel composite. 3D in vitro models composed of breast cancer cells
loaded in the hydrogel composite were used for qualitative and quantitative evaluation of cellular
uptake of the gold nanoparticles. Surprisingly, an inverse correlation between the diffusion
coefficients of the nanoparticles and cellular uptake was demonstrated. Positively charged gold
nanoparticles displayed high cellular uptake, although their diffusion coefficient indicated slow
transport through the hydrogel matrix. Neutral particles, on the other hand, displayed fast diffusion
and but the lowest cellular uptake. The results obtained indicate that nanoparticle diffusion and
cellular uptake should be studied together in realistic in vitro models for a true evaluation of

transport in tumor microenvironments.
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3.2. Introduction

Gold nanoparticles have been extensively studied and applied in biomedicine [179]. The
strong localized surface plasmon resonances in GNPs are explored in a variety of nanomedicine
applications, such as in photothermal therapy and in biological imaging [180, 181]. GNPs can also
be used as radiotherapy enhancers, due to the high atomic number of gold [127]. However, the
enhanced dose deposition can damage normal tissues [77], and the success of GNPs-enhanced
radiotherapy relies on the degree of penetration of the particles inside the tumor area.

Physicochemical parameters such as shape, size, and surface charge, play a role in the
transport of GNPs in tissue environment [182]. Although GNPs can be produced in different
shapes, it has been demonstrated that spherical particles present higher uptake efficiency than other
shapes, such as nanostars [183, 184]. A size dependent study of spherical GNPs, with particles
sizes ranging from 14 to 100 nm, concluded that 50 nm nanoparticles displayed the highest cellular
uptake efficiency in mammalian cells [185]. Surface chemistry can also influence the interaction
between cells and nanoparticles. Positively charged nanoparticles have been shown to display
higher cellular uptake than negatively or neutrally charged particles [186, 187]. This is due to the
favorable electrostatic interaction between the positively charged GNPs and the negatively charged
cell membrane [188].

Although the effect of physicochemical parameters of GNPs has been extensively studied
in two-dimensional cell cultures, these 2D models are unable to replicate the cell-cell and cell-
extracellular matrix signaling of complex three-dimensional tissues [7]. 3D cell culture models
should provide a more realistic system to study the delivery of nanomedicine to tumor sites,
bridging the experimental gap between in vivo and in vitro models. In addition, the tumor

microenvironment also impacts the delivery of nanoparticles to cancerous areas. The unique
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features seen in solid tumors, such as leaky vasculature, can lead to an accumulation of
nanoparticles around the tumor area [69]. However, uncontrollable growth of cancer cells results
in an increase in interstitial pressure, limiting the delivery of nanomedicine to a diffusion transport
mechanism [189]. Furthermore, the complex and dense acts as a barrier, retarding the diffusion of
particles in the tumor interstitium [190].

While there are many studies on the cellular uptake of GNPs [191-194] that explore the
effects of size, shape, and charge, the comparison between diffusion and cellular uptake in 3D in
vitro models has been barely explored. Recently [195], we introduced a tumor microenvironment-
on-a-chip model to explore the effects of the diffusion of GNPs. The ECM-mimicking model
consisted of hydrogel composite matrices formed by different concentrations of Gelatin
Methacryloyl and Collagen type 1. The value of the elastic modulus from the ECM-mimicking
matrix composed of 11.25% (w/v) GeIMA and 1.0 mg/mL Collagen I was in agreement to the
recorded for breast cancer tissues. Our results showed a 77% decrease in diffusion of 10 nm GNP
when ECM stiffening and interstitial pressure were simulated inside a microfluidic device (as
described in Chapter 2).

In this study, the use of GNPs was explored in two ways, by diffusion and cellular uptake,
as illustrated in Figure 3.1. Diffusion was investigated by examining the effect of surface charge
on the transport of GNPs on a cancerous-mimicking ECM using a microfluidic device. In addition,
quantitative and qualitative analysis on cellular uptake of the charged GNPs in 3D in vitro models

of breast cancer cells (MCF-7 and MDA-MB-231) was also performed.
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Figure 3.1 Study of Diffusion and Cellular Uptake

(a) Diffusion of gold nanoparticles from the lateral channels (labeled in red) of the microfluidic
device to the central channel (labeled in blue). Macroscopic movement of the particles was
detected on a Laser Scanning Microscope by tracking fluorescence. (b) Cellular uptake of gold
nanoparticles was investigated by allowing particles to be in contact with breast cancer cells
encapsulated in hydrogel matrix for 48 h. Detection of particles inside the cells was performed by
sectioning hydrogel pellets and visualizing the sections under Transmission Electron Microscope.

3.3. Materials and Methods

3.3.1. Materials

Gelatin methacryloyl (Bloom 300, > 80% degree of substitution), gelatin from porcine
skin (Bloom 300), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959)
(98%), glutaraldehyde solution 25 wt% in water, 3-(trimethoxysilyl)propyl methacrylate (98%)
(TMSPMA), phosphate buffered saline (PBS), sodium cacodylate trihydrate, osmium tetroxide
4% in water solution, propylene oxide, and Epoxy embedding medium (Epon) were purchased

from Sigma-Aldrich. CULTREX 3D Culture Matrix Rat Collagen I was purchased from Trevigen
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at a concentration of 5 mg/mL. Sodium dodecyl sulfate, sodium bicarbonate, and glycine were
purchased from Bio Basic Canada Inc. P-type boron silicon wafers measurement 76.2 mm of
diameter were purchased from Silicon Materials Inc. Permanent Epoxy Resist SU-8 100 and SU-
8 Developer were purchased from MicroChem Corporation. Sylgard 184 silicone elastomer kit
was obtained from Dow Corning Corporation. MCF-7 (HTB-22) and MDA-MB-231 (HTB-26)
cells were obtained from Facility for Biomolecular Sample Preparation at University of Victoria.
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), penicillin-
streptomycin, 10X PrestoBlue cell viability reagent, and LIVE/DEAD viability/ cytotoxicity kit
for mammalian cells, and Pierce™ 16% Formaldehyde (w/v) methanol-free were purchased from
ThermoFisher Scientific. DAPI staining solution and phalloidin-iFluor 488 reagent were obtained
from Abcam. Eagle’s Minimum Essential Medium (EMEM) was obtained from ATCC.
Fluorescent spherical 10 nm gold nanoparticles were obtained from Nanopartz with three different
surface charges: neutral (CY3-Zero-GNP), positive (DY 633-Positive-GNP) and negative (FITC-

Negative-GNP).

3.3.2. Fabrication of Microfluidic Device

The microfluidic device was fabricated by photolithography, as described previously
[195]. Briefly, a 400 um thick SU-8 100 film was spin coated on top of a silicon wafer. The wafer
was soft baked for 30 min at 65 °C and 90 min at 95 °C. Using a photolithography mask, the
defined design was patterned on top of the SU-8 layer after exposure to UV light for 7 seconds.
The assembly was then post baked at 95°C for 90 min, prior to the development step. The wafers
were developed using SU-8 developer solution and rinsed with isopropanol. Polydimethylsiloxane
(PDMS) was prepared by 10:1 mixture of silicone elastomer base and elastomer curing agent.

After degassing in a vacuum chamber, the PDMS was then deposited on top of the SU-8 patterned
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silicon wafer. The assembly was baked at 150 °C for 3 h in order to allow PDMS polymerization.
The PDMS layer was then peeled off from the wafer and inlet and outlet ports were punched using
biopsy punchers. The PDMS layer was permanently bonded to a glass slide using plasma cleaning.

The microfluidic design consisted of an ECM-mimicking central channel (700 pm width
and 2.5 mm length), in which the hydrogel composite was located, and two identical capillary-
mimicking lateral channels (1000 um width), in which GNP solutions were injected. The larger
width of lateral channels compared to the central channel ensured constant wall concentration of

the gold solution, allowing the determination of the diffusion coefficient by Fick’s second law.

3.3.3. Hydrogel Preparation

Collagen type I-Gelatin Methacryloyl composite was prepared as described previously
[195]. A solution at a concentration of 15% (w/v) of GeIMA was prepared in PBS containing 1%
(w/v) Irgacure 2959. In addition, a solution of Collagen type I CULTREX was prepared to a final
concentration of 4.0 mg/mL. In order to create a cancerous-mimicking ECM, Collagen I and
GelMA were mixed to a final concentration of 1.0 mg/mL and 11.25% (w/v), respectively. The
final pH of the composite mixture was adjusted to 7 using a 1M solution of NaOH.

This hydrogel mixture was injected in the central channel of the microfluidic device and
the assembly was initially crosslinked under UV light (365 nm at 5.7 mW/cm?) for 4 minutes and

20 seconds, followed by incubation at 37 °C for 30 minutes.

3.3.4. Transport of Gold Nanoparticles

The transport of 10 nm fluorescently labeled GNPs was evaluated by tracking the
diffusional movement of the particles from the lateral channel of the microfluidic device through

the hydrogel composite layer (located in the central channel). Gold nanoparticles displaying
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neutral, positive, and negative zeta potential values were used in this study. The electrical charge
of the gold nanoparticles was determined by zeta potential measurements using a Particle Analyzer
Litesizer 500 from Anton Paar. A volume of 10 uL of each particle sample was added to 1 mL of
deionized water (pH 7) and transferred to a zeta potential omega cuvette. Refractive index, relative
permeability, and viscosity values of 1.33, 73.368, and 8.9 x 10 Pa.s, respectively, were assumed
to be the same as for water.

A volume of 10 pL of one of the gold nanoparticle solutions was injected in the lateral
channel (capillary mimicking channel). Fluorescent confocal images were taken using a Laser
Scanning Microscope (LSM) Zeiss 880 at an excitation and emission of 543 nm (Helium-Neon
laser) and 570-700 nm for neutral particles, 633 nm (Helium-Neon laser) and 650-750 nm for
positive particles, and 488 nm (Argon laser) and 500-650 nm for negative particles. Fluorescent
images were taken using the line scan mode at 1024 x 1024 pixels, with an averaging of 2 images,
with a pixel time of 0.77 ps, a frame time of 1.89 s, for every 3 minutes at room temperature to a
total of 90 minutes. To prevent hydrogel dehydration, a humidity chamber was adapted on top of
the LSM platform.

Zeiss Zen 2.3 software was used to obtain the intensity profiles for gold nanoparticles
inside the microfluidic device at each point in time. After correlation of intensity values with
concentration, the profiles were fitted using a one-dimensional transient diffusion medium solution
for Fick’s second law of diffusion [196], in which the diffusion coefficient D was obtained. Three

samples were analyzed for each charge of GNP.

3.3.5. Breast Cancer Cells Encapsulated in Hydrogel Composite

Two breast cancer cell lines, MCF-7 and MDA-MB-231, were used in this study. MCF-

7 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), while MDA-MB-231
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were kept in Eagle’s Minimal Essential Medium (EMEM). Both media were supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin. Cells were kept inside an incubator at 37
°C and 5% CO,. Media was exchanged every 2 days and cells were passaged when 80% confluent.

Encapsulation of each breast cancer cell in the hydrogel composite mixture was achieved
by adding a final concentration of 1 x 10* cells per 10 pL of hydrogel mixture, prior to crosslinking.
A spacer was created by attaching two coverslips (400 um total thickness) to the surface of a petri
dish. The mixture containing the hydrogel composite and cells was pipetted in this spacer and a
TMSPMA-modified coverslip was deposited at the surface of the sample (Appendix B). The
assembly was then exposed to UV light (365 nm at 6.3 mW/cm?) for 4 minutes in order to crosslink
the GelMA, followed by incubation at 37 °C to polymerize the Collagen I. After polymerization,
3D hydrogel samples were created attached to the coverslip and these 3D samples were moved to
well plates and incubated with 2 mL of fresh cell media.

Cancer cells were allowed to grow inside of the hydrogel matrix for 7 days.
Characterization of cell viability in the pellets was performed using PrestoBlue assay (Appendix
B) on days 1,4, 7 (prior to exposure to GNPs), and 9 (after exposure to GNPs). Cell viability was
also visualized by staining hydrogel pellets with LIVE/DEAD at final concentrations of 2 uM and
4 uM for calcein-AM and ethidium homodimer-1, respectively. Incubation was performed for 1 h
at 37 °C. Fluorescence images were obtained in the LSM at an excitation of 488 nm and emission
of 515-540 nm for calcein-AM. For ethidium homodimer-1, an excitation of 543 nm and an
emission of 560-650 nm was used. Nuclei and actin filaments of the breast cancer cells
encapsulated in the hydrogel matrices were also visualized by fluorescence imaging using DAPI
and phalloidin-iFluor 488 staining solutions. Excitations and emissions of 360 nm and 400-500

nm were used for DAPI, while 488 nm and 500-600 nm were selected for phalloidin-iFluor 488.
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3.3.6. Cell Uptake of Gold Nanoparticles

Breast cancer cells encapsulated in hydrogel matrices (3D hydrogel samples) were
allowed to grow for 7 days. On day 7, after assessing cell viability, a cell media solution containing
a final concentration of 1 x 10'2 GNPs/mL was put in contact with hydrogel samples for 48 h inside
of the incubator at 37 °C. After 48 h, the solution containing gold nanoparticles was removed from
the wells, and the hydrogel pellets were washed three times with PBS. Some of these samples were
chosen to assess cell viability using PrestoBlue (Appendix B). The remaining samples, after the
PBS washing procedure, were fixed with Karnovsky’s Cacodylate Buffered Glutaraldehyde-
Formaldehyde (3% glutaraldehyde and 3% formaldehyde in 0.1 M cacodylate buffer) solution for
30 min.

For each charge (positive, negative, and neutral) of gold nanoparticles, 12 3D hydrogel
samples were prepared for each cell line, for a total of 72 samples. From the 72 samples, 24 were
used to assess cell viability, while 48 were used in the uptake of gold nanoparticles (24 samples

for ICP-MS and 24 samples for TEM).

3.3.7. Transmission Electron Microscopy (TEM) Sectioning and Imaging

For qualitative analysis, 3D hydrogel samples were analyzed by TEM. After the fixation
step of the hydrogel samples, a dehydration procedure was performed. The fixative solution was
removed from hydrogel pellets and samples were washed three times in PBS. Samples were then
fixed with a 1% osmium tetroxide solution prepared in PBS. The fixation step lasted for 1 h. After
fixation, the 3D hydrogel samples were detached from coverslips and transferred to small vials.
The dehydration procedure was performed according to the solvent replacement method [197,
198], in which solutions with increasing concentration of ethanol (50%, 70%, 80%, 90%, 95%,

and 100%) were added to the hydrogel pellets. After the removal of 100% ethanol solution from
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sample vials, a solution of 100% propylene oxide was incubated for 10 minutes with the hydrogel
pellets. This step was repeated twice, followed by incubation of samples with ratios of propylene
oxide and epon of 3:1 (w/w) for 60 min, 1:1 (w/w) for 12 h, and 1:3 (w/w) for 180 min. After that,
samples were incubated in pure epon for 4 h, followed by incubation in fresh epon solution for 12
h. After 12 h, samples were placed into fresh epon solutions and polymerized at 60 °C for 48 h.
Sectioning of TEM samples was performed in the Electron Microscope Laboratory Facility at
University of Victoria. Sections were stained for 10 min in uranyl acetate, followed by 4 min
staining in lead citrate. Multiple sections were made for each hydrogel pellet.

TEM images of cell-loaded 3D hydrogel samples were taken using a Joel 1011
Transmission Electron Microscope. Multiple images were taken from each hydrogel pellet sample

in order to assess the presence of gold nanoparticles.

3.3.8. Inductively Coupled Plasma-Mass Spectrometry

For quantitative analysis, the 3D hydrogel samples were analyzed by ICP-MS. After the
fixation step of the hydrogel samples, samples were detached from coverslips and their masses
were recorded. Samples were then moved to falcon tubes and digested using 250 pL of aqua regia
(3:1 ratio HCI:HNO:s) for 1 h in a mineral oil bath at 200 °C. After digestion, samples were then
diluted to 4% (v/v) acid content with deionized water and submitted to ICP-MS (Agilent 8800).

Control samples were prepared using 3D hydrogel samples containing cells in the absence
of GNPs, and hydrogel samples in the presence of GNPs without cells. For each type of control, 5
samples were used, for a total of 20 samples for both cell lines. In addition, 4 samples of 4% (v/v)
aqua regia with deionized water were also processed by ICP-MS.

The concentration of gold per gram of 3D hydrogel samples and of controls were obtained

by using the gold amount in ppb obtained by ICP-MS and diving it by the recorded mass of the
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3D hydrogel sample. The concentration of gold in the control samples were subtracted from the
respective 3D hydrogel sample with the same charge of GNPs. Gold concentrations in the control

samples are illustrated in Appendix B.

3.4. Results and Discussion

3.4.1. Evaluation of Transport of Gold Nanoparticles in the Microfluidic Device

The growth of cancer cells within healthy tissue causes reorganization of the ECM,
resulting in a change of the tissue microenvironment. The proliferation of the cancer cells creates
an increase in the interstitial pressure in the surrounding tissue and the ECM [43]. In addition to
pressure build up, waste products accumulate in the cancer area, resulting in the formation of
hypoxic regions that affects the local pH [45]. Protein deposition, such as collagen and fibronectin,
is also a consequence of cancer growth, resulting in ECM stiffening [38]. A disorganized vascular
network, combined with an increase in interstitial pressure inhibits the distribution of therapies to
the cancer area by convection, limiting their delivery to diffusion [37].

In order to analyze the diffusion of GNPs in cancerous ECM-mimicking hydrogel, a
concentration of 11.25% (w/v) of GelMA and 1.0 mg/ml of Collagen type I was injected in the
central channel of the microfluidic device shown in Figure 3.2. This hydrogel composite displayed
an elastic modulus of 5914 + 120 Pa [195], showing stiffness within the range of elastic moduli
values for breast tumor (3-8 kPa) [107, 158]. After polymerization of the hydrogel composite,
fluorescently labeled 10 nm gold nanoparticles were injected in one of the lateral channels of the
microfluidic device and their fluorescence intensity signal was tracked at different time steps under

the LSM.
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In order to analyze the diffusion of gold nanoparticles in cancerous ECM-mimicking
hydrogel, a concentration of 11.25% (w/v) of GeIMA and 1.0 mg/ml of Collagen type I was
injected in the central channel of the microfluidic device. As we have shown previously [195], this
hydrogel composite displayed an elastic modulus of 5914 + 120 Pa, showing similar stiffness
within the range of elastic moduli values for breast tumor (3-8 kPa) [107, 158]. After
polymerization of the hydrogel composite, fluorescently labeled 10 nm gold nanoparticles were
injected in one of the lateral channels of the microfluidic device and their fluorescence intensity
signal was tracked at different time steps under the LSM.

The size of the GNP was selected based on the potential pathways for nanocarriers within
the body. Cancer cells in hypoxia secrete angiogenic factors such as vascular endothelial growth
factors, in order to induce growth of endothelial cells and stimulate proliferation of blood vessels
[50]. Sprouting of new blood vessels to feed the tumor results in the creation of a disorganized
vessel network, displaying a leaky vasculature with pore sizes below 400 nm [70]. In addition,
particles smaller than 10 nm can undergo renal clearance, while particles above 100 nm are
captured by the liver [199, 200]. Therefore, efficient delivery of nanocarriers to the tumor area
requires nanoparticles with diameters in the range between 10 and 100 nm. However, considering
that convection in the tumor microenvironment is limited, and the penetration of the nanoparticles
is driven by diffusion, smaller nanoparticles will diffuse faster towards the core of the tumor. Large
nanoparticles, on the other hand, are unable to penetrate the tumor interstitial matrix [201]. In
addition, nanoparticles with diameters larger than 20 nm are unable to move through a collagen
mesh with average mesh size ranging from 20 nm to 40 nm [173, 174]. Considering all the above,

10 nm gold nanoparticles were selected for this study.
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The surface charges of the gold nanoparticles and hydrogel composite were analyzed, and
the zeta potential measurements are presented in Table 5. As indicated in Table 5, neutral
nanoparticles displayed a zeta potential value of -9.8 + 0.4 mV, while positive and negative
particles showed zeta potentials equal to 31.6 + 1.5 mV and -34.5 £ 1.7 mV, respectively. GNPs
were injected in the capillary-mimicking lateral channel of the microfluidic device. Figure 3.2
presents an image obtained in the LSM that illustrates the diffusion of fluorescently labeled GNPs
through the hydrogel composite. Table 6 shows the diffusion coefficients for neutral, positively
and negatively charged GNPs obtained using the fluorescence method summarized in Figure 3.2.
Diffusion coefficient values for the GNPs through the cancerous ECM-mimicking hydrogel
composite showed that the transport of neutral nanoparticles was faster ((6.45 +0.27) x10 7 cm?/s),
compared to the movement of positively and negatively charged GNPs. In addition, positively
charged GNPs displayed the slowest diffusion through the hydrogel matrix, with a diffusion
coefficient of (2.49 +0.18) x10 7 cm?/s, compared to a value of (4.15 +0.16) x10 7 cm?/s obtained
by negative particles (Table 6). The diffusion coefficient of the negatively charged GNPs in Table

6 is in agreement with our previous results ((4.42 +0.15) x10 7 cm?¥s) [195].
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Figure 3.2 Diffusion of Gold Nanoparticles

Gold nanoparticles were injected in the lateral channels (capillary-mimicking channel, labeled in
red) of the microfluidic device and diffusion through the hydrogel matrix located in the central
channel (ECM-mimicking channel, labeled in blue) was tracked by fluorescence. Due to the lack
of fluorescence, hydrogel matrix provided a black background to the movement of the
fluorescently labeled gold nanoparticles. Diffusion coefficient values were obtained by fitting

fluorescence intensity profiles with one dimensional transient diffusion in a semi-infinite medium
solution for Fick’s second law.

Sample Zeta Potential / mV
CY3-Zero-GNP -98+04
DY633-Positive-GNP 316+ 1.5
FITC-Negative-GNP -345+1.7
Hydrogel Composite -10.7+04

Table 5. Zeta Potential measurements performed of fluorescently labeled gold nanoparticles
and hydrogel composite matrix located in the central channel of the microfluidic device.

Sample Diffusion Coefficient / cm?s! R?
CY3-Zero-GNP (6.45+0.27) x 107 0.96 £0.02
DY633-Positive-GNP (249 £0.18) x 107 091 +£0.07
FITC-Negative-GNP (4.15+£0.16) x 107 0.93+0.02

Table 6. Diffusion coefficient values obtained for gold nanoparticle diffusion through
hydrogel composite matrix located in the central channel of the microfluidic device.
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Nanoparticle diffusion through a charged polymeric network should depend strongly on
the charges at the surface of the nanoparticle [156]. The hydrogel matrix displayed a zeta potential
value of -10.7 + 0.4 mV (Table 5), due to the combination of negatively charged GeIMA [152]
and slightly positively charged Collagen type I [195, 202]. Therefore, the negatively charged GNP
was expected to diffuse faster through the overall negatively charged hydrogel composite matrix,
due to electrostatic repulsion. However, the presence of collagen in the composite created positive
domains in the matrix that slowed down the diffusion of negatively charged GNP. Positively
charged GNPs, on the other hand, interacted considerably with GelMA (the major component of
the composite), resulting in a small diffusion coefficient. In the case of neutral particles, their
interaction with the collagen network was small, leading to fast diffusion through the hydrogel

matrix.

3.4.2. Encapsulation of Breast Cancer Cells in Hydrogel Composite

In 2D models, cells are cultured in flat plates, forming a monolayer. While 2D systems
have been used extensively, the translation of in vitro results of nanoparticle transport obtained in
2D model systems to 3D real tumors is not promising [37]. In a 2D model, cells are exposed to a
uniform concentration of GNPs, allowing for fast uptake. On the other hand, 3D models where
cells are encapsulated in a hydrogel matrix mimics more closely the 3D architecture of an in vivo
tumor. In addition, delivery of GNPs in 3D in vitro models relies on diffusion, showing a closer
resemblance to in vivo transport. Figure 3.3 shows 3D models created using two different breast
cancer cell lines, estrogen-receptor-positive MCF-7 and triple-negative MDA-MB-231,

encapsulated in the hydrogel composite matrix.
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Cell viability was assessed by PrestoBlue assay on days 1,4, 7, and 9. The cell viability
measurement performed on day 7 was prior to the incubation of the hydrogel pellets with GNP
solution. The measurement performed on day 9 was after incubation with GNP. The selected
samples used for the performance of cell viability on day 9 were not used for TEM or ICP-MS.
Increase in cell viability and proliferation was observed for both cell lines (Appendix B).

LIVE/DEAD assays were performed on day 7, in order to guarantee that the cells
encapsulated in the hydrogel matrix (3D model) were viable. Both cell lines, MCF-7 (Figure
3.3(a)). and MDA-MB-231 (Figure 3.3(b)), displayed the formation of clusters containing viable
cells and mostly alive. Staining of actin filament and DNA illustrated the formation of round
clusters with disorganized nuclei for MCF-7 cells, while MDA-MB-231 displayed the formation

of stellate projections, as seen previously [178].
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(a) (b)

Figure 3.3 Breast Cancer Cells Encapsulated in Hydrogel Matrix

MCF-7 (a) and MDA-MB-231 (b) breast cancer cells were encapsulated in a hydrogel composite
matrix composed of 1 mg/mL Collagen type I and 11.25% (w/v) Gelatin Methacryloyl. Pellets of
hydrogel loaded with cells were formed by dispensing 10 pL of hydrogel/cell mixture and
exposing it to 365 nm UV light for 4 minutes. Cells were allowed to grow in the hydrogel for 1
week, forming clusters within matrix Bright field images (top left, (a) and (b)) illustrate the growth
and cluster formation of cells, while fluorescent images (top right, (a) and (b)) display live cells in
green and dead cells in red, after staining with Calcein AM and Ethidium Homodimer-1.
Fluorescent labeling of F-actin and nuclei (middle (a) and (b) images) with Alexa Fluor 488 and
DAPI, respectively, illustrates the morphology and cluster formation of the breast cancer cells.
Cell monolayers images (bottom (a) and (b) images) illustrate the morphology of breast cancer
cell lines in 2D models.

3.4.3. Gold Nanoparticles Uptake: Qualitative Investigation

Cells encapsulated in hydrogel pellets were allowed to grow for 7 days. On day 7, the 3D

hydrogel samples were immersed in 2 mL of a cell media solution containing 1x10'> GNP/mL and
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incubated for 48 h. As illustrated in Figure 3.4, after 48 h, the cell-loaded hydrogels were fixed

and processed for qualitative (TEM) and quantitative (ICP-MS) evaluation of the uptake of GNPs.
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Figure 3.4 Qualitative and Quantitative Analysis of Cellular Uptake of Gold Nanoparticles
A solution of gold nanoparticles with different surface charges was added to the 3D breast cancer
in vitro models, followed by 48 h incubation at 37 °C. After 48 h, a third of the in vitro models
were prepared for TEM sectioning (qualitative data), while another third was digested by aqua
regia and analyzed by ICP-MS (quantitative data), and the last third was used for assessing cell
viability.

Figure 3.5 shows TEM images of the sections obtained from each hydrogel samples were
used to observe the presence of GNP. A small number of particles were seen for both cell lines
when in contact with neutral GNP (Figure 3.5(a)). In the case of negatively and positively charged
particles, a higher number of these GNPs was observed in both cell lines. Although a higher

cellular uptake of positive particles is in agreement with previous studies [203, 204], quantitative

information cannot be assessed from TEM images.
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3.4.4. Gold Nanoparticles Uptake: Quantitative Investigation

Quantitative analysis of amount of gold (Au) present in the cell-loaded hydrogel pellets
was performed by ICP-MS. Cell-loaded hydrogel samples were incubated with GNP at a final
concentration of 1 x 10'? particles/mL for 48 h. After 48 h, samples were fixed and detached from
the coverslips. The masses of the 3D hydrogel samples were recorded, followed by digestion in
aqua regia.

Digested 3D hydrogel samples were submitted to ICP-MS and the results were obtained
in parts per billion (ppb) of Au. Two types of controls were used for this experiment: 3D hydrogel
samples incubated with GNP in the absence of cancer cells and hydrogel samples in the presence
of cancer cells but no GNP. The former control provided information regarding particles trapped
in the hydrogel matrix without cellular uptake. The later provided the background value for the
samples. In addition, 4% (v/v) aqua regia with deionized water were also analyzed in order to
account for any impurities in the samples.

The concentration of gold per gram of hydrogel was obtained by dividing the gold amount
in ppb obtained by ICP-MS by the mass of the 3D cell-loaded hydrogel sample incubated with
GNPs, as described in Section 2.8. In addition, values in ppb/g for controls were subtracted from
the specific 3D cell-loaded hydrogel sample, depending on the charge of the GNP (Appendix B).
Figure 3.5(b) summarizes the results for GNP uptake for all different surface charges and for the
two different cell lines investigated (MCF-7 and MDA-MB-231). A similar trend for cellular
uptake of GNP was observed for both cell lines. In both MCF-7 and MDA-MB-231 cell lines, the
concentration of positively charged GNP was much higher than the values observed for negative

and neutral particles.
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Figure 3.5 Cellular Uptake of Gold Nanoparticles
(a) TEM images of in vitro tumor model section containing neutral (left column), negative (middle
column), and positive (right column) gold nanoparticles. Dashed red rectangles display the
locations of the gold nanoparticles within the cells. (b) Concentration of GNP (ppb/g of in vitro
tissue model) for neutral (gray), negative (green), and positive (red) gold nanoparticles contained
in MCF- 7 (left) and MDA-MB-231 (right) in vitro model obtained by ICP-MS.
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For MCF-7 cells, GNP concentrations of 63.07 + 3.24 ppb/g, 126.09 + 18.45 ppb/g, and

1997.28 + 310.69 ppb/g were obtained for neutral, negative and positive particles, respectively. In
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the case of MDA-MB-231 cells, GNP concentration values of 20.86 + 5.87 ppb/g, 33.66 + 8.82
ppb/g, and 5293.34 + 969.86 ppb/g were obtained for neutral, negative and positive GNP,
respectively. High cellular uptake of positively charged particles was expected due to the
electrostatic interaction with negatively charged cell membrane [205, 206]. Interestingly, a
relatively higher cellular uptake was seen for negative particles than neutral, especially in the case
of MCF-7 cells. This same trend was seen previously [207] for polymer-coated GNPs. Due to the
complexity of the cell membrane [208], negative particles may interact with molecules such as

proteins located at the surface of the cell membrane, facilitating their uptake [207, 209].

3.5. Conclusion

Gold nanoparticles show promising applications in cancer therapy, such as drug delivery
carriers, photothermal agents and radiation sensitizers. Successful delivery of gold nanoparticles
to the tumor area depends not just on the size, shape, and surface charge of the particles, but also
on the tumor microenvironment. A poorly organized vascularization system resulted from
accelerate growth of cancer cells within healthy tissue creates an increase in interstitial pressure,
limiting the transport of therapies to diffusion. While large particles may be able to reach the tumor
area, due to their size, penetration through the ECM and tightly packed cells will be hindered,
locating the particles at the periphery of the tumor [173, 210]. Small nanoparticles, on the other
hand, can diffuse through the tumor microenvironment, permeating the ECM, and reaching the
deeply into the tumor [211,212].

In this study, we analyzed the transport and cellular uptake of small GNPs (10 nm) in a
3D in vitro model. GNPs with three different surface charges, neutral, negative, and positive were

used. While the relationship between surface charge of GNPs and cellular uptake has been
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extensively studied in the literature, to our knowledge, the integration of quantitative diffusion in
a 3D in vitro breast cancer model has not been done.

We have shown previously that our hydrogel composite composed of GeIMA and
Collagen type I displayed similar properties to real in vivo breast tumors [195]. In addition,
diffusion studies previously obtained in our model showed similar coefficients to in vivo transport
of Immunoglobulin G in murine mammary carcinoma [177, 195], illustrating the potential of the
microfluidic platform and hydrogel composite as an alternative to in vivo models. Here, diffusion
experiments were performed by injecting GNP samples in the lateral channels (capillary-
mimicking) of the microfluidic device. Results of GNP diffusion through the hydrogel composite
showed faster diffusion for neutral particles, followed by negative, and lastly positive GNPs. The
decrease in diffusion coefficient from neutral particles compared with positive GPNs was around
61%.

Analysis of cellular uptake of GNPs was performed by TEM and ICP-MS. Breast cancer
cells were encapsulated in the hydrogel composite, displaying the formation of spheroids. After 7
days of growth, 3D models were incubated with 1 x 10'> GNPs/mL for 48 h. After 48 h, samples
were processed for [ICP-MS and TEM. While no quantitative information was obtained from TEM,
ICP-MS results showed very high cellular uptake of positive particles for both cell lines, in
agreement with the literature. However, considering that the cell membrane is negatively charged,
higher uptake of neutral particles was expected. Furthermore, it is possible that an interaction
between surface proteins at the cell membrane and neutral particles may be happening.

Nevertheless, the comparison between diffusion data and cellular uptake analysis showed
interesting results. While positively charged particles displayed the slowest diffusion, the highest

cellular uptake was obtained for these GNPs. In the case of neutral particles, lowest cellular uptake
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was obtained for these GNPs, while they displayed fastest diffusion. These results elucidate the
need for complex 3D models, with appropriated charged ECM-mimicking biomaterial. In addition,
the study of cellular uptake in 2D cell models does not display a realistic concentration gradient

for mass transfer as seen in real tissue [213].
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4.1. Abstract

pH-Responsive hydrogels have numerous applications in tissue engineering, drug delivery
systems, and diagnostics. Gelatin Methacryloyl is a biocompatible, semi-synthetic hydrogel
prepared from gelatin. Due to the presence of different functional groups (amine, hydroxyl, and
carboxyl), GeIMA can be produced with different degrees of substitution. Although GelMA has
extensive applications in biomedical engineering, the synthesis of this polymer has never been
tuned towards producing a pH-responsive hydrogel. In this work, we have explored two different
synthetic routes in order to produce two GelMA-based hydrogels: polymer A and polymer B.
Polymers A and B were used to fabricate GeIMA microspheres in a flow-focusing microfluidic
device. At neutral pH, polymers A and B microspheres displayed an average diameter of ~ 40 um.
At pH 6, microspheres from polymer A showed a swelling ratio of 167%, while at pH 10, a 296%

swelling ratio was recorded for polymer B particles.
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4.2, Introduction

Hydrogels are three-dimensional networks composed of polymeric materials (natural or
synthetic) that are capable of absorbing a considerable amount of water and swelling in aqueous
medium, while maintaining physical integrity due to the presence of hydrophilic functional groups
(-OH, -COOH, -SO;H and CONH,) [21]. Hydrogels have been extensively applied in the field of
tissue engineering [214-217] and as drug delivery systems [218-220] due to their biocompatibility
and resemblance to a natural tissue.

Depending on the properties of the functional groups present on the polymeric chains,
some hydrogels can respond to specific environmental changes such as temperature, light, and pH
[221]. In the case of pH-responsive hydrogels, polymers containing acidic and basic pendants can
accept or release protons according to the pH of the solution [222]. For hydrogels containing
carboxyl groups, they become negatively charged at high pH values, forming anionic
polyelectrolytes. Amine groups, on the other hand, become positively charged at low pH values.
Applications of pH-responsive hydrogels are numerous, ranging from controlled drug carriers and
delivery systems to sensors [223-226].

Responsive hydrogels possessing basic functional groups can be applied as drug delivery
vehicles to cancerous environment. Growth of cancer cells within a healthy tissue culminates in
remodeling of the tissue environment, resulting in stiffening of the extracellular matrix and an
increase of interstitial pressure [37]. The latter combined with the disorganized structure of the
tumor area affects the clearance of waste products [45], leading to a decrease in pH in the tumor
area to values as low as 5.6 [227]. Therefore, pH responsive cationic hydrogels are expected to

release molecular cargos in the tumor area by swelling due to the acidic environment [228-230].
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Anionic hydrogels, on the other hand, have been applied as oral delivery systems, since they
overcome the acidic condition in the stomach to deliver drugs to the small intestine [231-233].

Gelatin is a natural polymer originated from collagen, derived through a denaturation
process. Either gelatin type A or gelatin type B are obtained depending on the denaturation type
(acidic or basic treatment) [234]. Gelatin Methacryloyl is a semi-synthetic biomaterial prepared
from the addition of methacrylate (reaction with methacrylic anhydride [149, 235]) and
methacrylamide (reaction with glycidyl methacrylate [236]) groups in gelatin. The presence of
arginine-glycine-aspartic acid (RGD) sequences on the gelatin backbone of GeIMA promotes cell
attachment and results in a biomaterial suitable for a variety of biomedical applications [109, 237].
While most of the GelMA synthesis protocols focus on the reaction between methacrylate groups
and amino residues, resulting in the decrease of free lysine groups [110, 235], certain conditions
favors reaction involving hydroxyl and carboxyl groups in the gelatin backbone with methacryl
groups [238].

This work reports the synthesis of two GeIMA-based polymers (Polymers A and B) that
presented pH-dependent swelling behavior. The presence of carboxyl, hydroxyl and amino groups
on the gelatin backbone [109, 110, 239] allows selective modification with methacryl groups. In
the case of polymer A, the synthesis of GeIMA was modified in order to maintain available amine
groups, while reacting hydroxyl and carboxyl groups with glycidyl methacrylate. On the other
hand, in the case of polymer B, amine groups were allowed to react with methacrylic anhydride,
while carboxyl and hydroxyl groups remained unreacted. Microspheres of polymers A and B were
produced using a flow-focusing microfluidic device and mineral oil/span 80 as the continuous
phase. The behavior of the GelMA-based microspheres in solutions of different pH values was

determined by quantifying the degree of pH-dependent volume changes.
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4.3. Materials and Methods

4.3.1. Materials

Gelatin from porcine skin (Type A, gel strength 300), gelatin from bovine skin (Type B),
methacrylic anhydride (MAA) (contains 2000 ppm topanol A as inhibitor, 94%), glycidyl
methacrylate (GMA) (= 97%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, 98%), Span 80 (nonionic surfactant), and Mineral Oil (light), Phosphate Buffer
Solution (PBS, pH 7.4) were purchased from Sigma-Aldrich. Tetrahydrofuran (THF, 99.9%),
hydrochloric acid (36.5-38.0%), and Dialysis Membrane Tubing (12,000 to 14,000 Dalton
MWCO) were purchased from Fisher Scientific. Fluorescent Carboxylated PS Latex Particles
(CAF-100nm) were purchased from Magsphere Inc. SU-8 and SU-8 developer were purchased
from Kayaku Advanced Materials. Sylgard 184 Silicone Elastomer Kit was purchased from Dow

Corning. Silicon wafers (76.2 mm, P-type, Boron) were purchased from Silicon Materials Inc.

4.3.2. Synthesis of Polymers A and B

Polymer A was synthesized from gelatin type A and glycidyl methacrylate (GMA). As
illustrated by Figure 4.1, the reaction was performed in a water bath at 40°C. Initially, 2.5 g of
gelatin type A was dissolved in 125 mL of acidic water with HCI (pH 3.5) in a round-bottom flask
while stirring at 400 rpm. After all gelatin A was dissolved, 5 mL of glycidyl methacrylate was
added dropwise (rate 0.5 mL/min) to the solution. The pH of the mixture was adjusted back to 3.5
every 30 min using HCI throughout the reaction. 50 mL of pH 3.5 water was added to the mixture
after 18 h and the reaction continued for an additional 6 h. After the total reaction time of 24 h,
100 mL of acidic water was added to the round-bottom flask and the mixture was allowed to stir

for additional 10 minutes. The solution was then transferred to dialysis membranes in order to
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eliminate unreacted glycidyl methacrylate. Dialysis was performed for one week at 40 °C,
followed by freezing at -80°C and lyophilization to obtain the dry product polymer A.

Polymer B was synthesized by the reaction between gelatin type B with methacrylic
anhydride (MAA). As shown in Figure 4.1, 2.5 g of gelatin B was dissolved in 50 mL of PBS in
a round bottom flask while stirring at 400 rpm. Once all gelatin B was dissolved, 2.0 mL of
methacrylic anhydride was added dropwise (rate 0.5 mL/min) to the solution. The mixture was
allowed to react for 3 h and the temperature was kept constant at 40°C by a water bath. After 3 h,
100 mL of PBS was added to the reaction mixture, followed by dialysis at 40 °C for one week, in
order to eliminate unreacted methacrylic anhydride. The dry polymer B was finally isolated after

freezing at -80°C and lyophilization.

2.5 g gelatin A 5mL of 50 mL
dissolved in glycidyl pH 3.5 water
125mL pH 3.5 methacrylate
water \ added /
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Figure 4.1 Synthesis of Polymers A and B

A) Polymer A was produced by reacting gelatin A with glycidyl methacrylate at pH 3.5. After a
total reaction time of 24 h, 100 mL of pH 3.5 water was added to the solution. Solution was then
transferred to dialysis membrane, followed by lyophilization to obtain polymer A. B) Polymer B
was produced by reacting gelatin B with methacrylic anhydride. After a total reaction time of 3 h,
100 mL of PBS was added to the solution, followed by dialysis and lyophilization.
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4.3.3. Characterization of Polymers A and B

'H NMR experiments were recorded on a Bruker Avance 500 MHz spectrometer.
Samples were dissolved in 1 mL of deuterium oxide (D,O) containing 3-(trimethylsilyl)propionic-
2,2,3,3,-d, acid (TMSP) as an internal standard (& ("H) = 0 ppm). The amount of methacryl groups
(AM) in the samples were calculated as described previously [240]. Equation 4 was used to
calculate the amount (in mmol per g of polymer sample) of methacryl groups (AM), while equation

5 was used to calculate the degree of methacrylation of lysine groups (DMyine) [241].

_ [ methacryl peaks 9H mmol (TMSP)

-1 -
AM(mmol g=*) [TMSP % 1H % g (polymer sample) @)
[ lysine in polymer sample
DSlysine =|1- fl . ; X 100% (5)
ysine in gelatin

4.3.4. Fabrication of Microfluidic Device

A flow-focusing microfluidic device was fabricated using standard photolithography.
Briefly, SU-8 was spin coated on the surface a silicon wafer to a final thickness of 150 um. The
wafer was then soft baked at 65°C for 30 min and then for 60 min at 95°C. Using a
photolithography mask, the flow-focusing design was patterned on the SU-8 layer by exposing it
to UV light. The patterned wafer was post-baked at 95°C for 90 min, followed by a development
step using SU-8 developer. Polydimethylsiloxane (PDMS) was prepared by 10:1 (w/w) mixture of
silicone elastomer base and curing agent. PDMS was then deposited at the surface of the SU-8

patterned silicon wafer. After degassing in a vacuum chamber, the assembly was baked at 100°C
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for 3 h, to allow PDMS polymerization and hardening. After 3 h, the PDMS was then peeled off
from the wafer and holes were punched in the inlets and outlets of the channels. The PDMS layer
was permanently bonded to a glass slide using plasma cleaning. The chips were then baked at 60°C
for at least 3 h in order to allow hydrophobicity to be restored in the PDMS channels. The design
of the microfluidic device consisted of an inner channel for the dispersed phase and two outer

channels for the continuous phase.

4.3.5. Synthesis and Characterization of Hydrogel Microspheres

Hydrogel microspheres were produced in a flow-focusing microfluidic device. A solution
containing 5% (w/v) of polymer A or B was prepared in 0.5% (w/v) of irgacure 2959 in PBS. This
solution was used as the dispersed phase inside the microfluidic device. The continuous phase was
composed of a 4:1 (w/w) ratio of mineral oil (16.8 g):Span 80 (4.2 g). Flow rates of 1 uL./min and
20 pL/min were used for dispersed and continuous phases, respectively. The outlet tubing was cut
to two meters total length and positioned in a 3D printed support, creating a meander. A 365 nm
UV light was located on top of the meander, allowing microspheres leaving the microfluidic device
to be exposed to UV light for 10 min before being collected. After collection, the microspheres
were allowed to stabilize for 12 h at room temperature and in the dark. A volume of 0.5 mL of
solution containing the microspheres was washed by using 1 mL of THF, followed by
centrifugation for 7 min at 8,000 rpm. This washing procedure was repeated three times. The
microspheres were then stored in 0.5 mL of PBS prior to use, to a final concentration of 2x10°
microspheres/mL. In order to generate fluorescently labeled microspheres, 20 pL. of fluorescent
polystyrene nanoparticles were added to a 0.5 mL hydrogel solution of Polymer A or B and the

synthesis proceeded as described above.
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The impact of pH on the diameter of the microspheres was investigated by incubating 200
pL of particle suspensions in 1 mL of aqueous solutions with pH of 6, 7.4, and 10 for 2 h. The
change in diameter was observed using the bright field camera on the Laser Scanning Microscope
(Zeiss LSM 880). In the case of the microspheres containing polystyrene nanoparticles, fluorescent
images were taken with the LSM. The excitation was at 543 nm (helium-neon laser, 40% laser
power) and the emission band covered the range between 560 and 700 nm. Images were collected
at a frame size of 0.35 pm x 0.35 pum (4096 pixels x 4096 pixels), pixel time of 1.03 ps, and a
frame time of 162.32 s using an EC Plan-Neofluar 10x/0.30 M27 objective lens.

The diameter of 100 microspheres were measured for each experiment using the measure
tool on Zen 2.3 software in both bright field and fluorescent images. The diameter of the particles
was obtained by averaging the measurement for each experiment (100 particles) and calculating
the standard deviation. The experiments were repeated three times from different batches of
polymers A and B. The swelling ratio was calculated based on the fractional increase in volume
presented previously [242], using equations 6 and 7 for swelling and shrinkage percentages for

polymer A and B.

Dy — Digs
QpH 6 or 10-PBS = (p— X 100% (6)

3 3
Dph10 — Dpps
3
Dpgs

QpH 10 or 6-PBS = < ) X 100% (7)

Where D,y 6, Dy 10, and Dpgs correspond to the diameter of the particles in pH 6, pH 10,

and PBS, respectively.



101

4.4. Results and Discussion

4.4.1. Determination of Degree of Modification of Polymers A and B

Polymer A is a GeIlMA-based material that expands in acidic environment due to the
presence of free amine groups that ionize at low pH values. Polymer A was synthesized by reacting
gelatin type A with glycidyl methacrylate at pH 3.5 (see experimental section for a detailed
description of the synthesis and Figure 4.2B). It has been shown that in acidic conditions, glycidyl
methacrylate reacts with hydroxyl and carboxylic acid groups of polymers through an epoxide
ring-opening route [240]. This route leads to the formation of 3-methacryloyl-1-glycerylester
(GMA1) and 3-methacryloyl-2-glycerylester (GMA?2). GMA1 and GMA?2 attacks the carboxyl
and hydroxyl groups of the gelatin A backbone, as indicated in Figure 4.2B. The presence of
GMA1 and GMA?2 fragments in polymer A was verified by 'H NMR presented in Figure 4.2C.
The overlapping NMR signals observed at 6.18 and 5.76 ppm (indicated in the green region in
Figure 4.2C) correspond to the geminal vinyl hydrogens of GMA1 and GMA?2. The additional
peak at 2.07 ppm seen in Figure 4.2C (pink region) is associated to the methyl carbon-linked
hydrogens at the vinyl carbon, which also confirms the modification of the polymer backbone by

GMA.
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Figure 4.2 Synthesis of Polymers A and B

A) Two synthesis routes from gelatin. The reaction of gelatin with glycidyl methacrylate at pH 3.5
produced polymer A (left), while the reaction with methacrylic anhydride at pH 7.4 generated
polymer B (right). B) Mechanism of methacrylation of gelatin type A with glycidyl methacrylate
through ring-opening reaction. C) '"H NMR spectra of polymer A (top) and gelatin type A (bottom).
D) Mechanism of methacrylation of gelatin type B with methacrylic anhydride. E) '"H NMR spectra
of polymer B (top) and gelatin type B (bottom).
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The extension of the chemical modification was 0.103 mmol of methacryl group/g of
polymer A, obtained using equation 4. The integration of the peak at 6.18 ppm (green region in
Figure 4.2C) takes into account the total amount of methacryl groups, including GMA1 and
GMAZ2, in polymer A.

Additional peaks were also seen within the green region of Figure 4.2C(inset) at 5.33 and
5.65 ppm. While these peaks could be an indication of a side reactions involving GMA and the
amine groups in the polymer backbone, amine-epoxy reactions are expected to display NMR
signatures correspondent to the vinyl groups at 6.2-5.8 ppm which are not observed in Figure 4.2C
[243] In addition, the DM, values calculated from the integration of lysine peaks at 3.00 ppm
were around 0%. Therefore, the small peaks at 5.33 and 5.65 ppm in Figure 4.2C are assigned to
impurities from either GMA or D,0.

The polymer B synthesis involved the reaction between gelatin type B with methacrylic
anhydride at pH 7.4, as indicated in Figure 4.2D. The conditions of the synthesis involved a higher
pH value than the isoelectric point of gelatin type B (between 5 and 6) to favor a higher degree of
methacrylation [238]. Methacrylic acid is a by-product as the reaction proceeds, which lowers the
pH of the solution during the synthesis. Previous reports have indicated that pH readjust of the
reaction mixture during the synthesis [239, 242] results in a stiffer hydrogel. Therefore, the
synthesis of polymer B was performed here (Figure 4.2D) without further pH adjustment. Figure
4.2E shows 'H NMR data that confirms the formation of the desired product. The decrease in the
lysine peak at 3.00 ppm (blue region in Figure 4.2E) indicates the functionalization of the free
amine groups of the gelatin B precursor. In addition, Figure 4.2E display prominent peaks at 5.65
and 5.42 ppm (pink region) which are assigned to methacrylamide groups. Additionally, the peak

at 2.07 ppm in the NMR spectrum of polymer B (yellow region in Figure 4.2E) can be associated
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to the methyl carbon-linked hydrogens at the methacryl group, confirming the reaction with MAA.
The small peak at 6.11 ppm suggests the MAA reaction with hydroxyl (methacrylate) groups,
although the other methacrylate vinyl proton is overlapped with the 5.65 ppm for methacrylamide
peak (Figure 4.2E). The integration of the peak at 5.65 ppm represents then the total amount of
methacryl groups present in polymer B.

The DM,ysine Value, obtained from the integration of the lysine peak at 3.00 ppm, was 58%.
This relative low DM value is due to the formation of methacrylic acid during the synthesis, which
lowers the pH, resulting in a lower DS value. Values of 0.227 mmol of methacryl/g of polymer B
and 0.062 mmol of methacrylate/g of polymer B were obtained from the integration of the peaks

at 5.65 ppm (methacrylate and methacrylamide) and at 6.11 ppm, respectively.

4.4.2. Fabrication of Hydrogel Microspheres

A flow-focusing microfluidic device, presented in Figure 4.3A, was used for the
fabrication of hydrogel microspheres. In the inner channel of the microfluidic device, a solution
containing 5% (w/v) polymer solution (either polymer A or polymer B) with 0.5% (w/v) irgacure
2959 (photoinitiator) moved at a rate of 1 pL/min. GelMA-based solutions are highly viscous at
room temperature; therefore, a controlled chamber was created around the syringe pump and
tubing to maintain the solution temperature at 40 °C during the flow. The mineral oil/span 80
mixture was injected in the outer channels of the device (Figure 4.3B). When the two immiscible
phases flow into a cross-junction, a flow-focusing region is created in which a stream of the
dispersed phase is developed. The dispersed phase is then broken into spherical particles due to
shear forces (high flow rate of continuous phase) and to perturbation in the flow [121, 122, 244]
(Figure 4.3C). The surfactant (span 80) was added to the mineral oil to preclude aggregation of

the microspheres inside the microfluidic device.
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Figure 4.3 Fabrication of Gel]MA Microspheres

A) Microspheres were fabricated inside of a flow-focusing microfluidic. B) The device contained
two phases (continuous and dispersed). Continuous phase was composed of 5%(w/v) GeIlMA
(polymer A or B), while the dispersed phase consisted of mineral oil with span 80. C) Flow profile
during production of microspheres. D) Polymer A microspheres. E) Polymer B microspheres.

GelMA microspheres leaving the outlet of the microfluidic device entered in a 2-meter
meander tubing region that was exposed to UV light. The UV light activated the radical
photoinitiator irgacure 2959 for 10 minutes that transformed the GelMA particles into crosslinked
hydrogel microspheres. The hydrogel microspheres were then collected, stored, and allowed to
stabilize overnight in the dark. The hydrogel microspheres were washed in THF to remove the
oil/surfactant mixture and excess photoinitiator, kept in PBS solution for 24 h, and then used within
3 days. Figure 4.3D and Figure 4.3E show that the microspheres were uniform in size and shape,
with diameters of 39.4 + 2.6 um and 38.6 + 2.3 um for particles produced from Polymers A and

B, respectively.
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4.4.3. Swelling and Shrinking Behavior of Hydrogel Microspheres

Hydrogels swell due to expansion of their hydrophilic cross-linked chains when in contact
with an aqueous environment. Ionizable functional groups in the polymer chain can either accept
or release protons in response to the pH of the environment. Polymer A synthesis was conducted
at pH 3.5 so their amine groups were protonated, and therefore, unavailable to react with glycidyl
methacrylate. Consequently, the hydroxyl and carboxyl groups of polymer A were modified by
GMA1 and GMAZ2, while the amine groups remained unreacted. Figure 4.4A shows bright field
images displaying the response of the hydrogel microspheres produced from polymer A when
exposed to solutions of different pH values. Polymer A microspheres increase in diameter in acidic
solutions and decrease in diameter in basic media. The swelling in acidic solutions can be
explained by the protonation of amine groups, which creates repulsion between the polymer chains
increasing the overall volume of the materials (Figure 4.4A). Swelling and de-swelling were also
investigated by encapsulating red fluorescent PS nanoparticles in the polymer A solution prior to
the production of the microspheres (Figure 4.4B). Figure 4.4B exposes a more obvious change in
the particle diameter allowing for better visualization and quantification. De-swelling (shrinking)
of polymer A microspheres was observed at pH 10. Polymer A microspheres displayed diameters
of 39.4 +2.6 um in pH 7.4, of 54.6 £ 3.0 um in pH 6, and of 28.7 + 1.6 um in pH 10 (Figure

4.5A).
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Figure 4.4 Swelling Behavior of Gel]MA Microspheres

A) Polymer A microspheres displayed swelling in acidic pH (6.0), while shrinkage was seen in
basic pH(10). B) Swelling and shrinking of polymer A microspheres was also investigated by
adding red-fluorescent PS nanoparticles to the hydrogel solution. The same swelling and de-
swelling behavior was observed for the fluorescent microspheres. C) The opposite behavior was
observed for polymer B microspheres, in which swelling was observed in basic pH, while
shrinkage was seen in acid environment. D) Microspheres were also fabricated by adding PS
particles to polymer B in order to better observe the increase and decrease in the diameter of the
microspheres.
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Figure 4.5 Swelling and De-swelling Behavior of Microspheres

A) Change in diameter was observed for polymers A and B, according to the pH of the
environment. A decrease in diameter was seen with an increase in pH in the case of polymer A,
while the opposite behavior was observed for polymer B (increase in diameter with increase in
pH). B) Swelling ratios of 166.7% and 296.3% were obtained for polymers A and B, respectively,
in pH 6 and pH 10. Shrinking ratios of 61.3% and 57.6% were observed for polymer A in pH 10
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plots of volumes variation (swelling and de-swelling ratios) measured using the volume at pH =
7.4 as reference (100% value). The microspheres generated from polymer A displayed a swelling
ratio of 167% at pH 6 and a shrinking ratio of 61% at pH 10 (Figure 4.5B).

The swelling behavior of hydrogel microspheres fabricated using polymer B is driven by
the effect of free carboxyl groups. Although the DM,y of 58% implies that a good amount of
amine remained unmodified at the polymer backbone, amino acid composition analysis has shown
that gelatin B contains less lysine residues (per 1000 total amino acid) when compared to gelatin
A [245]. In addition, gelatin type B displays a higher quantity of free carboxyl groups per 100 g
of gelatin than type A [246]. Therefore, hydrogel microspheres formed from polymer B displayed
swelling at basic medium due to the ionization of carboxylic groups in the backbone, which results
in ionic repulsion within the polymer (Figure 4.4B). Similar to polymer A, the change in diameter
of the polymer B microspheres was investigated using fluorescent PS particles in the polymer B
solution (Figure 4.4D). A decrease in size was observed at pH 6. These microspheres exhibited
diameters of 38.6 + 2.3 um in pH 7.4, 0f 29.0 = 1.5 pm in pH 6, and of 61.1 £ 3.2 um in pH 10
(Figure 4.5A). This resulted in 296% swelling and 58% de-swelling (Figure 4.5B). For both
polymer A and B microspheres, in addition to the fast swelling and de-swelling process (< 2 h),

we observed that swelling and shrinking were reversible.

4.5. Conclusions

Two synthetic routes for methacrylation of gelatin that produced the pH-responsive
polymers A and B were reported. Microspheres from polymer A presented swelling and de-
swelling at acidic and basic media, respectively, due to the presence of free amino groups. In the

case of the microspheres produced from polymer B, even though not all amine groups were
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methacrylated, the presence of unreacted carboxyl groups resulted in an anionic hydrogel,
displaying swelling at high pH values. Swelling and shrinking ratios of 167% and 61% were
obtained for polymer A. In the case of polymer B, ratios of 296% and 58% were seen for swelling
and de-swelling, respectively.

GelMA has shown to be an excellent biomaterial for tissue engineering [113, 247, 248],
3D printing [249-251] and drug delivery systems [252, 253]. The presence of RGD sequences in
its gelatin backbone enhances cell attachment and biocompatibility. Although the diversity in
functional groups on the gelatin backbone is well known, to our knowledge, they have not yet been
explored in the fabrication of pH-responsive GelMA-based hydrogels. The swelling/de-swelling
of GeIMA-based microspheres showed in this study amplifies the application of this biomaterial

as pH-responsive hydrogels, from drug delivery systems, to pH-responsive sensor applications.



Chapter S Preparation of Gold Nanoparticles-Loaded Gelatin Methacryloyl
Nanogels: Nanocarriers for Drug Delivery Systems*

Karolina P. Valente !, Cameron Polglase 2, Elaina Bourque *, Roman G. Belli 3, Afzal Suleman !,

Alexandre G. Brolo?

! Department of Mechanical Engineering, University of Victoria, Victoria, BC, Canada.
2 Department of Biomedical Engineering, University of Victoria, Victoria, BC, Canada
3 Department of Chemistry, University of Victoria, Victoria, BC, Canada.

*Manuscript to be submitted to Nanoresearch (Springer).
Keywords:

Gold Nanoparticles, Nanogels, Microfluidics, Drug Delivery Systems, Hydrodynamic

Flow focusing
Author contribution:

Karolina P. Valente designed, set-up and performed most of the experimental procedures, analysis
and preparation of manuscript. Cameron Polglase performed some of the experiments and edited
the manuscript. Elaina Bourque performed some of the experiments. Roman G. Belli analyzed 'H
NMR data. Afzal Suleman and Alexandre G. Brolo provided feedback on the experimental analysis

and edited the manuscript.



112

5.1. Abstract

Polymeric nanoparticles have been employed in many biomedical applications, particularly in the
field of drug delivery. Gelatin Methacryloyl is a semi-synthetic biocompatible hydrogel prepared
from gelatin. In addition to high biocompatibility, its gelatin backbone is highly functionalizable,
allowing for tunable chemical properties. In this study, a methodology for the fabrication of
GelMA nanogels loaded with gold nanoparticles (GNPs) is described. The nanogels were prepared
in a hydrodynamic flow focusing microfluidic device containing a polymeric stream and a
nonsolvent phase. GNP-loaded GelMA nanogels (GNP@GelMA) were prepared at a
concentration of 5 x 10!? nanogels/mL, displaying an average size of 65 + 12 nm. The microfluidic
technology offers highly controllable nanogel production that cannot be matched with bulk
synthesis. In addition, due to their sizes, both the nanogels and the GNP displayed potential as

drug delivery carriers in passive and active tumor extravasation.



5.2. Introduction

Hydrogels are three-dimensional polymer networks that swell in water due to the presence
of hydrophilic functional groups (OH, COOH, SO;H, and CONH,) [21]. The biomedical
applications of hydrogels extend from mimicking extracellular matrix in tissue engineering [113,
254, 255] to drug delivery systems [244, 252, 256]. Depending on the polymer, hydrogels can be
natural, synthetic, or hybrid (semi-synthetic) [257]. Gelatin Methacryloyl is a photo-crosslinkable
semi-synthetic hydrogel prepared by adding methacrylate and methacrylamide groups in the
gelatin backbone [149]. The presence of arginine-glycine-aspartic acid (RGD) motifs and target
sequences of matrix metalloproteinase (MMP) in gelatin promotes cell adhesion and cell
remodeling [109, 258]. Considering that methacrylation of gelatin involves mainly amino and
hydroxyl groups, RGD and MMP groups are not influenced, resulting in a biocompatible hydrogel
that promotes cell adhesion and presents tunable physical properties [108, 259].

Hydrogels can be formulated into micro/nanoparticles, expanding their applications to
drug delivery systems [260-262]. The microfluidic techniques provide the necessary tool for the
development of polymeric particles of different sizes and shapes with narrow distributions [263].
Hydrogel microparticles are produced in microfluidics operating on dripping and jetting regimes,
in which a dispersed phase is composed of the hydrogel solution while a continuous immiscible
phase breaks the hydrogel into particles [120]. Nanogels, on the other hand, are fabricated due to
the nanoprecipitation process. In this case, fast mixing of an outer nonsolvent phase with the
polymer stream results in the formation of homogenous nanoparticles [264].

Nanoparticles have been extensively used as nanocarriers in nanomedicine to
systematically deliver drugs to cancerous tissues [265-267]. The application of nanoparticles in

the targeted delivery of drugs to cancer is due to a phenomenon known as enhanced permeability



114

and retention (EPR) [268, 269]. The growth of solid tumors within heathy tissue results not just in
an increase of interstitial pressure due to a poor lymphatic system, but also in fast sprouting of new
blood vessels. The new vasculature system is disorganized, with blood vessels that are leaky due
to the presence of endothelial gaps [270]. Particles circulating intravenously can escape circulation
by moving through endothelial gaps and accumulate in the tumor area. After reaching the tumor,
nanoparticles can then release a drug in the tumor cells, resulting in a targeted delivery system
[271].

Efficient extravasation is dependent on particle size. Leaky vasculatures present pore
sizes mostly below 400 nm, and therefore, nanoparticle dimensions must be below this cut-off size
in order to perform an efficient extravasation [70]. However, the kidneys and liver also have an
impact on the selection of the optimal nanoparticle size for drug delivery. Particles smaller than
10 nm undergo renal clearance, while the liver is capable of capturing particles above 100 nm
[199, 200]. Therefore, the nanoparticle sizes that represent a compromise between efficient
extravasation and minimal removal from natural processes are within the range of 10-100 nm.

Radiation therapy is a type of cancer treatment that relies on deposition of photons such
as gamma and X-rays to effectively ionize biological matter. The drawback of this technique is
that the dose deposition varies exponentially with tissue depth, resulting in a high radiation dose
delivery to the healthy tissue located above the cancerous area [125]. The delivery of lower-energy
radiation from multiple angles around the tumor and the use of radiosensitizers can minimize this
problem. GNPs are a class of radiosensitizers that enhance the effect of radiation in tumors by
local amplification of the dose [126].

Although a correlation between GNP size and radiation dose enhancement has been

proposed [272, 273], the design of an efficient drug delivery system requires the combination of
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multiple parameters, including particle size, cellular uptake, dose enhancement and diffusion. The
poorly organized vasculature combined with rapid proliferation of cancer cells increases the
amount of pressure in the tissue, inhibiting distribution of large molecules by convection [43].
Therefore, the penetration of drugs and particles in to the tumor is limited by diffusion, decreasing
the efficacy of systemic therapies in cancer [45]. While small particles diffuse faster and display a
higher diffusion coefficient, movement of large particles is hindered by the ECM, and they are
unable to diffuse efficiently through the tumor interstitial matrix [201].

In this work, the advantage of extravasation of large particles was combined with the high
diffusivity of small nanoparticles into a hybrid material involving GelMA nanoparticles loaded
with GNPs. GeIMA nanoparticles were produced in a hydrodynamic flow focusing microfluidic
device in the absence and in the presence of GNPs. This approach successfully demonstrated the
synthesis of multiple GNPs entrapped in a GelMA nanogel suitable for EPR (~75 nm) using
microfluidics. The simplicity of the synthesis of the nanogels combined with high throughput and

high GNP loading provide a material that is suitable for enhanced radiotherapy and drug delivery.

5.3. Materials and Methods

5.3.1. Materials

Gelatin from porcine skin (Type A, gel strength 300), glycidyl methacrylate (= 97%), 2-
hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 98%), Span 80 (nonionic
surfactant), and toluene, Phosphate Buffer Solution (PBS, pH 7.4) were purchased from Sigma-
Aldrich. Tetrahydrofuran (THF, 99.9%), hydrochloric acid (36.5-38.0%), and Dialysis Membrane
Tubing (12,000 to 14,000 Dalton MWCO) were purchased from Fisher Scientific. Accurate

spherical 10 nm gold nanoparticles were purchased from Nanopartz. SU-8 and SU-8 developer
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were purchased from Kayaku Advanced Materials. Sylgard 184 Silicone Elastomer Kit was
purchased from Dow Corning. Silicon wafers (76.2 mm, P-type, Boron) were purchased from
Silicon Materials Inc. Formvar (200 mesh, copper) transmission electron microscope (TEM) grids

were obtained from TED PELLA.

5.3.2. Synthesis and Characterization of Gelatin Methacryloyl

Synthesis procedure for GeIMA (polymer A) has been described previously (Chapter 4).
Briefly, 2.5 g of gelatin type A was dissolved in 125 mL of pH 3.5 water acidified with HCI while
stirring at 400 rpm. A volume of 5 mL of glycidyl methacrylate was added dropwise to the gelatin
solution. The reaction was conducted for 18 h, with pH adjustments every 30 min. A volume of
50 mL of pH 3.5 water with HC] was added to the mixture and the reaction continued for an
additional 6 h. After a total of 24 h, 100 mL of pH 3.5 water with HC] was added to the solution.
Dialysis was performed on the solution, followed by freezing and lyophilization, in order to obtain
GelMA as a dry product.

'"H NMR experiments were recorded on a Bruker Avance 500 MHz spectrometer.
Samples were dissolved in 1 mL of deuterium oxide (D,O) containing 3-(trimethylsilyl)propionic-

2,2,3,3,-d, acid (TMSP) as an internal standard at (0 (‘"H) = 0 ppm).

5.3.3. Fabrication of Microfluidic Device

A hydrodynamic flow focusing microfluidic device was fabricated using standard
photolithography. Briefly, SU-8 was spin-coated on the surface of a silicon wafer to a final
thickness of 150 um. The wafer was then soft baked for 30 min at 65°C and for 60 min at 95°C.
Using a photolithography mask, the flow focusing design was patterned on the SU-8 layer by

exposing it to UV light. The patterned wafer was post-baked at 95°C for 90 min, followed by a
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development step using SU-8 developer. The pattern consisted of a 100 wm central channel
connected to two 100 um lateral channels at an angle of 150°.

Polydimethylsiloxane (PDMS) prepared by a 10:1 (w/w) mixture of silicone elastomer
base and curing agent was deposited at the surface of the SU-8 patterned silicon wafer. After
bubble removal from PDMS using a vacuum chamber, the assembly was baked at 150°C for 3 h
to allow PDMS polymerization and hardening. After 3 h, the PDMS was then peeled off from the
wafer and holes were punched in the inlets and outlets of the channels. The PDMS layer was
permanently bonded to a PDMS-coated glass slide using plasma cleaning. The chips were then
baked at 80°C for at least 3 h in order to allow restoration of hydrophobicity. The solvent phase

circulated in the central channels, while the nonsolvent phase was injected in the lateral channels.

5.3.4. Preparation and Characterization of GelMA Nanoparticles

GelMA nanoparticles were produced inside of a hydrodynamic flow focusing
microfluidic device. GeIMA at 5% (w/v) was dissolved in PBS containing 0.5% (w/v) of irgacure
2959. This solution was used as the solvent phase which flowed in the central channel of the
microfluidic device. The nonsolvent phase was composed of toluene and span 80 mixed at a 4:1
(w/w) ratio. The nonsolvent phased circulated in the lateral channel at a flow rate of 400 pL/min,
while 4.5 pL/min was used in the hydrogel phase.

Aliquots of 500 pL of the nanogel solution were collected in the outlet of the microfluidic
device. These samples were kept in the dark for 12 h at room temperature to allow for particle
stabilization. After 12 h, the sample vials were exposed to a 300 nm UV light (2 mW/cm?) for 30
min under 200 rpm stirring. After light exposure, nanogels were washed using 1 mL of THF,
followed by centrifugation for 7 min at 8,000 rpm. This washing procedure was repeated three

times. Nanogels were then stored in 0.5 mL of deionized water. A volume of 10 pL of the nanogel
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solution was pipetted in a Formvar TEM grid and TEM images were taken using a Jeol 1011
Transmission Electron Microscope.

In the case of GNP@GelMA, a solution containing 10% (w/v) of GeIMA was prepared
in 1% (w/v) of irgacure 2959 in PBS. This solution was then diluted to 5% (w/v) and 0.5% (w/v)
of GelMA and irgacure 2959, respectively, using a 10 nm spherical GNP suspension to a final
concentration of 2 x 10! nanoparticles/mL. The suspension containing GeIMA and GNPs was then
injected in the central channel of the microfluidic device as the solvent phase. The same fabrication
and washing procedures listed above was used.

TEM images provided a visualization of the size of the nanogels using image processing

program ImagelJ (http://imagej.net), in which the diameter of 100 nanogels were measured. The

final diameter of the nanogels was calculated by averaging the measurement for each experiment
(100 particles) and calculating the standard deviation. The experiments were repeated three times

from different batches of nanogels fabricated in the microfluidic device.

5.4. Results and Discussion

5.4.1. Characterization of Gelatin Methacryloyl

Figure 5.1(a) shows the preparation of GelMA through the reaction between glycidyl
methacrylate and gelatin type A in acidic conditions (pH 3.5). The mechanism of this reaction,
presented in Figure 5.1(b), involves an epoxide ring-opening of glycidyl methacrylate by the
hydroxyl and carboxylic functional groups of gelatin [240]. with the geminal vinyl hydrogen of 3-
methacryloyl-1-glycerylester and 3-methacryloyl-2-glycerylester fragments in GelMA. The peak
at 2.07 ppm, shown in orange in Figure 5.1(c), also indicates the reaction of gelatin type A with

glycidyl methacrylate, since it corresponds to the methyl carbon-linked hydrogens at the vinyl
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carbon. In addition, the presence of the lysine peak at 3.00 ppm, illustrated in pink in Figure 5.1(c),
in the GelMA spectrum confirms the reaction of glycidyl methacrylate with hydroxyl and
carboxylic groups, instead of amine groups.

The resulting GeIMA material (polymer A) is a pH-responsive hydrogel that displays
swelling at pH 6.0 (Chapter 4). In the case of the tumor microenvironment, a cascade effect occurs
due to the growth of cancer cells within healthy tissue. These include an increase in interstitial
pressure resulting from the increase in the elastic stress of the rapid proliferation, and a decrease
in pH in the tumor area due to a disorganized blood vessel network and poor tissue lymphatics [37,
44]. Consequently, cationic hydrogels, such as the GelMA synthesized as described in Figure 5.1,

should be useful to target release molecules/particles in an acidic tumor environment.
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Figure 5.1 Synthesis of GeIMA

(a) The reaction of gelatin type A with glycidyl methacrylate at pH 3.5. (b) Reaction happens
through epoxide ring-opening. (c) 'H NMR spectra of GelMA (top) and gelatin type A (bottom).
Gelatin type A displays the appearance of peaks at 2.07 ppm, 5.76 ppm and 6.18 ppm in the GeIMA
spectrum, confirming the reaction of glycidyl methacrylate with gelatin type A.
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5.4.2. Fabrication of Nanogels in Microfluidic Device

GelMA nanoparticles with and without GNP where produced in a hydrodynamic flow
focusing microfluidic device, as illustrated in Figure 5.2(a). A solution containing 5% (w/v)
GelMA in PBS was introduced to the central channel of the microfluidic device at 4.5 pL/min. A
controlled temperature chamber was created around the syringe pump and tubing in which the
solvent solution was circulating to maintain the temperature of the solution at 40 °C. This
temperature control was required because GelMA-based solutions are solid-like at room
temperature. In the side channels, a nonsolvent solution composed of toluene and span 80 was
injected at 400 pL/min, as shown in Figure 5.2(b). Span 80 was used to reduce the interfacial
tension between the aqueous and the organic (nonsolvent) phases and also to stabilize the nanogels,
preventing the particles from merging into each other. The aqueous solution is compressed into a
thin stream by the high flow rate of the nonsolvent fluid. The interfacial diffusion between the two

phases produces nanoprecipitation of polymeric nanoparticles.
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Figure 5.2 Experimental Procedure Steps on the Fabrication of Nanogels

(a) Nanogels were fabricated in a hydrodynamic flow focusing microfluidic device containing a
nonsolvent phase (400 pL/min) and a solvent phase (4.5 pL/min). (b) Two separated syringe
pumps were used for the different phases. The polymer phase was composed of 5% (w/v) GeIMA
with or without GNP. The organic phase was composed of toluene and span 80 (surfactant). (c)
Nanogel samples collected in the outlet of the microfluidic device were allowed to stabilize
overnight, followed by UV exposure at 300 nm for 30 min (stirring at 200 rpm). After UV light
exposure, samples were left undisturbed for 3 h, prior the washing steps.

The GelMA nanogels leaving the outlet of the microfluidic device were collected in 500
pL aliquots and allowed to stabilize in the dark for 12 h, as shown in Figure 5.2(c). After 12 h,
particles were crosslinked under UV irradiation for 30 min, followed by a 3 h stabilization period.

The particles were then washed with THF, in order to remove the nonsolvent phase and any
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unreacted photoinitiator. The particles were kept in deionized water and samples were used within
3 days. TEM images were collected in order to analyze the size of the particles.

The synthesis of the nanogels using hydrodynamic flow focusing is relatively simple.
Temperature control of the GeIMA solution is crucial, since an increase in viscosity can affect the
velocity of the solution inside the channel, resulting in particles with different sizes. In addition,
although PDMS offers the optical transparency and hydrophobicity required in the microfluidic
technique, its porosity results in swelling in organic solvents [274]. To decrease swelling, PDMS
was baked at 150°C, leading to a decrease in permeability and, consequently, a decrease in
swelling [40].

For every batch of nanogels produced, 8 mL of solution containing solvent and
nonsolvent phases were collected. 4 x 10'* nanogels were produced within this (8 mL) volume

(calculated considering average diameter of 75 nm), resulting in 5 x 10'3 particles/mL.

5.4.3. Gelatin Methacryloyl and GNP-loaded Nanogels

Figure 5.3(a) shows TEM images of GelMA nanogels produced in the hydrodynamic
flow focusing microfluidic device in the absence of GNP. The GelMA nanogels displayed a
general spherical shape. An average diameter of 74 + 7 nm for the GelMA nanogels was obtained
from the size histogram presented in Figure 5.3(b). The relatively narrow size distribution (around
10% dispersity) indicates that the nanogels displayed a homogenous particle size and spherical
shape. Exposure of nanogels to 300 nm UV light for 30 min was enough to photopolymerize the
hydrogel, leading to crosslinked particles. In addition, the washing procedure was efficient in the

removal of the nonsolvent phase.
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Figure 5.3 Characterization of GelMA Nanogels
(a) TEM images of GeIMA nanogels in the absence of gold nanoparticles. (b) Size distribution of
nanogels displayed an average particle diameter of 74 nm.

GNP@GelMA nanogels were produced by diluting a 10% (w/v) GelMA solution with
GNPs suspension to a final concentration of 2 x 10'2 nanoparticles/mL. The GeIMA suspension
containing GNP was then introduced in the hydrodynamic flow focusing microfluidic device,
following the same procedure as described above. Figure 5.4(a) displays the TEM images of
GNP@GelMA nanogels, illustrating spherical GelMA particles loaded with GNPs. Figure 5.4(b)
shows a size histogram for the GNP@GelMA nanoparticles. An average diameter of 65 + 12 nm
was obtained from the histogram. The relative size distribution (around 18%) observed Figure
5.4(b) was broader than obtained for the GeIMA nanoparticles (around 10%, Figure 5.3(b)). The
larger size distribution in GNP@GelMA nanogels can be attributed to an increase in viscosity in
the solvent phase due to the presence of the GNPs. The increased viscosity should influence the
flow rate ratio (inlet sheath/lateral flows) and, consequently, the final size of the nanogels.
Nevertheless, a significant amount of GNPs was loaded into the GeIMA nanogels, as illustrated in
Figure 5.5, while only a 10% reduction in average size (relative to the GelMA nanogels) was

observed. In the case of the GNPs, a reduction in size from 9 = 1 nm to 5 + 0.5 nm was observed,
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as illustrated in Figure 5.6. The size of the particles was obtained from measuring the size of the
GNPs outside and inside of the GeIMA using TEM images. We believe that the UV light caused
this reduction due to UV light reduction of Au(III) by citrate [275]. Finally, the final concentration
of GNP@GelMA nanogels, considering an average diameter of 66 nm, were estimated at 5.1 x

103 nanogels/mL..
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Figure 5.4 Characterization of GNP@GelMA Nanogels

(a) TEM images of GeIMA nanogels in the presence of gold nanoparticles. Gold nanoparticles
were added to the GeIMA solution in the dispersed phase. TEM images illustrate dark particles
inside the GeIMA nanoparticles. (b) Size distribution of nanogels displayed an average particle
diameter of 65 nm.
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Figure 5.5 GelMA Nanogels
(a) GeIMA nanogels produced in the absence of GNP. (b) GNP-loaded GeIMA nanogels
displaying homogeneous distribution of GNP in the hydrogel particle.

Figure 5.6 GNPs TEM Images
(a) GNPs used in the fabrication of GNP@GeIMA nanogels. (b) GNP@GelMA nanogels
displayed a decrease in size of the GNPs.

5.5. Conclusions

In this study, we were able to fabricate GeIMA nanogels with an average size of around
74 £ 7 nm and relatively narrow size distribution (dispersity around 10%). In addition, the

fabrication of GNP@GelMA nanogels was also performed with an average size of 65 + 12 nm
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(dispersity around 20%), showing a homogenous distribution of gold particles inside the nanogels.
The nanogels were produced inside of a hydrodynamic flow focusing microfluidic device. During
the bulk synthesis of nanoparticles, mixing is not just heterogenous, but it is longer than the time
scale required for self-assembly [276]. This results in a broader nanoparticle size distribution
[277]. Microfluidics, on the other hand, provides precise spatio-temporal manipulation of fluids,
in addition to rapid mixing of solutions, resulting in the formation of uniform nanoparticles. In
hydrodynamic flow focusing microfluidics, nanoparticles are formed by precipitation, in which
mixing time is a key parameter [276]. Mixing time is dependent on the width of the microfluidic
channel and on the flow rate ratio (inlet sheath/lateral flows). With a fixed channel width,
increasing the flow rate ratio results in an increase of the size of the nanoparticles [278], illustrating
the versatility of microfluidic devices on top of the controllable and large-scale production of
nanogels (5 x 103 nanogels/mL).

The interaction of nanoparticles with the tumor microenvironment is complex mainly due
to the heterogeneous nature of solid tumors and their vasculature. While the EPR effect is a key
feature on the passive extravasation pathway of particles from the blood vessels into the tumor
area, large particles accumulate in the peripheral area of the tumor and cannot reach the cancer
cells localized deeply in the tumor area. While large particles show low diffusivity through the
interstitial matrix [279], nanoparticles larger than 60 nm have shown to be unable to diffuse
through the collagen matrix [280]. Small particles, on the other hand, can diffuse faster and
penetrate deeply into the tumor area. Although recent results have shown that nanoparticle
extravasation through a passive pathway only accounts to a fraction of the accumulation of
nanoparticles in tumors (25% in the case of 100 nm GNP), it has been shown that nanoparticles

are also able to use trans-endothelial pathways (active route) to extravasate into the cancer area
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[92]. Here we have shown the final sizes of the GNPs and GNP@GelMA nanogels to be 5 + 0.5
and 65 + 12 nm, respectively. While nanogels sizes are appropriated to avoid renal and liver
clearance [281] and to perform passive and active extravasation, we have shown previously that
GelMA displays negative surface charge [195], which was shown to enhance systemic circulation
and accumulation in the tumor area [281, 282]. Additionally, the final diameter of the GNP seems
to be ideal to enhance tumor uptake and permeability [211], highlighting the promising future

applications of GNP@GelMA nanogels.
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Chapter 6 Discussion and Conclusions

The overall focus of this research was to apply microfluidic devices and biomaterials to the
study of cancer. The studies performed using microfluidic devices ranged from diffusion to drug
delivery systems. In addition, the use of biomaterials was explored to provide a more realistic
model ECM for breast cancer cells. Drug delivery systems were also created using GeIMA with

future applications to cancer therapy.

6.1. Discussion and Conclusion of Research Objective 1

The objective was to create a hydrogel composite matrix to simulate the mechanical
properties of healthy and cancerous breast cancer ECM. In addition, by using a pressurized
microfluidic device, the study of impact of interstitial pressure and ECM stiffness was the diffusion
of species was also investigated.

The creation of a hydrogel composite composed of gelatin methacryloyl and collagen type
I was demonstrated in Chapter 2. GelMA was selected due to its high elastic modulus,
biocompatibility, negative charge, and tuning capabilities. Collagen type I was chosen since it is
the most abundant protein in in vivo ECM, enhancing biocompatibility and the creation of a more
realistic ECM. Tuning the collagen type I-gelatin methacryloyl hydrogel composition allowed the
simulation of in vitro healthy ECM and cancerous ECM in terms of stiffness. Hydrogel composites
displayed elastic moduli of 183 £ 10 Pa 5914 £ 120 Pa for 3 Coll I-3.75 GelMA and for 1 Coll I-
11.25 GelMA, respectively, similar to elastic modulus values displayed by healthy and cancerous
breast ECM. Breast cancer cells encapsulated in the hydrogel matrices displayed high cell viability
and proliferation.

Given that the chemotherapy and radiation therapy are common cancer treatment options,

the diffusion of fluorescein dye (simulating a drug) and gold nanoparticles through the hydrogel
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composite matrices simulating healthy and cancerous tissues was analyzed. The diffusion of the
species was tracked by fluorescence within a microfluidic device. The microfluidic device was
composed of three channels: one ECM-mimicking central channel and two identical lateral
channels, mimicking capillary vessels. The hydrogel composite was injected in the central channel,
while fluorescein and 10 nm gold nanoparticles were injected in the lateral channels. Pressurization
of the channel containing the hydrogel matrix to 18 mmHg simulated the increase in interstitial
pressure seen in solid tumors. On the other hand, implementation of 3 mmHg on the lateral channel
simulated pressurized capillary vessels in heathy tissue. A decrease in diffusion coefficients of
77% and 68% were obtained for the gold nanoparticles and for fluorescein, respectively. These
results indicated that with the opposing advection, adverse pressure gradient also hindered
diffusion, illustrating the impact of the tumor microenvironment on the delivery of species.
Furthermore, the creation of a collagen type I-GelMA composite with different
concentration provided the mimicking of mechanical and chemical properties of native ECM. The
microfluidic device, on other hand, showed to be a promising platform to analyze transport of

species due to its versatility and manipulation of small samples.

6.2. Discussion and Conclusion of Research Objective 2
The objective was to further investigate the transport of gold nanoparticles by introducing
the impact of surface charge on diffusion. The transport of charged gold nanoparticles was
evaluated in the same microfluidic device used in Chapter 2. In addition, cellular uptake of the
gold nanoparticles was analyzed in 3D breast cancer in vitro models in order to find a correlation
between cellular uptake and diffusion.
In Chapter 3, transport and cellular uptake of neutral, positive, and negative gold

nanoparticles were studied. Collagen type I-gelatin methacryloyl hydrogel composite (1 Coll I-
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11.25 GelMA) was used to mimic cancerous ECM (as detailed in Chapter 2). The diffusion
coefficients obtained by the gold nanoparticles displayed movement of neutral particles, followed
by negative, and then positive particles. Considering that the hydrogel composite showed overall
negative charges, it was expected to verify fastest diffusion in the case of negatively charged
particles. However, since collagen type I is positively charged, it is possible that electrostatic
interaction between negative gold nanoparticles and collagen fibers had happened, decreasing the
diffusion coefficient. In the case of positively charged particles, since GelMA is the major
component in the hydrogel composite, electrostatic interaction between these species slowed down
the movement of the particles.

Cellular uptake of the charged gold nanoparticles was evaluated in 3D breast cancer in
vitro models using TEM (qualitative analysis) and ICP-MS (quantitative analysis). Breast cancer
cells lines (MCF-7 and MDA-MB-231) encapsulated in 1 Coll I-11.25 GeIMA hydrogel matrix
displayed high cell viability and proliferation. Charged gold nanoparticles were in contact with 3D
models for 48 hours. Uptake of the particles was observed in TEM. However, no quantitative
investigation was possible due to the size of the hydrogel scaffolds. Quantitative analysis was
performed by ICP-MS. The results confirmed higher cellular uptake for positively charged
particles. However, surprisingly, a relatively higher cellular uptake was seen for negative particles
than neutral.

Furthermore, the analysis of cellular uptake and diffusion resulted in an inverse correlation
between these two parameters. Most of cellular uptake experiments is performed in 2D and
diffusion is not considered in 2D experiments. Therefore, the results illustrated the need for

complex 3D models in order to analyzed transport of drug delivery systems. In addition, it is
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evidenced that diffusion and cellular uptake of particles should be studied together in more realistic

in vitro models.

6.3. Discussion and Conclusion of Research Objective 3

The objective was to investigate the synthesis of pH-responsive GelMA hydrogels. Two
pH-responsive polymers, polymers A and B, were created based on the reaction with different
functional groups in the gelatin backbone. A flow focusing microfluidic device was used in the
production of hydrogel microspheres.

In Chapter 4, two pH-responsive polymers were synthesized. Polymer A was produced by
the reaction of gelatin type A with glycidyl methacrylate. This synthesis was conducted at pH 3.5,
restricting the reaction of glycidyl methacrylate to the hydroxyl and carboxylic groups in the
gelatin backbone. Consequently, amine groups remained unreacted once polymer A was obtained,
as observed in 'H NMR. Using a flow focusing microfluidic device, uniform microspheres of 39.4
+ 2.6 um were created. These microspheres showed an increase in diameter to 54.6 + 3.0 um at
pH 6 (pH of the tumor microenvironment), displaying a swelling behavior of 167% when
compared to basic pH.

In the case of polymer B, gelatin type B was reacted with methacrylic anhydride at neutral
pH. Methacrylate reacted mostly with amine and hydroxyl groups was observed in 'H NMR.
Consequently, carboxylic groups were available in the polymeric chains of polymer B.
Microspheres of polymer B were produced inside of the microfluidic devices, displaying a final
size of 38.6 + 2.3 um. When these particles were introduced to a basic solution (pH 10), a change
in diameter to 61.1 £+ 3.2 um was seen, displaying a swelling of 296 % when compared with acidic

pH.
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Furthermore, novel pH-responsive GelMA hydrogels were produced. The swelling of
GelMA-based microspheres showed in this study amplifies the application of this biomaterial as a

pH-responsive hydrogel, from drug delivery systems, to pH-responsive sensor applications.

6.4. Discussion and Conclusion of Research Objective 4

The objective was to investigate the fabrication of nanogels of polymer A (from Chapter
4) using microfluidic devices. In addition, it was also aimed to introduce gold nanoparticles to the
nanogels.

In Chapter 5, nanogels of 74 + 7 nm were produced using polymer A in a flow focusing
microfluidic device. Considering unique features of solid tumors include a leaky vasculature and
a decrease in pH, the polymer A nanogels could be applied as drug delivery systems to the cancer
area due to its swelling behavior in acidic pH (as seen in Chapter 4).

Although large nanoparticles may be able to accumulate at the tumor area, further diffusion
is hindered due to the size of the particles. Considering that gold nanoparticles are radiotherapy
enhancers; small gold nanoparticles were introduced to the hydrogel samples in order to produce
gold nanoparticles-loaded GelMA nanogels. The nanogels produced in the flow focusing
microfluidic device displayed an average diameter of 65 + 12 nm. Although it is believed that the
broad size distribution is due to a change in viscosity in the hydrogel solution, a significant amount

of gold was loaded in the GelMA nanogels.

6.5. Overall conclusions and future work

The combination of microfluidic devices and drug delivery systems explored in this work
contributes to the state-of-the-art in the field of cancer research. Research aspects not previously

explored or documented in the open literature were addressed here: i) the impact of properties of
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the tumor microenvironment, such as stiffness and interstitial pressure, in the transport of species,
i) the correlation between cellular uptake and diffusion in 3D in vitro models, and iii) the
combination of extravasation and diffusion in drug delivery systems by producing gold
nanoparticles-loaded GeMA hydrogels.

Future work related to the results presented in Chapters 2 and 3 include the modification
of the microfluidic device in order to allow the addition of breast cancer cells to the hydrogel
composite. In addition, the study of diffusion and cellular uptake of charged gold nanoparticles
(with different sizes and shapes) should also be performed by including 18 mmHg in the systems.
This will provide a broader understanding of the correlation between diffusion and cellular uptake
in more realistic in vitro systems.

The encapsulation and release of chemotherapy drugs in an in vitro model should be
explored and studied to extend the work presented in Chapter 4. Although swelling behavior of
GelMA microspheres was investigated, it is necessary to explore the drug encapsulation and the
drug release profile in a system containing a pH gradient.

The fabrication of more uniform gold nanoparticles-loaded GeIMA nanogels should be
investigated to enhance the work presented in Chapter 5. In addition, the release of gold
nanoparticles needs to be explored in vitro and in vivo in order to verify the type of delivery
(swelling or degradation). These experiments will be essential for in vivo applications of these

nanogels
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Appendix A

Appendix A presents the supplementary information for Chapter 2°.

Al. Absorption and Emission Spectra

The absorption spectra of CY3-GNP and fluorescein sodium salt were measured in deionized water
(pH 7) using Cary 60 UV-Vis (Agilent Technologies). Excitation of CY3-GNP and fluorescein dye
was performed at 543 nm and 488 nm, respectively. The emission spectra were collected on Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies) and a wavelength range of 550 —

800 nm and 500 — 800 nm was employed for CY3-GNP and fluorescein sodium salt, respectively.

A2. 2,4, 6-Trinitrobenzene Sulfonic Acid Assay (TNBS)

In order to quantify the degree of methacrylation of GeIMA, TNBS assay was used, where free
amino groups were quantified. The detailed description of this process has been reported elsewhere
[111, 283]. Briefly, Gelatin bloom 300 and GeIMA were dissolved in 0.1 M sodium bicarbonate
buffer (NaHCO3) solution to obtain a final concentration of 1.6 mg/mL. Glycine standard solutions
with a range of concentrations (0, 0.8, 8, 16, 24, 32, and 64 pg/mL) were also prepared in the same
buffer solution. A solution of 0.01% TNBS was prepared in 0.1 M NaHCOs3 buffer and 0.5 mL of this
solution was added to gelatin, GeIMA and glycine samples to obtain a final volume of 1 mL. The
mixture was incubated at 37 °C for 3 h. Following, 0.5 mL of 10% (w/v) sodium dodecyl sulfate and
0.25 mL of 1M HCI were added to the samples in order to stop the reaction. Absorbance values of

the samples were measured at 335 nm using Cary 60 (Agilent Technologies). Based on glycine

¢ The following chapter is from: Karolina P. Valente, Sapanbir S. Thind, Mohsen Akbari, Afzal
Suleman, Alexandre Brolo. Collagen Type I-Gelatin Methacryloyl Composites: Mimicking the
Tumor Microenvironment. ACS Biomater. Sci. Eng., 2019, 5, 2887-2898.
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samples, a calibration curve was created and the concentration of amino groups in gelatin and GeIMA

samples were determined and, consequently, the degree of substitution by methacryloyl groups.

A3. Modification of substrate surface for hydrogel adhesion

Circular glass cover slips were modified in order to enhance hydrogel adhesion to the surface of
the glass. For GeIMA hydrogel pellets, a TMSPMA coating was performed based on a previously
published protocol [284]. In brief, the cover slips were initially cleaned with 10% sodium hydroxide
(NaOH) solution overnight and rinsed with deionized water, followed by a washing with ethanol,
methanol and isopropanol. After the cleaning process, all the glass slips were dried under nitrogen
atmosphere and then stacked, followed by 0.5 mL deposition of TMSPMA on top of the slips. The
assembly was kept in the oven at 80 °C for 12 h. Finally, the glass cover slips were rinsed with ethanol,
methanol and isopropanol, and dried under nitrogen. All the coverslips were used within 7 days after

TMSPMA coating.

For collagen type I pellets, the cover slips were modified similarly to previously published protocol
[285]. Briefly, glass cover slips were cleaned with ethanol and deionized water and dried with
nitrogen. After cleaning, the cover slips were plasma treated for 5 min prior incubation in a 1%
solution of APTES in 100% ethanol for 45 min. After incubation, slips were washed with ethanol and
deionized water and incubated in 0.5% solution of glutaraldehyde in 1x PBS for 1 h. Finally, the

glass cover slips were washed with deionized water and allowed to air dry.

A4. Hydrogel Porosity
Hydrogel pellets were prepared as described previously. In order to assess porosity, the solvent
replacement method was used [197, 198]. The dry weight (Mary) of the hydrogel composites was

recorded after the dehydration process. Sequentially, dried samples were immersed in absolute
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ethanol overnight. After blotting excess of ethanol from the surfaces of the gels using a paper tissue,

the wet masses (Mwer) of the samples were recorded. The porosity was calculated as:

(Mwet - Mdry)
pV

%Porosity = X 100% (8)

where V is the volume of hydrogel samples and p is the density of absolute ethanol (0.789 g/cm?).

AS. Zeta Potential

The electrical surface charge of hydrogel samples (collagen I, GelMA and collagen I-GelMA
composites) and CY3-GNP were determined by zeta potential measurements using a Particle
Analyzer Litesizer 500 (Anton Paar). A volume of 10 pL of each solution was mixed with 1 mL of
deionized water (pH 7) and transferred to a zeta potential omega cuvette. Refractive index (1.33),

relative permittivity (78.368), and viscosity (8.9x10 Pa.s) were assumed to be the same as for water.

A6. SEM Imaging

To visualize the internal structure of the collagen I-GeIMA composite hydrogels, the samples were
initially dehydrated for 10 min in solutions prepared with ethanol and deionized water (30%, 50%,
70%, 90%, and 100% ethanol). The detailed description of this process is reported elsewhere [286].
After deionized water/ethanol incubation steps, hydrogel samples were washed with ethanol/HMDS
mixtures (33%, 50%, 66%, and 100% HMDS) for 15 min each. Finally, the hydrogel pellets were left
to dry overnight and these dried hydrogels were then sputtered with gold coating for 3 min using an
Anatech Hummer VI SEM sputtering system. Hitachi S-4800 Field Emission Scanning Electron
Microscope (FESEM) was employed to characterize the morphology of the synthesized hydrogel

films using an accelerating voltage of 2.0 kV and magnifications of 30,000x and 100,000x. The
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ethanol, followed by HMDS, dehydration process was chosen since lyophilization altered the pore

size and structure of the hydrogels (Figure A.2).

A7. Elastic Modulus Calculation

The elastic modulus (E) of the gels were calculated based a modified Hertz Model theory for thin

films [287]:

E 1+ 23w
= 9

Everez 14+ 1.150"s +a(%)a)+ﬁ(%) w? ®)
_ 3(1 —v3F (10)
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where R is the radius of the indenter, Enert. is the elastic modulus calculated using the Hertz Theory
and v is the Poisson’s ratio of the hydrogel mixture (v =0.5) [288].

For a frictionless condition between the spherical indenter and the gel surface [287]:

R ’h h?
)= - - — 12
a(h) 10.05 — 0.63 R<3.1+R2> (12)

B (%) — 48— 423 (Z—i) (13)

All hydrogel measurements were in the parameter ranges of 6/h < min (0.6, R/h) and 0.3 <R/h <

12.7 (Table 7).
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A8. Fabrication of tumor microenvironment-on-a-chip

The microfluidic device was fabricated by photolithography. Briefly, SU-8 100 was spin coated
on top of a silicon wafer to a final thickness of 400 pm. The assembly was soft baked for 30 min at
65 °C and 90 min at 95 °C. Using a photolithography mask, the desired design was patterned on top
of the SU-8 layer after exposure to UV light. A post baking at 95°C was performed before the
development step. The wafers were developed using SU-8 developer solution and rinsed with
isopropanol. Polydimethylsiloxane (PDMS) was prepared by 10:1 mixture of silicone elastomer base
and elastomer curing agent and deposited on top of the SU-8 coated silicon wafer. After degassing,
the assembly was baked at 70 °C for 12 h in order to allow PDMS polymerization. The PDMS layer
was then peeled off from the wafer and inlet and outlet ports were punched using biopsy punchers.
The PDMS layer was permanently bonded to a glass slide using plasma cleaning. Since a 10%
decrease in power was seen on the UV light after a layer of PDMS is added on top of the sample
(from 6.3 mW cm™ to 5.7 mW cm?), hydrogel samples inside the chip were crosslinked for 20 extra

seconds (4 min and 20 seconds), compared to the 4 minutes crosslinked of hydrogels in coverslips.

A9. Calculation of Diffusion Coefficient
Zen 2.3 software was used to obtain the intensity profiles of the CY3-GNP and fluorescein inside
of the microfluidic device at different time scales. Intensity values were related to concentration of

the two species and the profiles were fitted using Fick’s second law of diffusion:

2
o°c_1ac (14)
dx% D ot

where D is the diffusion coefficient.
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Two different solutions for the equation above were used: for the case where CY3-GNP and
fluorescein solution were injected in only one of the two lateral channels, as illustrated by Figure

A.5, a one-dimensional transient diffusion in semi-infinite medium solution was used [196]:

G-C f(i)— £() 15
c—c, " \oype) T (15)
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For the case of injection of the solution containing both species (CY3-GNP and fluorescein) in
both lateral channels, as illustrated by Figure A.6, a one-dimensional transient diffusion in finite

medium solution was used [196]:
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Pressure-driven flow was also considered when mimicking a net inward pressure from the lateral

SHIRS

Y =
C

C—C;
0o~ G
channel to the central channel (3 mmHg), and an outward pressure from the central channel to the
lateral channels (18 mmHg). For these cases, concentration profiles were generated by including an
advection term in Fick’s second law, obtaining the advection-diffusion equation for incompressible

flow with constant viscosity:

d%C ac+ ac
ox2 ot “ox (18)

To account for the effects of pressure-driven flow in porous media, the Darcy’s law was used in

conjunction with the equation above:

(19)
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where q is the flux (m/s), k is the intrinsic permeability of the medium (m?), p is viscosity (Pa.s)
and VP is the pressure gradient (Pa/m). The fluid velocity (u) can be obtained by:

q
u=-
£

(20)
where ¢ is the porosity of the medium.

To solve the one-dimensional advection-diffusion equation, a finite difference approximation of
the spatial and temporal derivatives of the equation was employed. Initial conditions and a
combination of fixed wall concentration and free flow boundary conditions was used in the initial
value problem. The experimental data was then fitted to the model by a least-squares minimization
process.

In all cases, a single component system was used during the fitting of the diffusion coefficient.
Even though two components (GNP and fluorescein) were added simultaneously in the lateral channel
during the diffusion experiment, the diffusion coefficients obtained for these species were the same
as obtained for the species alone. This is due to the large pore size exhibited by the hydrogel matrix,

compared to the small sizes of the diffusing species.



146

T T T T T T T T
t490 nm 540 nm
- (a) e  CY3-GNP L (b)
) Fluorescein L 550 nm 700 nm
1k uoresce i
| |
L ® ..0“.“... 1+ ' I 1 ,
& s © ° ° F e® a
i e ° o ° o e Exc. 543 nm CY3-GNP
o °e o ® e - © Exc. 488 nm CY3-GNP
o 081 N K b 08l ° o e e Exc. 488 nm Fluorescein | |
2 ° o ® z ° ° ©  Exc. 543 nm Fluorescein
5] .O... ° ® © ° @ ° e o
2 = ) L) ]
2 3 ® ® e 2 ° e o
:E 0.6~ : .. B ; 0.6 ° ° i s .
= | 3 ° ° 2 e o 3
8 :. ° = e P
= ® ® o, g g ° :
g & ° 5 g e )
S 04r o ° % 1 % o4l X3 ) 4
Z j o ®
p ° o, %
° %o,
02f o i I
. . .
° L
°
M T \ ) il 1 ] 0 7‘ \ b : .
400 450 500 550 600 650 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure A.1 Spectra of Gold Nanoparticles

Excitation (a) and Emission (b) Spectra of Gold Nanoparticles and Fluorescein Sodium Salt: Two

emission collection windows were used for the acquisition of fluorescence signal from Fluorescein
(490 nm to 540 nm) and CY3-GNP (550 nm to 700 nm).
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Ethanol/HMDS Dehydration Freeze-Drying Process

Polystyrene Beads

Figure A.2 Hydrogel Drying Method
While dehydration methods conserve hydrogel internal structure (a and b), dry-freezing methods,
such as lyophilization, are not appropriate for soft gels due to the extensive change in pore size (¢ and

d). Scale bars of 1.0 um and 2.0 um for Ethanol/HMDS images and of 100 um for freeze-drying
images were used.
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Figure A.3 Percentage Porosity of Hydrogel Composites
3-Coll I-3.75 GelMA (grey) and 1 Coll I-11.25 GeIMA (white). Five samples were analyzed for each
hydrogel concentration. Scale bars represent one standard deviation.

Diffusion from lateral to central channel

Top View

CY3-GNP and Fluorescein

Pressurized
Hydrogel
Matrix

Hydrogel Matrix

Tra'b-ezoidal
Post

Figure A .4 Design of the microfluidic device

Device contained two identical lateral channels and one central channel. On the lateral channels, CY 3-
GNP and fluorescein sodium salt was injected, while the central channel contained the hydrogel
composite. The diffusion of the species was tracked from the lateral channel into the central channel
by fluorescence. Gaps created by trapezoidal posts allowed the contact between the hydrogel matrix
and the solution in the lateral channels.
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Figure A.5 Injection in one of the lateral channels of the microfluidic device
Diffusion process for CY3-GNP (red) and fluorescein sodium salt (green).
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Figure A.6 Injection in both lateral channels of the microfluidic device
Diffusion process for CY3-GNP (red) and fluorescein sodium salt (green).

Gold Nanoparticles
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Gold Nanoparticles

Fluorescein Dye
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Figure A.7 Z-stack images of MCF-7 cell morphology in hydrogel pellets
a) 3.75 GeIMA, b) 3 Coll I-3.75 GelMA, ¢) 11.25 GeIMA, and d) 1 Coll I-11.25 GelMA.

Indentation 4 Coll I 3.75 GeIMA 3 Coll I-3.75 11.25 GeIMA 1 CollI-11.25
Parameters GelMA GelMA

6/h <min (0.6, R/h)  0.285+0.008 0.199+0.013  0.185+0.025  0.269+0.004  0.270+0.006

0.3<R/h<12.7 0.896+0.064 1.133+0.143  1.171x0.077  6.805+0.445  7.039+£0.480

Table 7. Parameters for Modified Hertz Model Theory for Thin Films.
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Appendix B

Appendix B presents the supplementary information for Chapter 3.

B1. (Trimethoxysilyl)propyl methacrylate (TMSPMA) Coverslip Modification

In order to enhance hydrogel adhesion, the surface of circular coverslips was modified with a
TMSPMA coating. The procedure was performed based on a previously published protocol [284].
First, the coverslips were cleaned with 10% sodium hydroxide (NaOH) solution for 12 h, followed
by rinsing with deionized water, ethanol, methanol, and isopropanol. After washing, glass coverslips
were stacked on a rack and dried. Next, a volume of 0.5 mL of TMSPMA was deposited at the surface
of the coverslips, followed by baking at 80 °C for 12 h. Finally, coverslips were rinsed with ethanol,
methanol, and isopropanol in order to remove excess of TMSPMA. The coverslips were then dried

under nitrogen and stored in the dark. The coverslips were used within 7 days.

B2. PrestoBlue Assay

Evaluation of cell viability was performed using PrestoBlue assay as described previously
[195]. A solution of 10X PrestoBlue was diluted to a final concentration of 1X with cell media. Cell
media was removed from the wells containing 3D in vitro cancer models and models were rinsed
three times with PBS. The hydrogel samples were then incubated with 1X PrestoBlue solution for 1
h at 37 °C. After 1 h, a sample of 200 pL of was obtained from the wells to measure fluorescence
signal at an excitation of 560 nm, and an emission of 590 nm using a plate reader. The fluorescence
signal of the 1X PrestoBlue solution in absence of cells was also measured and used as a background
control. Four samples were prepared for each charge of gold nanoparticles.

Viability measurements were performed on days 1, 4, 7, and 9. Measurements performed on

day 7 were done prior to incubation with the samples of gold nanoparticles. Measurements performed
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on day 9 were done after 48 h of incubation of the hydrogel samples with the gold nanoparticles. The

samples selected for cell viability measurements were not used for ICP-MS or TEM. The fluorescence
values obtained were averaged for all 12 samples and standard deviation value was obtained. No
difference in fluorescence signal was obtained on day 9 for the samples encapsulated with different
charges of gold nanoparticles.

Increasing in fluorescence intensity was verified for both breast cancer cells (Figure B.1).
Fluorescence values obtained for control cells (monolayers of MCF-7 and MDA-MB-231) were not
included in Figure B.1 since a much higher signal was obtained. High fluorescence signal obtained
for the control samples is due to the direct contact by the cells with PrestoBlue solution. For cells
encapsulated in the hydrogel samples, PrestoBlue had to diffuse through the matrix in order to reach

the cells.
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Figure B.1 Quantification of metabolic activity by PrestoBlue
Increasing fluorescence intensity values were obtained for both MCF-7 (purple) and MDA-MB-231
(blue). Scale bars represent one standard deviation.
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Neutral GNPs in MCF-7 3D hydrogel sample 112.08 + 19.65
Neutral GNP in 3D hydrogel sample without MCF-7 4343 +3.16
3D hydrogel sample without MCF-7 and without GNP 5.58+1.14
Results for Neutral GNPs 63.07 +3.24
Negative GNPs in MCF-7 3D hydrogel sample 194.70 + 18.46
Negative GNP in 3D hydrogel sample without MCF-7 63.02 +3.24
3D hydrogel sample without MCF-7 and without GNP 5.58+1.14
Results for Negative GNPs 126.09 = 18.45
Positive GNPs in MCF-7 3D hydrogel sample 2411.27 £310.69
Positive GNP in 3D hydrogel sample without MCF-7 408.40 =74 .42
3D hydrogel sample without MCF-7 and without GNP 5.58+1.14
Results for Positive GNPs 1997.28 + 310.69

Table 8. Average gold concentration in MCF-7

3D hydrogel samples and in controls (GNPs in 3D hydrogel samples in absence of cell and 3
hydrogel samples in absence of cells and in absence of GNPs). The results for each charged GNPs
were obtained by subtracting the averaged control values from the averaged concentration value for
the MCF-7 3D hydrogel samples.
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Neutral GNPs in MDA-MB-231 3D hydrogel sample 69.88 + 5.87
Neutral GNP in 3D hydrogel sample without MDA-MB-231 4343 £3.16
3D hydrogel sample without MDA-MB-231 and without GNP 5.58+1.14
Results for Neutral GNPs 20.86 +5.87
Negative GNPs in MDA-MB-231 3D hydrogel sample 102.26 + 8.83
Negative GNP in 3D hydrogel sample without MDA-MB-231 63.02 +3.24
3D hydrogel sample without MDA-MB-231 and without GNP 5.58+1.14
Results for Negative GNPs 33.66 + 8.82
Positive GNPs in MDA-MB-231 3D hydrogel sample 5707.33 £ 969.86
Positive GNP in 3D hydrogel sample without MDA-MB-231 408.40 £ 7442
3D hydrogel sample without MDA-MB-231 and without GNP 5.58+1.14
Results for Positive GNPs 5293.34 + 969.86

Table 9. Average gold concentration in MDA-MB-231

3D hydrogel samples and in controls (GNPs in 3D hydrogel samples in absence of cell and 3
hydrogel samples in absence of cells and in absence of GNPs). The results for each charged GNPs
were obtained by subtracting the averaged control values from the averaged concentration value for
the MDA-MB-231 3D hydrogel samples.
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