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ABSTRACT

The intratumoral delivery of anticancer drugs is subjected fo many transport steps from the blood
vasculature to the tumor interstitial space across biological barriers that can undergo significant structural
changes upon the establishment of tumorigenic events. Breast cancer, as one of the most desmoplastic solid
tumors, owns a fibrofic impenetrable stroma due fo the aberrant deposition of extracellular matrix
(ECM\) proteins upon remodelling. Along with the endothelial barrier, the dense stroma hampers the diffusion
of therapeutic molecules info the tumor niche, implying a suboptimal exposure to the anticancer drug that,
in turn, leads to treatment failure. For this reason, infense research is focused on maximizing the ratio of
dose/exposure at the expense of undesired side effects through the modulation of the tumor
microenvironment (TME) components. In particular, the use of microbubbles-combined ultrasound (MBs-US)
has received great interest in the therapeutic field due to its ability to locally generate temporary formation
of openings in the endothelium due fo volumetric oscillations of MBs upon US exposure, namely MBs-
mediated sonoporation. Understanding how tissue barriers work and which cellular crosstalks are affected
by MBs-US is essential for the optimization of acoustical parameters towards an effective translation to the
clinic. Due to the multifaceted nature of the subject, the lack of specific preclinical models, and the need
for appropriate optical equipment, however, it is challenging to unravel and observe the underlying
mechanisms involved in MBsUS drug delivery. latest advances in biomaterials and microfluidics have
allowed the implementation of relevant physiological microsystems in which fissues- and organ-evel functions
are recapitulated, and pathological conditions can be induced. In this research, a clinically relevant 3D in
vitro breast cancer triculture microtissue (BCM| was developed for investigations on the role of biological
barriers on differently sized molecules transport. Furthermore, the model owns appropriate optical and
acoustical features for being an investigation platform of MBs-USmediated enhanced molecules diffusion.
In particular, the physicochemical properties and architecture of the hydrogelbased scaffold of the BCM
were defined through dynamic mechanical analysis, acoustical characterizations, and immunohistochemical
staining. Gene and profein expression via gPCR and immunohistochemical staining were evaluated o
assess the biological significance of the BCM, while the clinical relevance was verified through comparison
with transcriptomic dafa of breast cancer patients. The BMC model was assembled and then used to show
the effect of both endothelium and stromal barriers on molecules” diffusion within the tissue showing the
diffusion limitations according to molecule size and type of barrier. lastly, the model was employed to
observe the dynamic of cavitating MBs within the endothelialized channel and their beneficial effects on
enhanced molecules' transepithelial transport upon US exposure.

Altogether the developed BCM model for MBs-US studies provides a solid investigation platform that,
compared to the state of the art, owns higher biological complexity and organ-specific architecture through
the recapitulation of tissue diffusion barriers. Therefore, the BCM model provides more accurate insights
info the biophysical effects of MBsUS on the surrounding tissues with enabling a predictive estimation of
cellular damage and optimization of acoustical parameters for enhanced drug delivery.



1. INTRODUCTION

The development of effective, controllable, and targefed, anticancer drug delivery approaches is addressed
to maximize the therapeutic power by ensuring optimal drug concentrations at the tumorigenic site and
reducing unnecessary cytotoxic offtarget exposure. in this view, cancer nanomedicine has yielded important
combinatorial freatment options by exploiting drug carriers able to interact in a relatively selective fashion
with specific components of the TME either via passive or active targeting. Yet, the targeted biological
complexity and {inter- and intra- tumoral) heterogeneities of in vivo situations have been shown to negatively
impact the efficiency of such therapeutic strategies inasmuch they infroduce elements of uncontrollable
variability in drug response patterns hardly reproducible in preclinical models. Therefore, it is well
consolidated that one of the hardest challenges in drug discovery is how franslatable preclinical data are
from in vitro studies to in vivo situations. Alternatively, this issue can be reformulated in how prediciable are
the preclinical in vitro drug screening platforms are and how accurate they can be in mimicking in vivo
fissue responses fo treatmente

Great efforts should be made to be able fo recapitulate and priorly investigate in vitro, even only to a
minimum extent, the in vivo scenarios behind the therapeutic failure.

Of these, biological barriers are one of the main obstacles involved in the compromised effectiveness of
therapeutic regimens given their selective sizebased permeability to foreign and potentially harmful
compounds. The endothelium, for example, represents the biological barrier par excellence since it regulates
the exchange of molecules between tissues and the bloodstream. In situations of severe solid carcinomas
such as breast and pancreas, however, the endothelial barriers result in compromised by the surrounding
tumorigenic tissue which exerts significant compression due to solid stress and high inferstitial fluid pressure
(IFP) which, eventually, lead to the blood vessel collapse. The fibrotic desmoplastic reaction triggered in
these types of dense cancers induces, in fact, the formation of an impenetrable stromal barrier upon
augmented deposition of ECM proteins and uncontrolled proliferative cells activity. Depending on what
needs fo be assessed with preclinical drug screening platforms, the integration of such physical impediment
yielded by biological barriers is often neglected. Recent advances in oncology, however, have led to the
development of enhanced local drug delivery fechnologies which attempt to overcome such biological
barriers. These are mostly based on physical approaches in which external stimuli are applied to generate
or modulate biclogical responses aimed at facilitating the chemotherapeutic penetration info biological
fissues. In this perspective, the application of focused ultrasound (US) fields mediated by gasdilled
microbubbles (MBs] has shown great potential in enhanced permeability and tumoral penetration of
anticancer agents by means of cavitation phenomena. Even in this case, however, discrepancies and
limitations of the preclinical setups hinder the optimal translation info the clinic. Notably, relafively to this
multidisciplinary case, the development of appropriate in vitro platforms aimed at unravelling the underlying
biomechanical mechanisms underlying the MBs-mediated US-based drug delivery and at the optimization
of the therapeutic parameters, needs to face a broader spectrum of challenges in line with the biological,
acoustical, and optical requirements. Ideally, the in vitro model should integrate biological relevancy and
possibly complexity, as well as respect optical and acoustical suitability. To the best of our knowledge,
current in vitro models for MBs-mediated US applications failed tfo integrate all these aspects while
prioritizing either one aspect {acoustical) rather than the other (biological) and vice versa.

In this research project, the implementation of a three dimensional (3D) in vitro model was addressed at the
recapitulation of a relatively dense breast cancer-like microtissue through which both, the effect of biclogical
barriers on molecules diffusion, and the beneficial effects of MBs-mediated US on biological barriers, can
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be observed and measured. The accomplishment of research goals implied a multidisciplinary approach
along with all the phases of the project, from the establishment of an acoustically and optically clear cell-
culture biomaterial to its characterization and, simultaneously, from the design of a model adequate for
different setups to its optimization, versatility, ease of analysis and reproducibility. Therefore, a tri-culture-
based breast cancer microfissue (BCM| characterized by clinical and architectural relevance has been
implemented through which molecules transport is investigated in the presence of biological barriers, namely
endothelium and stroma, and in the conditions of MBs-mediated US (MBs-US) treatment.

2. BREAST CANCER

Breast cancer [BC) has been recently declared as the most diagnosed cancer by the International Agency
for Research on Cancer (IARC) with 2.3 million new cases and 685.000 related deaths in 2020 for a
total of 7.8 million cases worldwide in the last 5 years. Due to its elevated morbidity and mortality, it is
considered a major public health concern and, future projections estimate that 1 in 12 women will develop
breast cancer in their lifetime in the incoming years '. Advances in diagnostic techniques, such as
mammography, magnetic resonance imaging (MR}, and ulirasound imaging {sonography), have allowed
the timing identification of the tumor and thus the prompt intervention with efficacious anticancer treatments
which led to a 5-year survival rate of 90% of cases and reduced the mortality rate by 40% [occording to
the socioeconomic sfatus of the country) ? °. There are cases, however, in which the tumor mass becomes
visible in later stages, when the tumor is already in the metastatic phase, as current BC screening
technologies cannot discern it on time yielding, ot first, false-negative results. This is the case with denser
BC. Among the risk factors associated with BC development and mortality, in fact, the major is the
mammographic density (MD), defined as the proportion between the low-density adipose tissue and high-
density fibroglandular stromal tissue, followed by a longer-established western lifestyle and age * °.
Among all solid tumors, breast cancer owns the broader inter- and infraumoral heterogeneity as it
encompasses a wide spectrum of histological, molecular, and genetic aberrations in mammary epithelial
cells which are reflected in the multitude of pathologic conditions discerned in breast cancer subtypes (Fig. 1)
¢, Certainly, each BC subtype shows different sensitivity and resistance to the available current treatments
which, with the singular clinical history of the patient, defines the therapeutic regimens that should be
adopted 1o avoid therapeutic failure and maximize prognosis outcomes.

Current treatments in BC care are surgery, radiotherapy, chemotherapy, hormone therapy, and targeted
therapy according to the single clinical scenario and cancer stage. In advanced or invasive cancer stages,
surgical approaches, such as partial or complete mastectomy and sentinel node biopsy are employed.
Significant achievements in BC freatments have been reached with radiation therapy that, at different stoges
of the disease, even when metastatic, can prevent mastectomy, possibly reducing the risk of mortality.
Radiation therapy uses localized highenergy Xrays 1o effectively kill cancers cells and shrink the tumor
without affecting normal fissues. For ifs versatile action, radiation therapy is usually employed following
surgical dissection to reduce the risk of cancer recurrence. Biological approaches, on the other side, can
be employed as neoadjuvant (pre-surgery) or as adjuvant (postsurgery) treatments according fo the single
breast cancer types. About 84% of BC is a luminaHike subtype, characterized by the expression of PR or
ER, and likely response to 5-10 years endocrine (hormonal) therapies, such as aromatase or famoxifen
inhibitors. The amount of HER2 protein made by the cancer cells is also determinant for treatment choice
as HER2+ breast cancers are more aggressive in growth and spreading. In particular, HER2+ breast
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FIG. 1 BREAST CANCER (BC) SUBTYPES WHICH GENERATE IN THE TERMINAL DUCT LOBULAR UNITS. Classification based on molecular
and histological characterization which own different degree of aggressivity and have different therapeutic implications. Pictures adapted from
Harbeck et al. B,

cancers show overexpression of ERBB2 oncogene and are amenable to be treated with anfibodies-
mediated targeted therapy, as in the case of frastuzumab or pertuzumab, or small molecules inhibitors in
combination with hormonal therapy and chemotherapy 7. Besides ErbB family members, the most common
breast cancerspecific molecules employed in targefed therapy include vascular endotheliol growth factor
(VEGF] family members, components of Ras/MAPK pathway, apoptosis and cell cycle regulators (BAX,
BCL-2, p53 and element of PI3K/Aki/mTOR pathway|, and DNA repair pathway components such as
BRCAT1. On the other hand, basallike tumors lack hormone receptors or HER2 and are mostly classified as
friple-negative breast cancers (TNBC) for which no molecular-based targefed therapy has been developed
yet & In this case, the medical approach is mostly based on chemotherapeutic agents although it showed
efficacy only in20% of cases. Nevertheless, despite breast cancer is considered immunologically “cold”,
preclinical and clinical evidence are showing improved outcomes for patients freated with combinatorial
regimens of chemotherapy and immunomodulators. Of the latter, immune checkpoint inhibitors, and in
particular those targeting the PD-1/PDL1 pathways [atezolizumab and pembrolizumab), have been
approved by the Food and Drug Administration (FDA) and recognized for the treatment of metastatic TNBC
?. Tumor-associated antigen vaccines, aimed at triggering the cytotoxic immune against cancer cells have
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shown promise in clinical frials, but they are still awaiting FDA approval as breast cancer seems to be
particularly refractory from such strategies '°.

Although therapeutic advances in traditional BC treatments improved the therapeutic outcomes in a subset
of patients, current approaches are still characterized by limited curative power and significant drawbacks
such as high invasiveness, undesired offtarget effects, severe systemic toxicity, de novo or acquired
mulfidrug resistance [MDR), and chemorefractory metastasis. This means that, despite an initial positive
freatment outcome, the therapeutic resistance manifests and the tumor can progress again. Therapeutic
failure is a multifaceted and complex event, still poorly understood mostly because, as mentioned above,
breast carcinomas are singular entities that display different features not only among patients with the same
tumor (intertumoral heterogeneity) but even within the same primary tumor, inasmuch can be discerned tumor
cell subpopulations characterized by specific phenotypic profiles. Although signs of progress in the
stratification of treatments among BC patients, inter- and intratumoral heterogeneities, whether spatial or
temporal, remain o hallmark obstacle that uniquely affects diagnosis, therapeutic sensitiveness, and patterns
of failure by enhancing the range of possible cellular response!". Peculiar of BC, regardless of its subtypes
is, however, the presence of an impenetrable ECM which hinders the penetration of anficancer drugs
leading to the therapeutic failure due to suboptimal exposure.

2.1 BREAST TUMOR MICROENVIRONMENT

2.1.1 CANCER-ASSOCIATED FIBROBLASTS

It is nowadays well established that the TME is fully involved in cancer survival and progression. All the non-
cancerous components of the tumor stroma assume a protumorigenic or immunosuppressive role becoming
concomitant players in cancer establishment and metastasis. Among the cellular non-malignant factors of
the tumorigenic breast stroma, the major contribution is given by cancerassociated fibroblasts (CAFs) which
constitute up to 80% of all the activated fibroblasts . In their quiescent state, resident fibroblasts work as
sentinels of fissue integrity and are characterized by low proliferative capacity and metabolic activity.
However, upon tissue domage, they get activated by various pro-inflammatory factors such as tumor growth
factor (TGF} and differentiate into myofibroblasts to restore homeostasis . In physiological conditions of
fissue regeneration and wound healing, the mefabolic and proliferative activity of myofibroblasts is
drastically tuned and enhanced, following by the establishment of an inflammatory response mediated by
crosstalks with immune cells and in the deposition and remodelling of inferstitial matrix proteins. However,
when the inflammatory response is prolonged can lead to dysregulations in inflammatory signaling such as
a sustained production of cytokines and chemokines, such as tumor growth factor (TGF)}B, VEGF, and C-X-
C motif chemokine ligand 12 (CXCL12) but also of connective fissue components, generating a fibrotic
and scarring fissue, typical of pathological conditions such as fibrosis and cancer . It is, however, sfill
unclear the origin of such recruited and converted stromal cells but research claims that, besides resident
fibroblasts, also bonemarrow-derived mesenchymal stem cells, adipocytes, and endothelial cells can be
involved '°. Although widely investigated, CAFs are still hardly defined either because of their heterogeneity
or because of poor understanding of surface-markers specificity. The composition and function of CAFs are
in fact dictated by the expression of specific surface biomarkers sets which evolve on tumor progression
making their classification info tumor-promoting or tumorsuppressor CAFs even more challenging'®. De novo
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expression of a-smooth muscle actin (a-SMA) and fibroblast activation protein (FAP) is the most consolidated
hallmark of CAFs that distinguish them from normal fibroblasts. To date, microarray analysis allowed the
identification of protumoral CAFs markers of breast cancer that have a prognostic significance such as
vimentin, plateletderived growth factor receptor (PDGFR]—a/-B, podoplanin, cluster of differentiation 90
(CDQO), tenascin C, fibroblast specific protein (FSP|-1 7. Although none of these markers uniquely define
CAFs as they do not exclude mesenchymal cell lines, the plethora of ongoing analysis at the single-cell level
will certainly draw a more complex picture of CAF functional heterogeneity '*'8. In general, however, the
aberrant proliferation of CAFs is associated with poor prognosis in breast cancer as nowadays it is well
consolidated their pivotal contribute in tumor progression, metabolisms, invasion, and metastasis, through
their secretome able to modulate and interact with the TME aspects, such as ECM, angiogenesis,
immunosuppression, and drug resistance development 7.

2.1.2 HOMEOSTATIC ECM REMODELLING OF THE MAMMARY GLAND

The mammary gland is a comparimentalized struciure, mainly composed of three types of fissues, the
glandular epithelium, the fibrous stroma, and the fat tissue. The adult female breast contains 15-20 lobes
in the glandular epithelium which throughout the milk ducts give rise to several small lobules (acini). The milk
ducts are surrounded by epithelial (luminal) and myocepithelial (basal) cells, tightly attached to each other
through adhesion molecules such as cadherins and integrins forming tubular structures. These, in turn, are
in confact with a dense and continuous layer of ECM mostly made of collagen IV and laminin called
basement membrane (BM) which separates the epithelium from the surrounding breast tissues and, most
important, ensures polarization of epithelial cells and maintenance of tissue homeostasis °. The surrounding
component of the ductal structures consists of adipose tissue, stromal tissue, and inferstitial matrix, the porous
form of the ECM. The latter made predominantly of collagen, and to a minor extent of hyaluronic acid,
laminin, fibronectin, and profeoglycans, not only provides support to cellular growth but also to cell
adhesion, migration, differentiation. This sectorial architecture of the mammary gland defined by the ECM
in both its forms, the basement membrane and interstitial matrix, is a crucial component for the maintenance
of the fensional homeostasis which, through the establishment of biochemical and biomechanical signals
mainly mediated by focal adhesions, ensures the physiological functioning of the mammary gland 2'.
Deregulations in ECM such as focal degradation of the basement membrane, indeed, lead to the cellular
detachment from both the epithelium and other cells, thus initiating massive hyperplasia, a precursor of
ductal carcinoma in situ (DCIS) which, in the worst case, results in invasive ductal adenocarcinoma (IDC)
where epithelial cells spread out across the BM into the surrounding environment or toward distant site via
lymphatic vessels 22, Along the lifefime of a woman, however, the mammary gland composition is subjected
to significant fatty and, most of dall, fibroglandular tissue remodelling events according to different
reproductive stages to respond to homeostatic needs. This consistent remodelling involves over 700 ECM
profeins in terms of amount, structure, and disposition, making the breast parenchyma a constantly variable
environment characterized by different densities and stiffness 2°. Certainly, this process deeply guides the
esfablishment of biochemical and biomechanical interactions that are created between cells and their
surrounding dynamic matrix, defermining their fate. In particular, what majorly mutates is the MD. Over
fime, this ratio has been recognized as one of the major independent risk factors for the development of
breast cancer as the relative abundance of stromal and epithelial cells compared to the adipose cells
generates high breast density (>75%), increases the risk of breast cancer development by 4-6 fold, and
hampers tumor detection by hiding the mass 2.



2.1.3 MALIGNANT ECM REMODELLING OF THE MAMMARY GLAND

In an attempt to determine which, among all the breast gland tissues, is responsible for the increased level
of MD, it has been observed that the major contribution is given by the anomalous deposition, cross-inking,
and alignment of inferstitial matrix proteins within the TME following the activation of stromal cells by tumor-
derived factors consistently with the broad body of research claiming the intrinsic involvement of stromal
changes in epithelial tumorigenic events #°2"?°. Among all the ECM proteins, the upregulated secretion
and rearrangement of fibrillar collagen is the greatest factor in ECM homeostasis alterations and ECM
remodelling in primary tumors /. While in healthy soft tissues collagen fibers appear to be curly and parallel
to the epithelium, in the proximity of breast cancer fissue they undergo posttranslational modifications
inasmuch they become aligned and arrange perpendicularly promoting the creation of a protumorigenic
environment. Moreover, ECMmodifying enzymes such as lysyl oxidases (LOXs) and prolyl-4-hydroxylases
expressed by both tumor cells and CAFs, further promote the alignment and crosslinking of collagen fibers
generating a significant increase in sfiffness around the tumor %, Besides collagens, other ECM proteins in
breast cancer stroma such as small molecular mass hyaluronic acid (HA), fibronectin, tenascin C,
profeoglycans such as decorin and versican, and laminins, are subjected to alterations of postHranscriptional
modifications which generate a protumorigenic environment facilitating tumor cell motility and invasiveness
2%_The infense ECM remodelling is a hallmark of the genesis of dense solid tumors such as breast, pancreas,
and prostate and, most important, results in a fibrotic phenotype characterized by increased stiffness and
recognized as desmoplastic, strongly associated with poor prognosis and metastasis (Fig.2)?®. Such
desmoplastic ECM remodelling events lead to an overall stiffening of the breast tissue ranging from 0.15 -
0.2 kPa up 1o 1 - 4 kPa in physiological and pathological conditions respectively, and thus to higher
deposition of fibroglandular tissue, high MD and tumor palpability *%2'. At the macromolecular level,
dynamic plasticity and stiffening of the TME lead to integrinsmediated mechanotransduction crosstalk
between cancer cells and stromal components. This, in tum, gives rise to a cascade of events aimed at
shaping o protumorigenic  environment  through  both  the cellular  differentiation  towards an
immunosuppressive phenotype and the oversecretion of soluble factors such as protumorigenic chemokines,
cytokines, and cellular stress metabolites, leading to the exclusion of anticancer immune cells and to the
recruitment of immune-regulatory cells which promote an anti-immunogenic milieu *2.
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2.1.4 TUMOR VASCULAR NETWORK REMODELLING

While in physiologic conditions the levels of matrix metalloproteinases (MMPs) and their inhibitors, as well
as of other enzymes such as LOXs or fissue fransglutaminase 2 (TG2), ensure a cyclic homeostatic renewal
of ECM proteins by degrading the old ones and allows the synthesis of new ones, in tumor this balance is
skewed . The products of the intense cleavage and proteolytic degradation of ECM via MMPs family
lead to both the degradation of the BM and the release by neutrophils of growth factors and bicactive
matrix proteins, namely matrikines, that induce angiogenic sprouting upon the sense of VEGF concentration
gradient, leading to microvascular angiogenesis and enhanced cancer invasiveness %.

Angiogenesis is defined as the generation of new blood vessels from pre-existing vascular beds and it is
induced by cancer cells to sustain the increased metabolic activity and the high demand for nutrients and
oxygen *4. Basically, the formation of new vessels occurs upon imbalances in proangiogenic regulators
since angiostatic signals are overwhelmed by the abundant presence of angiogenic factors such as VEGF-
A, PDGF-C, interleukin (IL}-8, and basic fibroblasts growth factor (bFGF) secreted by both cancer and stromal
cells. The result is the generation of an abnormal, tortuous, thinrwalled, irregularly branched, circumferentially
enlarged, and leaky capillarylike network characterized by enhanced permeability (with gaps <2 pm in
diometer] as tumorassociated endothelial cells proliferate quickly but form weaker tight junctions compared
to normal vasculature *> *¢. Even tumor lymphatic vessels are leaky and discontinuous and lack proper fluid
drainage and removal of waste products leading to inferstitial retention and an overall increase of the IFP.
Together, the hyperpermeability of blood vessels and the poor lymphatic drainage give rise to the enhanced
permeability and retention effect (EPR), typical of solid tumors and widely investigated as it potentially makes
the tumor niche more permissive to drug molecules' enfrance. As a consequence, the high IFP, in
combination with the solid stress due to unconstrained tumor growth and abnormal ECM deposition,
compress the vascular structures which, are already compromised by the lack of hierarchical vascular
structure which confers the vascular tone, eventually collapse. Certainly, the occlusion of blood vessels, as
well as their tortuosity, has consequences in terms of flow resistance and inadequate afflux of nutrients,
therapeutics, and fluctuations in oxygen levels (hypoxia) and acidosis which strongly contribute to MDR and
radiotherapy failure ¥ *¢. Among all, the expression of hypoxic-inducible factor (HIF)}-Ta is increased upon
hypoxic conditions and further supports the transcription of the proangiogenic factors leading to the
upregulation of proteins that support the growth and proliferation of hypoxic malignant cells.

2.2 IMPLICATIONS IN BREAST CANCER TREATMENTS

The aberrant structural alterations and stromal content infensification of the breast cancer micro milieu have
imeversible implications on the surrounding tissues and strongly confribute to shaping tumorigenic scenarios
9. Of these, there is the instauration of hypoxic and metabolic alterations towards acidic conditions due to
increased IFP and solid stress, that frigger anfiapoptotic and drug resistance mechanisms “°4!. Alternatively,
a dense and impenetrable tumor supporting environment is characterized by the formation of a fibrotic
stroma which not only constricts blood vessels limiting the supply of nutrients and therapeutics but also
constitutes a physical barrier for intratumoral drug molecules transport and penetration #2 “3. In any case,
the therapeutic regimes, which ideally should reach the entirety of malignant cells to be efficacious avoiding
suboptimal exposure and thus increase the risk of drug resistance, are strongly hindered. Consequently,
partial and suboptimal drug exposure can make cancer cells gradually resistant o the therapeutic agent
thus confributing to acquired drug resistance and leading to a reverse in their effectiveness.
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2.2.1 TRANSPORT BARRIER IN CANCER

Once systemically administered, chemotherapeutic is fransported in the blood stream via convection as it is
carried by the moving fluid. For a given dose, all parts and organs of the circulatory systems are detrimentally
exposed to the drug as solutes are rapidly mixed in the blood flow. Before reaching the tumor cells,
however, its concenfrations are significantly reduced as they need fo overcome several biological and
physical barriers. Their effective reaching to solid tumors is in fact conditioned by structural
pathophysiological features of the TME such as microvessels integrity and infratumoral flow distribution, on
extravascular components such as interstitial and extracellular space, and tumoral and normal cellular
components.

2.2.1.1 ABERRANT TUMOR MICROVASCULAR NETWORK

By getting close to the tumor site, the supply of nufrients and therapeutics is particularly modest within the
TME as flow does not respect the normal hemodynamic laws due to both structural abnormalities, in which
the proportionality of blood vessels diameter and flow velocity is skewed, and to environmental adverse
hypoxic and acidic conditions, which instead accentuate viscous flow resistance. Tissue oxygenation is a
crucial factor for the therapeutic outcomes as scarce oxygen levels has been positively associated with
weaken radio- and chemotherapeutic treatment. Thus, the maximum oxygen diffusion distance of 100 pm
from blood vessels becomes a limiting factor as tumor tissue areas out of this range tum out o be hypoxic
and thus harder to eradicate. Furthermore, infratumoral blood flow is subjected to fluctuations over periods
of ca. 15 minufes generating intermittent hypoxia, further inducing angiogenic events. In general, low
microvascular density, tortuosity, and blood vessels compression by the high IFP and solid stress of the
surrounding matrix compromise the physiological supply of nutrients, oxygen, and therapeutics with
dangerous implications.

2.2.1.2 ENDOTHELIAL WALLS

Another physical barrier at the vascular level is given by the endothelial layer which, as described above,
results advantageously in being leaky in tumor tissues due to weaker adherent junctions between endothelial
cells which allow the passage of hydrophilic solutes with relatively large size and of nanoparticles (NPs).
Nevertheless, the entity of porous endothelium and the relative vascular permeability differ upon the content
of collagen of the vessel wall so at inter- and intratumorally levels making the passive drug delivery unreliable
and heterogeneous. Across the microvessel walls, drug transport occurs by filration and this, in turn,
depends on the hydraulic conductivity which describes the ease and velocity with which blood can flow
info the blood tumor vasculature. More precisely, hydraulic conductivity is defined as the ratio of the fluid
flow average across blood vessel wall per unit area divided by driving filtration pressure and it is correlated
whether to the infrinsic permeability of the tissue and to the density and viscosity of the blood flow. In this
sense, hydraulic conductivity determines the fluid filtration rate through the vessel walls into the inferstitial
space and it is considered significantly higher in tumor vessels than in normal capillaries.

2.2.1.3 EXTRACELLULAR MATRIX

Once overcome the vascular endothelial barrier and entered the interstitial space, the transport of a solute
info the tissue can occur through either convection and,/or molecular diffusion according 1o the presence of
a moving fluid or of a concentration gradient respectively. Because of its direct proportionality with a
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concentration gradient, diffusion is more effective on shorter distances while convection rafe relies on the
distance over which the convective fluid flows. The relative contributions of these two transport mechanisms
within the fissue, however, vary depending on solute diffusivity and on the inferstitial fluid velocity but
situations in which both simultaneously occur are also common. In case of solid tumor fissues, in which the
interstitial volume is limited due to infense cell proliferative activity and large ECM molecules deposition and
a leading flow is missing because of enhanced retention due fo lack of drainage, convection is less
important #4. The presence of structural elements within the extravascular TME constitutes physical barriers
that limit drug diffusion and hamper their penetration towards cancer cells. Of these, the aberrant ECM of
solid tumors constitutes an element of a steric hindrance for molecules and NPs diffusion as their transport
depends on the fraction of accessible space reduced by stromal components “°. The ECM of solid
desmoplastic fumors such as breast and pancreatic carcinomas is very dense, impenetrable, protect tumor
cell clusters, and takes up space generating longer diffusion distances between the vessel and the tumor
cells. Further reduction of free drug is given by the limited supply of blood flow as reported above but also
by the binding of drugs to ECM components

In general, the penetration distance within the tissue relies on the strength of the fransport mechanisms and
the kinefics uptake by cellular components. This is the case of low-relativemolecularmass {low-Mr)
doxorubicin which, although its high diffusivity, has a very limited tissue penetration as it can be rapidly
uptaken by normal and tumor cells in the proximity of microvessels. The penetration distance of a solute into
the tumor tissue is measured as the rate of diffusive spread over time, relies on the residence time of the
drug in the plasma, and is offen heferogeneous due to differences in the distances among areas in the tissue
and the nearest blood vessels. In general, the diffusion time through a maximum typical diffusion distance
from blood vessels of around 100 pm ranges from a few seconds for small solutes fo tens of minutes for
larger molecules “°.

2.3 CANCER NANOMEDICINE TO ENHANCE THERAPEUTIC POWER OF
CURRENT TREATMENTS

In the last three decades, nanomedicine has gained considerable attention in cancer freatment thanks fo
the possibility to be targeted to specific TME components either reprogramming or normalizing them, thus
overcoming the above-mentioned therapeutic limitations and barriers and, most importantly, maximizing the
anticancer effect of conventional chemotherapies. Engineered nanocarriers, namely nanoparticles (NPs),
such as liposomes and polymeric micelles can be functionalized for controlled, targeted, and enhanced
drug delivery to the tumor site #/. Since their establishment, in fact, nanocarriers have been developed as
modulators of chemotherapeutics' biodistribution via whether passive targeting, through the exploitation of
EPR effect, or active targeting, through the tuning of their physicochemical properties. Since the clinical
approval of PEGylated liposomal doxorubicin (Doxil] in 1995, however, few other breast cancer
nanodrugs, among which albuminbound paclitaxel (Abraxane), have been integrated into clinical
standards with beneficial survival outcomes “®. Notwithstanding the promising results of preclinical studies,
cancer nanomedicine showed a moderate success rate in the clinic where, besides some exceptions, no
concrefe clinical benefit was observed in chemotherapeutic anticancer efficacy except for reduced foxicity.
The causes behind the striking discrepancies between the broad spectrum of designed nanosystems and
the clinical franslation in which just a small percentage of them are approved, are multiple and have different
character *?. From the practical point of view, pharmacological challenges encompass stable biodistribution
profile, acceptable sidefoxicity, drug release mechanisms, and biodegradation but also production-related
challenges such as upscaling, reproducibility, and cost of manufacturing °°.

From the practical point of view, pharmacological challenges encompass stable biodistribution profile,
accepfable sidetoxicity, controlled drug release mechanisms, and biodegradation but also production-
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related challenges such as upscaling, reproducibility, and cost of manufacturing. From the biological point
of view, there has been a growing awareness of the poor understanding of both intra- and inter- tumoral
heterogeneity revealed by massive sequencing analysis and of the unreliability of the EPR effect as a drug
delivery route. The intertumoral heterogeneity infroduces, to a great extent, an additional obsfacle foward
the successful clinical translation of cancer nanomedicine as selecting the right therapeutic combinatorial
regimen that specifically fits the patient populations is very challenging *°. Second of all, nanosystems are
still not enough to penetrate tumor biological barriers. De facto, current frends in pharmacological oncology
are fo investigate combinatorial regimens in which nanocarriers are used fo facilitate the infratumoral
entrance of the chemotherapeutic component, overcoming the clinical unsuitability of cancer nanomedicine.

2.3.1 SYSTEMIC STRATEGIES TO ENHANCE DRUG DELIVERY

Infratumoral penetration and diffusion of NPs strongly rely on their physical and chemical properties such as
size, shape, surface charge, and coating, and lipid solubility. However, fissue penetration-promoting
characterization goes to detriment of the targeting power. Although still too complex to be clinically effective
and practical, several approaches are currently under investigation in order to find the optimal combination
between enhanced NPs penetration and delivery specificity. Among these, size switchable NPs responding
to internal stimuli of the TME, such as pH decrease or high expression of MMPs, are still subjected to
heterogeneities among tumors and patients °'. On the other hand, the coating of NPs with ligands that
facilitate the infratumoral entering such as lactoferrin and tumortargeting RGD peptides family objectively
showed enhanced penetration and accumulation of NPs within the tumor niche. Alternatively, consistent
efforts have been done to develop pharmacological methods aimed at remodeling the physical barrier
constituted by TME components for the enhanced penetration of chemotherapy or immunotherapy within
the tumor niche. In this view, particular attention has been dedicated to ECM's protein degradation and fo
tumor cells' apoptosis to reduce infratumoral density but also to blood vessel normalization by means of
inhibitors of proangiogenic signaling *2. Losartan, most of all, has shown its clinical efficacy not only as an
antihypertensive agent but also as an antfifibrotic agent as it significantly decreased the amount of collagen
|, one of the principal components of the stromal barrier °°. Concerns related to the use of TME manipulating
approaches, however, are related to increased risk of metastasis in case of the degraded matrix but also
to the undesired activation of parallel protumorigenic pathways given an increased realization of the
complexity and the multitude of dynamic interactions between cancer cells and TME *“.

2.3.2 LOCAL PHYSICAL MODULATION OF THE TME

Besides systemic combinatorial therapeutic regimens, cancer nanomedicine penefration can be enhanced
by means of locally confined treatment strategies, mostly based on external physical stimuli, which are more
suitable for the standardization of controlled treatments regardless of the tumor pathophysiological features.

RADIATION THERAPY: Of these, radiation therapy can enhance drug penetfration by damaging the tumor
endothelial barrier through beams of intense energy (Xrays). Importantly, radiotherapy combined with
nanomedicine has shown to have a mutually beneficial outcome as it enhanced NPs intratumoral infiltration
and accumulation and these, in turn, empowered the effect of radiochemotherapy itself °°. Despite ifs local
application at the tumor site, radiotherapy in combination with nanomedicine has shown a surprising
abscopal effect inasmuch tumor antigens released upon radiation exposure were captured by means of
nanocarriers and used by antigen-presenting cells to trigger an anticancer immunological response to distant
sites >° °°.
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HYPERTHERMIA: Since 2013, hyperthermia has been included in the clinical practice for patients affected
by recurrent breast cancer for the enhancement of chemotherapy, radiotherapy, and immunotherapy as
reported by studies ¥ . Hyperthermia induces an increased temperature ranging from 42°C to 45°C o
ireversibly damage cancerous fissues while it maintains infact surrounding healthy tissues. The rationale
behind the use of hyperthermia together with chemotherapy and/or radiotherapy lies in heatinduced
increased blood flow and chemotherapy delivery, as well as inhibition of hypoxia and angiogenesis, and
DNA repair °7 €. Recently, MRimageable thermosensitive liposome has been combined with focused
ultrasound to trigger the tfemperature-dependent release of doxorubicin has undergone several clinical trials
for the treatment of TNBC ©'. The combination of hyperthermia and ultrasound resulted in be advantageous
even for what concerns enhanced drug penetration within the dense tumor niche 2 ¢°.

PHOTODYNAMIC THERAPY: Another local approach is given by photodynamic therapy and in particular
by photochemical tissue penetration (PTP), which allows o temporally and spatially control the drug release
and minimize unnecessary systemic cytofoxic exposure. This lightbased cytotoxic therapy can be combined
with immunoconjugates or nanoconstructs to achieve a localized effect and exploits a photosensitizer
molecule which activates upon light exposure producing reactive molecular species or free radical to induce
a reaction in the surrounding environment . In the context of augmented drug infratumoral penetration, the
generation of singlet oxygen upon photosensitizer excitation damages the epithelial layer and decrease
fissue densities allowing enhanced drug concentration within the tumor niche ©°.

ULTRASOUND: Alternatively, ultrasonic energy, already employed as a diagnostic imaging technique, has
been broadly investigated in the lost two decades for its application in therapeutic regimens and it showed
to be efficacious in many malignancy conditions such as brain, prostate, breast, and most abdominal
organs. The application of ultrasound (US) can whether induce thermal effects such as mild hyperthermia or
have nonthermal effects, meaning mechanical or chemical effects on tissues, ensuring anticancer non-
invasive drug accumulation within the tissue (Fig. 3) °°. More recently, gasdilled microbubbles (MBs) have
been employed as imaging contrast agents and yielded promising results in theranostics applications. In
particular, their use resulted in to be particularly beneficial in what is defined as "sonotherapy”, namely MBs-
mediated sonoporation, often in combination with nanotherapeutics, such as liposomes, or chemotherapy
but also genes ¢. Basically, MBsmediated US allows spatially confined drug delivery through the
generation of fransient openings in both the endothelial barrier of tumor blood vessels and of the cellular
membrane upon compression and expansion of MBs enhancing endocytosis and vascular perfusion even
in highly stromal cancers. A broad body of investigation is reporfing that ultrasound energy can be
combined with other anticancer therapeutic regimens such as chemotherapy and hyperthermia, o enhance
the therapeutic efficacy of these lafter ones ¢ ¢°. later studies conducted in phase 1 human clinical frial
showed concrete benefit in survival rate in o patient affected by inoperable pancreatic ductal
adenocarcinoma following MBsmediated sonoporation in combination with gemcitabine 7. Additional
advantages of this US-based technology have been achieved through the synergistic combination with NPs
as it allows controlled and precise drug delivery, but also to overcome limitations usually faced by
nanocarriers alone such as limited uptake and accumulation of drugs and antibodies 7. However, US-
mediated drug delivery is an emerging strategy, and more research is needed to unravel the interactions
that are established between cells and MBs upon US exposure.



2.3.3 MICROBUBBLE-MEDIATED SONOPORATION

In the last decades, the use of the US for medical applications has been significantly extended to the
therapeutic fields through the exploitation of gas filled MBs which, already broadly used in imaging
techniques as US confrast agents, nowadays are employed as theranostics tools. Once infravenously
administered, MBs {ca. 1-10 pm), indeed, respond to US field through volumetric oscillations that, according
fo acoustic parameters, not only create harmonic echoes stronger than those of fissues enhancing the
imaging contrast but also generate a cascade of mechanical effects of different extent on the surrounding
fissues that can be exploited for enhancing anticancer drugs and genes delivery across biological barriers.
MBs' shells can be functionalized for prolonged circulation times, targefed therapy, or even loaded with
the therapeutic agents, allowing higher localized concentrations and reduced toxic exposure of oftargets
fissues. As mentioned above, the most established ultrasound therapeutic mechanism is based on MBs-
mediated sonoporation which relies on the generations of fluid streamings upon MBs oscillations and these,
in turn, generate mechanical stresses on the nearby fissues allowing fransient openings not only in the
plasma membrane but also in the endothelial barrier between tight junctions, through which drugs can pass.
Lately, the biomechanical effects of MBs on tissues have been furtherly investigated thanks to the
implementation of several in vitro models that allowed the observation of heterogeneous cellular responses
upon sonoporation such as fransients of calcium ions, depolarization of plasma membrane potential,
tfemporary rearrangement of actin, and tubulin cytoskeleton, cell shrinkage and nucleus contraction. The
behavior of MBs, and thus their effects on tissues and therapeutic potential, however, strongly depend on
MBs physical properties such as size, resonance frequency, and shell shedding but also on acoustical and
environmental factors that cannot always be recapitulated in vitro. Among the acoustical parameters,
acoustic pressure is what determines MBs oscillations intensity in stable and inertial cavitation. VWhile the
stable cavitation occurs at lower acoustic pressures and makes MBs behave linearly, with expansion phases
equal fo the compression ones, in the inertial cavitation oscillation amplitude increase to the point that the
pressure exerted by the streamings overcomes that of MBs leading, eventually, fo their collapse 72.
Sonoporation, however, can occur whether in the stable and in the inerfial regimens due to microstreamings
and microjets respectively. In both cases, cells are subjected to shear stresses that temporarily or permanently
disrupt the biclogical membranes. Other acoustical parameters that affect drug uptake mechanisms are
pulse duration, pulse repetition frequency, and sonication time. Tuning such parameters can favor
endocytosis-, sonoporation-, or sonoprinting-based drug delivery mechanisms. In addition to these, also the
properties of the surrounding environment should be considered to predict MBs behavior such as the
presence of nearby rigid [in vifro) or viscoelastic (in vivo) boundaries, the vessel size, and thus the distance
between cells and MBs, and the viscosity of the fluid.
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FIG. 3 MICROBUBBLES-MEDIATED THERAPEUTIC EFFECTS UPON ULTRASOUND EXPOSURE; BESIDES MECHANICAL EFFECTS, THE
THERAPEUTIC EMPLOYMENT OF MBs-US CAN BE BASED ON OTHER MECHANISMS SUCH AS THE TRIGGERING OF CHEMICAL EFFECTS
OR VIA HYPERTHERMIA. Figure adapted from Stride and Coussios [/2]

2.4 THE IMPROTANCE OF PRECLINICAL INVESTIGATION MODELS

Considerable efforts are still made to unravel the complex and broad network of interactions between
cancer cells and the TME in order to identify vulnerabilities and pivotal crosstalks that promote tumor
progression. Likewise significant are the attempts to make the physical barrier more accessible to anticancer
drugs and thus to develop approaches for the enhancement of drug infratumoral penetration. Their
assessment and efficacy, however, requires accurate preclinical models that can allow the observation and
comprehension of biological interactions and reactions and, eventually, the identification of limitations and
strengths of each therapeutical strategy. Furthermore, given the broadness of cancer implications in terms of
resistance and migration, and thus the need to adopt a multivalent approach in cancer treatment, the
importance of having reliable and predictive preclinical models could lead to the optimization of synergistic,
effective, and possibly personalized combinatory therapeutic regimens. Even the diagnostic field can take
advaontage of these technologies since they can be used fo defect biomarkers that describe tumor
progression 7°. All these aspects are of great interest to drug developers and to the pharmaceutical industry
since once that cancer targets have been identified, they can use in vitro models as relatively fast high-
throughput drug screening platforms. In this way, molecularly tfargeted therapies can be validated and
optimized with a significant reduction in costs and time compared to in vivo models 74. As matter of facts,
an average fime of 7.3 years (range, 5.8-15.2 years) and an amount that ranges from $320.0 million o
$2.7 billion have been estimated for the development of a single new anticancer drug 7°. The mechanism
of action, the pharmacokinetics, the anficancer activity, and the safety of the testing drug are preliminarily
assessed in preclinical frials that cover an extensive part in the process of drug development. From preclinical
frials to phase Il there is an increasing frend in time and resources, eventuating in significant costs once
clinical trials are reached 7°. Despite a great deal of effort in producing preclinical in vitro models that best
recapitulate human biology and pathophysiology, there are still remarkable limitations that imply a poor
franslation from preclinical to clinical frials 7. As o matter of fact, compared fo all therapeutic areas,
oncology presents considerably higher drug attrition rates 7%, Although the recapitulation in vitro of organ-
like microarchitectures has enabled invaluable findings in oncological fields so far, many key hallmarks
involved in complex tumor mechanisms, such as drug resistance, sfill need 1o be elucidated. Both
pharmaceutical and academic laboratories are highly committed on the improvement of three-dimensional
(3D) in vitro cell cultures by infegrating physiologically relevant elements in order fo be able o perform
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realistic pharmacodynamic studies 77. Finally, it is estimated that the market of 3D cell cultures for cancer
research will reach $1.4 billion by 2022 °, suggesting that high hopes are placed into future cancer 3D
in vitro models.

2.4.1 PRECLINICAL MODELS TO STUDY DRUG PENETRATION IN BREAST CANCER

As reported above, a broad spectrum of tumor-related factors contributes to breast cancer therapeutic failure
in terms of both drug resistance and disease relapse. Besides the mechanisms of intrinsic or acquired
multidrug resistance common in most epitheliallike cancers, breast cancer is intrinsically characterized by
biochemical and physical properties which add complexity 1o the prediction and successes of therapeutic
freatments. Breast cancer cannot be univocally defined as it encompasses a broad range of pathological
conditions with as many drug sensitivities and therapeutic outcomes according fo the presence or less of
hormone receptors. Besides the compromised and abnormal tumorrelated vasculature which does not allow
the proper transport of drugs into the tumor site, breast desmoplastic siroma constitutes a real physical barrier
as it strongly hampers the adequate exposure of cancer cells to the macromolecular drug candidates and
NPs, limiting their diffusion and penetration and thus contributing to increased acquired drug resistance. All
these physical affributes of the breast TME should be considered and deeply investigated to understand to
which extent they hinder therapeutic effectiveness and to develop targefed therapies.

2.4.1.1 IN VIVO

In vivo models can allow the evaluation of drug pharmacokinetics and pharmacodynamics but still are not
reliable models because of speciesto species variability, meaning that they do not reflect human mefabolic
rate, tumorsuppressor pathways, immunogenicity, and cytogenic profile. De facto, it is also difficult the
identification and the control of specific pathways and mechanisms involved in the tumor response upon
therapeutic regimes. Moreover, animal models are time and costs consuming and currently, with the
ambition fo decrease the amount of animal experimentations, there are significant ethical issues related to
the use of animal models for drug screening. More recently banks of explant have allowed the availability
of ex vivo cultures made of animal- or human-derived tumor slices, sometimes integrated into gels, which
have been used fo study cancer biology and drug sensitivities. Such models can be a valuable tool for the
development of personalized medicine as they present the original phenotype and heterogeneity but are
less applicable fo unravel basic drug resistance mechanisms as patientdependent variance among fissue
samples makes it difficult fo standardize and compare experimental readouts.

2.4.1.2 IN VITRO

2D Although their broad employment as the drug’s in vitro cytotoxicity tools, the conventional in vitro two-
dimensional (2D fissue cultures are nowadays broadly recognized to be unsuitable for anficancer drug
investigations since, apart from allowing ease of use and of manipulation of cellculture substrates in a non-
physiological setting, they fail to recapitulate the complex biclogical environment. They are, indeed, time
and costs effective platforms that allow the observation of specific singular pathways but the lack of a three-
dimensional (3D) network induces an unreliable cellular behavior and o distorted gene expression
compared to the in vivo situations thus failing to mimic the original phenotype. Most important, 2D cell
culture monolayers cannot recapitulate the spatial, femporal, biclogical complexity of the TME barriers and
thus the actual diffusion and penefration of larger drug molecules and the response of tumor cells.
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2.4.1.2.1 3D MODELS

To address these challenging three-dimensional (3D) in viro models have been created to mimic and
recapitulate one or more pathophysiological aspects in controllable settings. Advances in biomaterials and
biofabrication allowed the developments of complex models that mimic organike architecture and
encompasses patho-physiologically relevant elements, such as gradients, dense stroma, inferstitial flow, and
patientderived cells. Besides being versatile tools for disease modelling, these advanced in vitro platforms
are a very promising aids in the identification auxiliary of therapeutic targets for the enhanced antitumoral
drug delivery. In the context of drug resistance mechanisms in breast cancer, the most consolidated in vitro
platforms are given by multicellular spheroids, biomaterialsbased models such as scaffolds or hydrogel,
and microfluidic chip-based models. These design possibilities range from the simplest case of spheroids
which are scalable, inexpensive, highthroughput drug screening tools those allow the understanding of
basic disease mechanisms to more complex and harder to control platforms like microfluidic chips. Certainly,
the complexity of the model can be increased in order o achieve more physiologically relevant consiructs,
for example through the incorporation of a relatively complex vascular network or immune cells) but this
goes in defriment of even lesser controllable variables and more accurate and indepth characterization.
Given the broad complexity of in vivo breast cancer architecture and biology, preclinical 3D in vitro models
should be thus implemented according to the specific research question keeping the level of complexity at
the minimum to ensure their predictive power, robustness, and reproducibility.

2.4.1.2.2 MULTCELLULAR SPHEROIDS

Multicellular spheroids are relatively inexpensive, easy, and highthroughput cancer models in which
homotypic or heterotypic cells are densely clustered together to form 100-600 pm aggregates thus showing
a 3D cellular organization and favouring cellcell interactions. Their tunable size allows the observation of
different events. Smaller spheroids, 100-200 pm, for example, are used for investigating cellular and
materials inferactions but also to test the cytotoxicity of anti-cancer drugs.

On the other side, larger aggregates ca. 200-600 pm, have been created for the reproduction of more
aggressive phenotypes and are usually characterized by the presence of transport gradients and
proliferation rim inasmuch they present a necrotic and hypoxic core, in which cancer cells are in a quiescent
state, and a proliferating outer shell. The presence of a hypoxic core and thus the expression of HIF-1a
further increased the resistance to doxorubicin and S-fluorouracil. Spheroids are invaluable tools for
investigating the effects of intercellular interactions in tumor progression but also the uptoke and penetration
of NPPs and therapeutics, and the sensitivity of monoculture and co-culture spheroids ®'. Multicellular spheroid
models, however, fail fo recapitulate all feature of solid tumors characterized by a high desmoplastic
reaction since they do not incorporate the extracellular milieu and cellssmatrix inferactions thus do not
incorporate resistance provided by physical barriers involved in drug resistance such as the vascular barrier
and ECM.

Such limitations associated to spheroids have been recently highlighted by Brancato et al. in a study in
which the efficacy and uptake of doxorubicin (DOX) has been compared in two breast cancer models, one
based on mono- or cocultures spheroids, and another based made of 3D gelatin scaffold-based microtissue
(3DTP). In both models, they integrated breast cancer cells (MCF-7) and CAFs able to produce
endogenous ECM. In this way they could observe differences in cytotoxicity effect, diffusional transport
properties and protumorigenic protein expression. Interestingly, they found different tumorassociated
biomarkers expressions, higher diffusion coefficient of DOX and lower cell viability in the 3D-yTP compared
to the spheroid model #.



2.4.1.2.3 BIOENGINEERED 3D MODELS

A more engineeringbased approach fo
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bioprinting)
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due to their higher water confent and
swelling behaviour due to their hydrophilic
properties.  Thanks fo  their  porous
crosslinked  structures,  they  promote
nufrient and oxygen diffusion as well as
drug delivery and are suitable for
investigating heferogeneity and  tumor
complexity  thanks to  their versatile
production methods and components, and
ability to incorporate multiple cell types.
Ideally, both these engineered 3D models
should provide mechanical, biochemical, and physical cues appropriate for cell adhesion, proliferation
and differentiation, but also migration. Usually, in the case of breast cancer models, tumorstroma
inferactions are infrinsically recapitulated in naturally derived polymers such as silk, collagen, gelatin,
agarose, hyaluronic acid, alginate, and chitosan. These polymers, however, are characterized by low
mechanical properties and batch-to-batch variations which affect their reproducibility. Alternatively, by
means of BM extracts and decellularized ECM (dECM| it is possible to reproduce the natural ECM
maintaining the protein content, the biochemistry, and in the second case the structure. Matrigel is broadly
employed product extracted from murine Engelbreth-Holm-Swarm (EHS) tumor cell cultures, and contains to
a greater extent laminin, followed by collagen IV, enactin, and growth factors. The amount of such protein
content, however, can vary from one baich to the other affecting experimental readouts and the
reproducibility of the model.  Synthetic polymers, on the other side, can be easily reproduced with tunable
mechanical, degradation, and structural properties while they must be functionalized in order to present
bicactive groups observed in natural tumor ECM, such as RGD (Arg-Cly-Asp) peptides, that facilitate protein
adsorption and cell adhesion. For mimicking breast cancer tissues, the most employed synthetic polymers
are given by polyethylene glycol [PEG), polycaprolactone (PCL), polyurethane (PU), and polylactic acid
(PLA). Eventually, TME mimicking scaffold- or hydrogelbased models can be produced via the employment
of biofabrications techniques such as 3D bioprinting and stereolithography, or through the development of
microfluidic devices. The application of biofabrication techniques for 3D cell cultures enable well-defined
cell patterning in ferms of composition and architecture, high reproducibility, and the realization of relatively
thick and complex constructs thanks to computeraided 3D geometries. The possibility to integrate multiple
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bicink cartridges allows to combine multiple biomaterials within the same scaffold and, most of all, to
infroduce additional biological complexity as control over spatial and temporal deposition of cells, either
in the forms of organoids or spheroids, proteins, growth factors, and other biologically active molecules.
Bioprinting techniques thus enable the creation of larger tumor tissues and eventually, their interations with
other surrounding tissues. For this reason, they have been widely employed to study many aspects of breast
cancer such as drug resistance, the effect of stiffness on drug response, and metastatic breast cancer to the
bone. Microfluidic-based chips represent the most complex of engineered TME breast and as they include
many aspects such as three-dimensional organization, intercellular and cellstroma inferactions, the presence
of diffusion, oxygen and nutrients gradients, vasculature, and thus flow rates. These microfluidic systems can
recapitulate both static and dynamic regimens enabling the observation of biochemical, mechanical, and
hydrodynamic cues such as shear stresses, mechanical strains, inferstitial fluid flows, hydrostatic pressures
as found in vivo. More interestingly, they are suitable for multiplexing with other parallel microfluidic systems allowing
high throughpus.

2.4.2 MODELS FOR SONOPORATION

The use of animal models for the study of MBs-mediated sonoporation aimed at confrolled drug delivery
has, 1o a great extent, yielded important insights, such as MBs-US parameters optimization in ferms of
maximization of the therapeutic efficacy and estimation of undesired side effects. Nevertheless, in vivo
models do not allow the cbservation of specific mechanisms underlying cel-MB interactions or their effect
on tissue at the macromolecular levels either because of the complexity of the organisms in their entirety but
also because current microscopy-based techniques cannot obviate the lack of transparency of in vivo
seffings, making reaHime measurements very challenging whilst they could unravel crucial questions. It is,
in fact, still unclear which are the mechanical stresses and the biophysical effects induced by the action of
MBs at both the MB-cell and infracellular levels. Also, the lack of standardized investigation platform and
protocols and thus of therapeutic acoustical parameters generates discrepancies among experimental results
Fven in in vifro models, however, the issues related to length- and time-scales over which these events occur
still remain. The dynamics of MBs and their mechanical effects on cells are, indeed, phenomena observable
af the micrometer {or even less) length scale, and ranges from nanoseconds to microseconds. The biological
effects of MB such as drug diffusion and uptake can, on the other hand, be a matter of seconds to minutes
and can be appreciated in the nanometers (across the cellular membranes) to micrometers (within the tissues)
range %.

Several experimental design and setup can be employed as tools of investigation, from single cells and 2D
monolayers to 3D cell cultures and microfluidic chips. As in the case of breast cancer in vitro models, and
mostly in the case of multidisciplinary subjects like sonoporation-based drug delivery, the implementation of
the in vitro cellular model and the level of its complexity strongly must rely on the research question since
still, it is not possible fo integrate all the biological nor physical aspects found in the in vivo environments.

2.4.2.1 SINGLE CELLS AND 2D CELL POPULATIONS FOR MBs-US STUDIES

Advances in biotechnologies allowed the development of tools able to isolate and trap single cells that can
be used as 2D in vitro models for investigating the impact of a single MB on a single cell over fime and
space and, thus, o focus on membrane poration, cytoplasm leakage, and cell lysis upon cavitation. This
closer look yields interesting insights related to cell fate, to the mechanics and rheology of cellular
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membranes but offer, perhaps, more relevant understanding about the acoustics and physics of cavitation
itself.

For the same purposes of unravelling MBs-cellular interactions, 2D cell culture monolayers on commercially
available platforms such as the OpticCell chamber can also be employed. The most employed monolayer
systems consist, indeed, in seeding cells on microchannels exposed 1o flow to simulate shear stresses and
hemodynamic drug delivery. Besides considerations about the effect of the distance between MBs and the
cellular substrate, these models have been used to investigate the delivery effectiveness of molecules and,
in particular, the gene transfection potential of plasmid coated MBs.

Although these approaches can offer invaluable insights for what concerns the definition of cytocompatible
acoustical parameters and the optimization of cellMBs interactions by, for example, the functionalization
of MBs surface, they have consistent limitations. As mentioned above, the fact that these models do not
recapitulate a 3D environment has significant consequences in terms of cellular phenotype and thus treatment
response. Furthermore, the amount of cellular defachment and other considerations about cellular membrane
reactions are also questionable due to the substrate physical properties on which cells are seeded which
induce fictitious mechanotransduction affecting, even in this case, the therapeutic response. The presence
of a substrate also disturbs the acoustical signal and the MBs behaviour and dynamics, compromising
whether the resonance frequency and the amplitude of oscillation of MBs.

2.4.2.2 3D IN VITRO MODELS FOR MBs-US STUDIES

The importance of integrating elements of complexity and biological relevance in 3D in vitro models for
therapeutic sonoporation studies is nowadays widely recognized, needed, and pursued. An important
aspect that should be considered in drug delivery studies is the presence of tumor and stromal cells, as well
as a relatively dense fibrotic ECM. As reported above, multicellular hefero- and homo-spheroids are
invaluable tools that can vield important information about drugs penetration and are, more often,
embedded into hydrogels-based scaffolds to mimic the ECM environment surrounding fumors in terms of
profeins, biological cues, and mechanics. Even in this field, advances in microfluidics contributed
significantly fo the in vitro recapitulation of biological barriers encountered by therapeutics, MBs, and
nanocarriers in vivo. As a matter of fact, organ-on-chip models used in MBs-mediated sonoporation studies
successfully recapitulated blood vessels, tumors, and the blood-brain barrier. In particular, the integration of
endothelialized channels within ECMike hydrogels would permit the observation of MBs behavior and
sonoporations under flow conditions but also the formation of a tightjunctions opening in the vascular
barrier, and the potential extravasation and diffusion within the surrounding environment upon inertial
cavitation. Furthermore, it would allow the characterization of MBs hydrodynamic in viscoelastic medium
and deformable boundaries, and the definition of parameters for which US-induced cellular damages are
not reversible due to violent shock waves and jetting. These in-depth observations could be exploited to
optimize the MBs surface, composition, and concentrations but also US exposure to enhance drug delivery
powers while minimizing adverse side effects. As far as we know, so far, the 3D in vitro models develop
for MBs-US investigation are summed up below [Tab.1][Fig.5].
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DESIGN

AIM

BIOLOGICAL COMPLEXITY

REF

384-WELLS ORGANO-PLATE

MICROFLUIDIC VESSEI-ON A CHIP IN

SERIES

ACOUSTIC
CHARACTERIZATION FOR  US-
MEDIATED DRUG DELIVERY

- ENDOTHELIALIZED CHANNEL
- ECMILIKE GEL
- PERFUSABLE

[*]

MICROFLUIDIC VESSEL ON A CHIP

VISUALIZATION OF
MICROBUBBLE /ULTRASOUND
DEPENDENT DRUG DELIVERY
TO MICROVASCULATURE

- (HUMAN) ENDOTHELALIZED CHANNEL
- HUMAN FIBROBLASTS

- FIBRIN MATRIX

- PERFUSABLE

3D MICROVASCULAR
WITH CHANNELS IN PARALLEL

NETWORK

MBsVASCULAR ENDOTHELIUM
INTERACTIONS FOR US-
MEDIATED DRUG DELIVERY

- (HUMAN) ENDOTHEUALIZED CHANNELS
- COUAGEN GEL
- IN' PARALLEL VASCULAR NETWORK

[*]

CELLULOSE  FIBERS COATED WITH
CHITOSAN AND  GELATIN  BASED-

MB-MEDIATED
NPs DELIVERY

INTRACELLULAR

- MOUSE FIBROBLASTS
- HYDROGEL-BASED SCAFFOLD

[*°]

SCAFFOLD
CLNICELL OPENING  OF ENDOTHELUAL | - 2D MONOLAYER (7]
CELL-CELL CONTACTS DUE TO | - HUMAN ENDOTHELIAL CELLS
SONOPORATION
LAYERED ACOUSTOFLUIDIC MBs DYNAMICS, - HUMAN BASAL EPITHELIAL CELLS [7°]
RESONATORS MICROSTREAMING VELOCITY - PERFUSABLE

FIELD, ACOUSTIC EMISSION,
CELL-MBs INTERACTIONS

- 2D MONOILAYER

PDMS MICROFLUIDIC TRAP ARRAY

INVESTIGATE  MBUS-MEDIATED
ENHANCED DOX DELIVERY TO
CANCER SPHEROIDS

- HUMAN TUMOR SPHEROIDS
- PERFUSABLE

OPTICELL CONTAINING
ACOUSTICALLY RESPONSIVE
HYDROGELBASED SCAFFOLD

PROPERTIES OF THE
ACOUSITCALLY RESPONSIVE
SCAFFOLD

- FIBRIN SCAFFOLD
- MOUSE MESENCHYMAL STEM CELLS

PDMS MICROFLUIDIC SYSTEM

CHARACTERIZATION OF THE
ENHANCED ENDOTHELAL
PERMEABILITY

MB-ENHANCED USINDUCED
CAVITATION

- HUMAN ENDOTHELIALIZED CHANNEL
- PERFUSABLE
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FIG. 5 CURRENT IN VITRO 3D MODEL FOR INVESTIGATING ACOUSTIC PARAMETERS OR DRUG DELIVER MECHANISMS OF MBS-US.
Although some of these models is based on hyrogel-based scaffold for endothelial cells, they lack biclogical complexity in terms of organ-ike
architecture and thus biclogical barriers, and offer a too semplicistic, although highly reproduchiibl in vitro platforms.
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3.1 SIGNIFICANCE OF THE STUDY AND RESEARCH QUESTION

Nowadays, a broad body of research is engaged in the development of new biomaterials for in vitro fissue
simulation or in the advancement of biofabrication techniques aimed at the realization of organike
architecture constructs. The recapitulation in vitro of relatively complex and functionalized microtissues allows
the focused observation of biclogical processes and interactions which are hardly discernible in vivo models
due fo the involvement of a multitude of cellular pathways, to the lack of specificity, and to imaging issues.
Moreover, the implementation of faithful fissuedike models allows the screening and the evaluation of
penetration and transport of therapeutic combinatorial regimens for cancer treatments and thus a more
accurate franslation of their potential info the clinic. In the acoustic field, such investigation platforms together
with advanced imaging tools, like ultra-high-speed camera and high-speed fluorescence imaging, allow the
direct observation of physical phenomena, the comprehension of MBscells interactions, and the
mechanisms at the basic of sonoporation-mediated drug delivery. Notwithstanding, the realization of in
vitro models suitable for both biological and acoustical applications come with challenges inasmuch a
broader spectrum of requirements needs to be considered and respected in order to develop investigation
platforms adequate for biological, optical, and acoustical setups. To the best of our knowledge, as of now,
the developed in vitro models for MBs-mediated sonoporation studies are reduced to the infegration of 2D
cell monolayers or, the more complex, integrate endothelialized 3D channels in microfluidic devices
surrounded by a cellfree ECMike matrix.

As reported above, the level of complexity of in vitro models, for biological and acoustical investigations is
dictated by the research question requirements. Since these models have focused on the study of MBs-single
cells or MBs-endothelial layer inferactions, most of them present a moderate biological relevance as they

include, most of the time, just an endothelialized microvascular network, sometimes incorporated into a cell
free ECMlike matrix.

The goal of this project is thus to implement a 3D in vifro breast cancer microfissue suitable for both
biological and acoustical applications. In particular, the model should allow the evaluation of hindering
effects given by physical barriers associated with the desmoplastic breast carcinoma on the infratumoral
fransport of different molecules. The model should be also adequate for the observation of acoustical
phenomena such as MBs cavitation and for the assessment of the enhanced extravasation and diffusion of
molecules within the fissue by means of MBs-US.

Compared fo the state-ofthe-art, this model presents a higher level of biological complexity as it allows the
integration of multiple cancerous and non-cancerous cellular components, high stromal density, perfusable
endothelialized channels with different patterns, a stable and versatile structure with significant thickness,
and importantly, clinical relevance, without neglecting optical and acoustical fransparency in a very specific
range of fimescales and length scales.

3.2 GENERAL AIM AND SPECIFIC OBJECTIVES

This project, aimed at the implementation of a 3D in vitro breast cancer microtissue (BCM) suitable for the
study of molecules transport with or without the MBsmediated US, was conducted following a
multidisciplinary approach.

We hypothesize that the diffusion distance of different molecules within the tumor microtissue is hampered
by the presence of a confinuous endothelial barrier and even more limited in the presence of a dense
stromal barrier with high cellular density.

Based on this, we hypothesize that the application of MBsmediated US can enhance the extravasation
through the endothelial barrier and the diffusion distance of molecules within the tissue.
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The process phases and the relative research questions are summarized below:

MODEL DESIGN, IMPLEMENTATION & OPTIMIZATION

a. Can the 3D hydrogel-based scaffold recapitulate the densely packed breast tumor?

b. Does the 3D hydrogel-based scaffold include the optical and acoustical requirements
for being employed in the study of cavitation effects and sonoporation?

i Hydrogel composition study:
Stability: mechanical stability, stable crosslink, channel integrity
Biocompatibility: cell viability
Transparency: optical clarity

i) Mould design

iii) Cell seeding and channel endothelialization

iv) Hydrogel characterization: scanning electron microscopy {SEM) and dynamic mechanical
analysis (DMA)

MODEL CHARACTERIZATION

o0 T o

i)

i)

s the model suitable for 3D cell culture and acoustical set-up?
Does the model present tumorigenic trends?

s the model clinically relevante

Can the model recapitulate desmoplastic trends?

Acoustical and optical characterization
Biological characterization:

Gene expression

Tumorigenicity and clinical relevance

Organdike architecture

Mechanical characterization

THE EFFECT OF PHYSICAL BARRIERS ON MOLECULES TRANSPORT

)

Does the model recapitulate the effect of physical barriers on molecules diffusion within
the TME?

Does the model mimic the different impediments of tissue barriers on molecules of
different sizes?

Effect of different physical barriers on molecules with different sizes [Tab. 2, leff]:

MBs-MEDIATED US
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a. Does the model allow for the observation of MBs cavitation phenomenon inside the
channel?

b. Does MB-mediated sonoporation enhance the extravasation and diffusion endothelial
barrier?

Effect of MBs-US on molecules diffusion through the endothelial barrier [Tab. 3, right]:

EFFECT OF PHYSICAL BARRIER AND MOLECULES EFFECT OF MBs-US ON TISSUE TRANSPORT
SIZE ON MOLECULES TRANSPORT BARRIERS
Cellfree | Endothelial (373 | Stroma (3T3+] | Celttree | Endothlial (3T3] Stroma (3T3+)

RhodB 2 L 2 L 2 AR . P
FITC10kDa & <& <&

C70k
FITC70kDa > & P ‘ & .
Silica NIPs > > VS WITH MBUS

TAB. 3 APPLICATIONS SET-UP SCHEME; Left table: study of transport of molecules according to their size and of the biological diffusion barrier
involved, cellree hydrogel, endothelium, and stroma respectively. Empty marks indicate that the perfusion was conducted even in those conditions,
but a complete dataset of friplicate is missing; Right table: FITC Dextran 10 kDa was tested for the MBsUS application in which its ransport through
both, cellhydrogel and the endothelial barrier, was evaluated with or without treatment of MBs-US.

3.3 RESEARCH APPROACH

3.3.1 TRI-CULTURE SYSTEM

In order to establish a biologically relevant 3D in vitro breast cancer model, a murine cancer cell line (4T1)
was cultured in spheroid models. In a mouse model, 4T1 cells are used as a syngeneic model for preclinical
TNBC studies. TNBC is a highly aggressive and invasive subtype, diagnosed in more than 17% of breast
cancer cases.

The high cellular density of murine fibroblasts (NIH-3T3) was used because of their excellent properties,
such as high expansion capacity, easy handling, and good availability to mimic a stroma-dense TME. In
this mulficellular platform, 3T3 fibroblasts and 4T1 cancer spheroids {on day 3) of cell culure were
embedded in ECMike hydrogel solution [GelMA/Matrigel] in the pathophysiologicalike rafio (5:1) .
Immortalized mouse heart endothelial cells (H5V) were used 1o endothelialized the channel. The resulting
friculture-based microtissue was grown for 10 days, monitored, and characterized in terms of growth,
viability, and cell distribution, throughout the entire period of culture in order to identify the best culture time
point for diffusion assessments.
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3.3.2 HYDROGEL CHOICE AND CHARACTERIZATION

The choice of gelatin methacryloyl (GelMA) has been dictated by its excellent suitability fo reproduce a 3D
ECMdike environment in terms of both inherent biological signals of gelatin and tunable biomechanical
properties but also because of its optical transparency. GelMA is obtained by modifying gelatin, @
hydrolyzed form of collagen, through the replacement of many amine-containing groups on side chains by
methacrylate groups. However, most amino acid motifs, such as arginine-glycine-aspartic acid (RGD)
sequences and matrix metalloproteinases (MMPs) digestion sites, are not affected by this modification. This
ensures cell adhesive properties of GelMA hydrogels and their enzymatic cleavage by type | and |l
collagenases. The presence of methacryloyl groups makes GelMA a photopolymerizable biomaterial,
which means that, once that a photfoinitiator {Pl) is added, it covalently crosslinks when exposed to UV light.
This rapid polymerization takes place at mild conditions (natural pH, room temperature, etc) and provides
adjustable mechanical features. GelMA owns great mechanical tunability over physiologicaHike ranges of
stiffness, pore size, and density, providing an excellent microenvironment for cells mimicking the native
ECM. GelMA concentration, the degree of functionalization, UV infensity and exposure are tunable
parameters that determine the final biological and mechanical features #.

As BC microenvironments are usually wellrecapitulated with collagenbased models, several attempts 1o
generate a GelMA and collagen hydrogel were done ”° #¢ [Supplementary material, Fig.1S].
Nevertheless, GelMA and collagen crosslink at opposite temperatures yielding hydrogel stability and
reproducibility issues. Thus, to increase the cell viability and biological relevance, Matrigel was added 1o
the GelMA hydrogel solution. Matrigel is broadly employed for the in vitro mimicking of the complex ECM
of BC and consists of a soluble and sferile extract of basement membrane proteins secrefed by Engelbreth-
Holm-Swarm (EHS) mouse sarcoma cells. It contains undefined and highly variable ECM factors that
certainly affect the reproducibility of experimental readouts and the reproducibility of model . On the other
side, Matrigel contains critical growth foctors and cytokines for cell growth-enhancing cellular events,
allowing cells to express malignant features 7 7% 77,

3.3.3 EXPERIMENTAL EMPLOYMENT OF 3D IN VITRO HYDROGEL-BASED BCM®/H

Parallel to the characterization of the cellfree hydrogel made of GelMA and Matrigel, in which pore size
distribution, dynamic mechanical analysis, and stability were assessed, also hydrogel biocompatibility was
assessed by means of characterization at the microscopic level in terms of cell growth, viability, and
morphology. In the latter case, 3D monocultures of NIH/3T3 fibroblasts and 4T1 cancer cells were
separafely seeded in the hydrogelbased scaffolds and evaluated. Once assessed the biological and
mechanical validity of the cell laden GelMA/Matrigel hydrogels, further characterization at the molecular
level was conducted in terms of both, relative desmoplastic reaction and of relative protumorigenic features.
In this case, 3D hydrogels made of 3T3 and 4T1 cancer spheroids [collected on day 3) in ratio 5:1 were
submitted to dynamic mechanical analysis (DMA], on days 0,5, and 10, and gene expression by
quantitative polymerase chain reaction [qPCR) on day 4 respectively. The whole friculture system was
assembled for further characterizations and applications. In particular, subsequent to BC spheroid seeding
(till day 3], these were integrated into the 3D hydrogel solution with or without 3T3 fibroblasts cell line. In
both cases, the channel was endothelialized with an endothelial H5V cell line. Besides the cellHree hydrogel
model, BCM without 3T3 (BCM 1) and with 3T3 (BCM ) were employed according to the applications.
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Microtissue morphology and relative protumorigenic features were furtherly assessed via protein expression
by immunohistochemical (IHC) staining. The resulting 3D in vitro model was kept in sfatic culture for about
10 days in order 1o be ready for both, transport and MBs-US applications.

Three configurations of the model were used in this phase of applications to study molecules fransport,
namely cellfree model, BCM composed of endothelial H5v cells and 4T1 breast cancer spheroids for
evaluation on the endothelial barrier, and BCM!* which differed from the previous one upon addition of
3T3 to confer to the model a dense stroma. After recapitulating a microenvironment that owns both
endothelial and stromal barriers, we wanted fo assess the effective functionalization of the BCM models
and their suitability as a tool for molecules transport studies. In order to do so, the diffusion profiles of
Rhodamine B (ca.1 nm) and FITC Dextran 10 kDa (ca. 4-5 nm) within the three tissue conditions were
estimated. As diffusion rate, we considered the diffusion distance of the tracers from the channel wall over
time (10 min). FITC Dextran 70 kDa (ca. 10 nm) and silica NPs (100 nm) with a net lower diffusion rate
were characterized just in the case BCM ! for a more complete data set in the case of stroma samples. In
acoustical setups, celHfree hydrogel and BCM! were employed fo investigate the enhanced transport
through the walls of both, cellfree hydrogel and endothelialized channels.

3.4 BCM MODEL DESIGN

During the design and optimization phases, we addressed challenges relative to the composition of a
biocompatible, stable, relevantly sized, and perfusable hydrogel matrix. These requirements had to match
with the development of an optically and acoustically clear chamber which allowed both the
photocrosslinking of the thick GelMA/Matrigel hydrogel and avoided the US beam disfortion and
inferference while ensuring ease for perfusion setup. Furthermore, the general requirements followed to
develop the model were the high reproducibility, the control over cultivation conditions, the incorporation
of multiple cell lines, and the eligibility 1o be used in dynamic conditions (perfusion) in two different
microscopic setups (acoustical and biological.

In detail, the BCM model was based on a GelMA/Matrigel perfusable triculture scaffold info a containing
mould customized with inlet and outlet needles. The whole model thus was designed fo host and perfuse
the in vivorlike environment with a significant cellular density and appropriate volume.

Practical challenges were mostly related to channel integrity (structural stability), to the success of
endothelization, to the firm installation of perfusion needles within the cured hydrogel, and to the design of
acrylic holder able to allow hydrogel photocrosslinking and thus its stability.

a. Choice of hydrogel:

The guidelines followed in the hydrogel composition study were mostly based on the requirements of cell
viability, transparency, and structural stability as reported in the previous section .

b. Choice of mould:

When a US wave propagates through mediums with a different impediment a loss of the fransmitted signal
and echo generation due to partial reflection might occur. Notably, albeit the broad employment of
polydimethylsiloxane (PDMS) as an acoustical chamber of microfluidic devices used for US applications, it
does not yield the optimal US transmission as it does not properly match the impediment between the water
and the viscoelastic hydrogel matrix and, in fact, it is characterized by high a (usually >2 dB/cm) % 72 199,
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For the same unmatched impediments reason, for the final configuration of the BCM model also sharp
needles and glass slides were avoided. Therefore, the final BCM model a transparent square-shaped plastic
mould (15x15x5mm) was used as main microtissue holder. The mould was customized with blunt inlet and
ouflet needles and, eventually in case of sonoporation, punched to avoid interferences of the plastic mould
bottom with the US beam. Due 1o the significant size of the samples [10x10x5 mm), the hydrogel was
compartmentalized in two or three adjacent parts according to the final application and microscope setting.
The several model design which presented limitations are reported in Supplementary material, Fig.5S.

c. BCM MODEL ASSEMBLY

According to the different microscopy configurations of the biological and acoustical experimental setups,
the BCM hydrogel was assembled to have the channel sharper as possible. Thus, in case of molecules
fransport (observed with inverted microscope) the channel was close to the bottom of the microtissue, while
in the MBs-US setup the channel was located as close to the top as possible (observed with an upright
microscope). The layering-based assembly of the BCM used in applications is shown below (Fig.7):

day 10

Molecules

Transport

GelMA/Malrige Endothelial barrier Endothelial+stroma
barrier

@ = 4T1 breost cancer spheroid
MBs-US
. = 313 fibroblast

= H5V endothelial cell

GelMA/Matrige Endothelial barrier

FIG. 7 SCHEME BCM EMPLOYMENT IN THE APPLICATIONS On day 10, celladen hydrogel, with or without 3T3 BCMs were
used for studying the transport of molecules with different size, while in MBsUS applications only cellree hydrogel and endothelialized
hydrogel (without 3T3] were used

d. Choice of perfusion fluid:

The dynamic of MBs, and in particular the pressure threshold for inertial cavitation regime, is also affected
by the viscosity of the medium in which they flow, for this reason, in this model setup, MBs and fluorescent
dyes were administered in a BMF solution to better mimic the blood viscosity. Medium viscosity and flow
velocity, in tumn, vary with the channel size (200 pm) '°'. Perfusion was possible by means of tubes
connected to a syringe pump in infusion mode following withdrawal on the outlet side with a syringe to
facilitate to further address the flow within the channel.
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4. MATERIALS AND METHODS

Chemicals and Materials

NIH/3T3 fibroblast and Mouse 4711 breast cancer cells were obtained from American Type Culture Collection (ATCC,
Rockville, MD). 100 nm plain Silica NPs were oblained from SicastarredF. Antibodies used were obtained from
companies as listed in Table 2 {Appendix]. Secondary and ferfiary antibodies were obtained from Dako Denmark
(Agilent Technologies, Santa Clara, CA, USA|. Fluorescent secondary antibodies were obtained from Thermofisher
Scientific (Waltham, MA, USA) or Invitrogen (Carlsbad, CA, USA). RPMI1640 without glutamine and Dulbecco’s
Modified Eagle Medium (DMEM] 4.5 g/1 with Lglutamine was purchased from PAA/GE healthcare (Eindhoven, The
Netherlands). Haematoxylin, Penicillin/Streptomycin {Pen/Strep), and B-mercaptoethanol were purchased from Sigma
Aldrich (Zwijndrecht, The Netherlands). Dulbecco’s Phosphate-Buffered Saline [DPBS) was purchased from Llonza
Benelux BV (Breda, The Netherlands). Fetal bovine serum (FBS) and TrypsinEDTA 0.5% were purchased from Life
Technologies (Blieswijk, The Netherlands).

4.1 HYDROGEL PREPARATION AND CHARACTERIZATION

4.1.1 GelMA synthesis

Gelatin methacryloyl (GelMA] was synthesized according to previously published profocols at a high
degree of methacryloyl substitution (~75%) 92, In brief, 10% w/v gelatin was dissolved Dulbecco's
phosphate buffered saline

(DPBS, Lonza) at 50 °C until a homogenous solution was obtained. Then 8% v/v of methacrylic anhydride
were added fo the solution drop-wisely. The solution was allowed to react for 2 h under constant stirring
before the reaction was stopped by adding MilliQ water. Then the GelMA solution was dialyzed against
MilliQ water with @ 12-14 kDa dialysis tubing at 40°C for 1 week 1o remove salts and methacrylic acid.
The GelMA solution was then lyophilized and stored at -20°C until further use.

4.1.2. GelMA and Matrigel Hydrogel Preparation

Photoinitiator (Pl) 2-Hydroxy-4"2-hydroxyethoxy|-2-methylpropiophenone namely Irgacure 2959 (Sigma
Aldrich) was dissolved at a concentration of 0.3% w/v in DPBS at 80°C for 10 min. Lyophilized GelMA
pre-polymer was fully dissolved at working concentration 4% w/v in Pl solution, mixed on vortex, and
warmed at 37°C for complete dissolution wrapped in aluminium foil. The 4% GelMA 0.3% Pl warm solution
was sterilized through 0.2 pm syringe membrane fillers (Coming® syringe filtlers) and 1 % v/v
Penicillin/Streptomycin (Pen/Strep, lonza) was added to minimize the risk of contamination. To incife
biological signaling 5% v/v Matrigel was stored in ice till use was added to the GelMA solution, gently
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mixed to avoid bubbles, and protected from visible light. The final hydrogel solution made of 4% w/v
GelMA (0.3% w/v Pl and 5% v/v Matrigel was stored at 4°C under dark conditions until experiments.
The hydrogel was then poured in disposable base plastic moulds 15x15x5mm (Polysciences, Inc.,
Warrington, PA) personalized with aligned inlet and outlet blunt needles 27 G through which 200 pm
nylon fishing line (DLT Predator, Nylon Vislijn, 0.20mm, 500m, The Netherlands) was inserfed to form the
negative of the channel. Once that the GelMA,/Matrigel solution was poured, the hydrogel was left 10
min at 4°C for a first thermal crosslink. The mold with gelatinous hydrogel was then photopelymerized by
exposure to UV light (A 365nm, NailStar NS-O1, NailStar Professional, London, UK] at 12 mW/cm? and
5 cm distance for either 2 min. Once that the hydrogel was cured, the fishing line was removed, and the
channel was formed.

4.1.3 Hydrogel Characterization

Crosslinking stability

GelMA Matrigel hydrogels were prepared and placed at 37°C. To measure the loss in volume
due to water release at 37°C and thus the hydrogel crosslink stability, pictures of the hydrogel were
taken at O, 15, 30,45, 60,120,180, 300 minutes. Pictures were then analysed in Image) and
the size and thickness measured. All the data measurements were then standardized min O.

Scanning Electron Microscopy (SEM)

GelMA/Matrigel hydrogels were prepared as written above. The hydrogels were washed twice
with DPBS and fixated with 4% formaldehyde solution for 40 minutes and washed twice again with
DPBS. After fixation, samples were stored at 4°C in DPBS. The samples were then placed in a
falcon tube with enough DPBS to cover them and they were frozen info the liquid nitrogen and
lyophilized for 2 days. Samples were broken apart with tweezers and placed on SEM stubs. They
were coated with a conductive coating by gold sputtering (Sputter Coater 108 Auto, Cressington
Scientific Instruments, Watford, UK) and imaged with the Scanning Electron Microscopy (JSM-
IT100, JECL, Tokyo, Japan). Pore size was analysed with Image).

Mechanical properties

GelMA/Matrigel hydrogels were prepared as above mentioned. For assessing the mechanical
properties, samples were submitted to Dynamic Mechanical Analyzer [DMA 850, TA, New Casfle,
DE). All the measurements were in compression mode and performed at 20 °C, with an
initial /preload force of 9.80655x10° N. Stressstrain curves were visualized on TRIOS software
(v5.3, hitps: //www.tainstruments.com/triossoftware/.

4.1.4 Cell culture

Mouse 4T1 breast cancer cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
(PAA/GE Healthcare, Eindhoven, The Netherlands) supplemented with 2 mM L-glutamine, 10% fetal bovine
serum (FBS) and antibiotics (50 U/ml Penicillin and 50 ng/ml streptomycin. Mouse NIH/3T3 fibroblasts
and mouse H5V endothelial cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (PAA/GE
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Healthcare, Eindhoven, The Netherlands) supplemented with 2 mM Lglutomine, 10% FBS and antibiotics
(50 U/ml Penicillin and 50 pg/ml streptomycin). All cells were grown in cell culture treated 75 cm? flasks
in a humidified incubator at 37 °C with 5% CO,. Cells were passaged every 3 days and 0.05% trypsin-
EDTA in PBS was used for cell defachment.

Cell Viability

To defermine the viability of cells after seeding and thus the biocompatibility of the fabrication process,
green fluorescent Calcein-AM/red fluorescent ethidium homodimer-1{EthD-1) staining on hydrogels. In brief,
hydrogels containing monoculiures of both NIH/3T3 fibroblasts and 4T1 cancer cells were prepared and
immediately, affer cell seeding within the hydrogels, each sample was cut in four parts and measured on
days 1,4,7,10.

Each sample was washed twice with DBPS before incubated with 1 pl/ml CalceinAM 1o stain alive cells
and 2 pl/mL EthD-1 1o stain dead cells for 20 min at 37°C and immediately imaged with fluorescence
microscopy (EVOS Cell Imaging System, Thermofisher Scientific). Quantfification was performed by counting
alive and dead cells using Image] (Wayne Rasband, NIH, MD).

Cell Metabolic Activity

Similar to cell viability, the metabolic activity of cells was measured 1, 4, 7 and 10 days after cell seeding.
To monitor the activity, 15 pl of Alamar Blue dye (Sigma-Aldrich) in 150 pl of culture medium was added
per well. After 4h, the fluorescent signal was measured using a VIKTOR™ plate reader (Perkin Elmer,
Waltham, Massachusetts).

Spheroid formation

Wells of a non-adherent, round-bottom @6-well plate were treated with 100 pl of a protein repellent
coating consisting of 1% (w/v) Pluronic®F-127 (BASF, USA) prior to experiments to prevent cell
attachment during spheroid culture. Pluronic solution was added to each well, incubated overnight at
37°C, and washed out twice with sterile MilliQ water before cell seeding. Mouse 4T1 breast cancer
cells were seeded with a cellular density of 6000 cells/well and cultured undisturbed for 3 days at 37
°C with 5% CO:z to form homospheroids.

4.2 BCM Assembly and Characterization

Preparation for studying physical barriers effect on molecules transport

GelMA/Matrigel solution was prepared as described above while the BC microtissue assembly is
schematized below.
The effect of physical barriers as endothelium and stroma was evaluated by assembling three different types
of models:

i) cellfree model:
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ii) i) stroma-free microtissue model [H5V+, 4T1+, 3T3-] fo investigate the effect of endothelial
layer;

iii) iii) BC microtfissue model [H5V+, 4T1+, NIH/3T3+] in which, besides the endothelial layer,
also the effect of stromal components such as high cellular density fibroblasts was evaluated.

For cellree hydrogel the preparation procedure is the same described above (Supplementary Materials,
Fig.6S). For the cellular models, a first layer of hydrogel solution with or without 4x10°¢ cells/ml NIH/3T3
was deposited in the plastic mould and cooled down for a first thermal crosslink at 4°C for 10 min.
Approximately n=40 4T1 spheroids per sample were harvested on day3, collected in falcon tube,
cenfrifuged, and mixed with the solution of hydrogel with or without (4x10° cells/ml) NIH/3T3. This second
layer of hydrogel containing 4T1 spheroids and NIH/3T3+ was poured on fop of the first solidified
hydrogel layer and again placed at 4°C for 10 min. The thermal crosslink at 4°C has a double function
as it ensures the deposition of cancer spheroids roughly af the same level of the channel avoiding their
precipitation on the mould bottom due to gravity and increases the photocrosslinking stability of the whole
assembled hydrogel. Upon solidification, the cellularized hydrogels were photopolymerized by exposure
to UV light (A 365nm, NailStar NS-O1, NailStar Professional, london, UK} at 12 mW /cm? and 5 cm
distance for 2 min (Fig.).

Channel endothelialization: Following the photocrosslinking of the microtissue, the channel was coated with
a solution of 100 pl of Matrigel in 1 ml of cold DPBS and left at room temperature for 1 h prior fo
endothelialization to improve cellular adhesion. The microfluidic device was endothelialized by injecting in
the inlet and ouflet needles 25 pl of 10 x 10° cells/ml H5V suspension in DMEM medium. Both inlet and
outlet needles were closed with sealed 30 G needles 1o facilitate the entrance of cells info the channel. The
microfissues were then incubated for 30 minutes at 37°C. Right after, the same injection process was
repeated, and the needles were closed again and incubated overnight immersed in cell culture medium
made of DMEM/RPMI-1640 at 50:50 ratio. After 24 h the 30 G needles were removed allowing the
external medium 1o passively flow into the channel. The formation of a confluent monolayer took ca. 3 days

(Fig.8).

BCM were cultivated in petri dishes immersed in DMEM/RPMI-1640 at 50:50 ratio for 7 days at 37 °C
with 5% CO,. Cell culture medium was changed and refreshed once per day for 7 days. BCM were
monitored with bright field microscopy (EVOS Cell Imaging System, Thermofisher Scientific).
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FIG. 8 SCHEMATIC REPRESENTATION OF BCM LAYERING-BASED PREPARATION AND ENDOTHELIALIZATION PROTOCOLS
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CellTracker™ Labelling

Previously cultivated cells were labelled with CellTracker™ {Green CMFDA Dye, Red CMTPX Dye;
Molecular Probes) according to manufacturer’s protocol. Briefly, 4T1 spheroids and H5V cells were
harvested, centrifuged, and resuspended in a solution of 1 pl of CellTracker™ dye in 1ml of fresh medium
every million cells and incubated for 40 min at 37°C. In NIH/3T3 — hydrogels, 4T1 spheroids were
stained in red and H5V endothelial cells in green [Fig.] In NIH/3T3 + hydrogels, 4T1 spheroids were
stained in red and H5V endothelial cells in green while fibroblasts were not stained. Next, the CellTracker™
working solution was removed upon centrifugation and cells resuspended in fresh medium and further
cultured. Picture were taken on day 1 of culture with fluorescence microscopy via 4x 10 x objective (EVOS
Cell Imaging System, Thermofisher Scientific).

4.3 MODEL CHARACTERIZATION

i) Acoustical  characterization:  celdree and  celHaden NIH/3T3* (4*10° cells/ml)
GelMA/Matrigel hydrogels (15x15x5mm) were used to assess the acoustical clarity of the
model:

Optical characterization: cellfree and BCM /1 were used 1o assess the optical clarity of the
model under acoustical setup;

i) Biological characterization: NIH/3T3 and 4T1 monocultures were separately seeded to
compare the differences in gene expression of the two cell lines in 2D monolayers and 3D
hydrogel environments (Supplemtary Materials, Fig.);

i) Biological characterization: BCM ¥ (H5V M) models in which just 3T3 and 4T1 cells were
seeded in 7x7x5 mm hydrogels as 3D monocultures and then as 3D coculture were used o
assess the tumorigenicity of the model in the 3D environment with pathophysiological ratio 5:1,
NIH/3T3:4T1;

iv) Mechanical characterization: Co-culture 3D samples (NIH/3T3*; 4T1+;, H5V ~] were used fo
assess the mechanical properties of the cellladen hydrogel and a potential increase in model
stiffness over a 10-days period;

v) Biological characterization: BCM" were sectioned and sfained via immunohistochemical
staining to observe morphology and profein expression over time {on day 7 and day 14).

4.3.1 Optical and acoustical characterization

Samples for optical and acoustical characterization in the US setup were realized as described above,
with and without (4x10° cells/ml) NIH/3T3 fibroblasts. In order to assess the hydrogel acoustical
fransparency, acousfical characterization has been performed (the setups are shown in Fig.9). The
measurement was performed using two focused single-element fransducers, mounted in a water bath, see
the below figure. The transmit transducer (V304 SU, Olympus) had a center frequency of 2.25 MHz and
a focal distance of 4.77 cm. The receive transducer (V307-SU, Olympus) had a center frequency of 5
MHz and a focal distance of 4.90 cm. Pulses were produced with a progrommable waveform generator
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(8026, Tabor Electronics ltd., Tel Hanan, Israel). The amplitude was adjusted and amplified by a power
amplifier (VBA 100-200, Vectawave]. Received signals were recorded on a digital oscilloscope.

FIG. 9 EXPERIMENTAL SETUPS OF ACOUSTICAL AND OPTICAL CHARACTERIZATIONS. A) Overview of the acoustical characterization
experimental setup; B) Water tank containing emiting and receiving fransducers and the acrylic holder for the samples with and without cells
(shown in D); C) Schematic representation of the acoustical setup; E) Optical and MBsUS setup with ulira-high-speed-camera; F) G) Cellfree
hydrogel model (complete with disposable mould and needles) inserted in the acrylic holder for keeping the sample in the water tank during
experimets.

4.3.2 Biological characterization
4.3.2.1 Tissue morphology

Haematoxylin and eosin (H&E] staining were performed for a histopathological tumor representation
of BC microtissues with NIH/3T3, H5V, and 4T1 cancer spheroids at day 7. Before and after
tissue fixation with 4% paraformaldehyde BC microtissue were properly rinsed (x 2 times) in 1xPBS.
The fixed samples were subject to sucrose freatment which, as a cryoprotectant, disrupts inferactions
between polar water molecules preventing ice crystal formation in tissues when water freezes and
expands. BC microfissues were freated with 5%, 10%, 20% sucrose (Sigma Aldrich) in demi water
for 1 h each and then 30% sucrose in demi water overnight at 4°C. For sectioning BC microfissues
were collected, embedded in Cryomatrix (Thermo Scientific), and frozen at — 80°C. Afterward, BC
microfissues were cuf into 10 mm thick sections using a Cryotome FSE (Thermo Scientific). The BC
microfissue slices were collected on microscope slides and airdried for 30 minutes. Samples were
fixed with 4% formaldehyde for 15 min and washed 3 times x 2 min in aqua dest. BC microfissue
slices were then incubated for 15 min in haematoxylin solution and rinsed under tap water for 15
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minutes. After washing, slides were incubated for 1.5 min in eosin-solution. Following a series of
ethanolbased dehydration sfeps, respectively (2x) 96% and (2x) 100% ethanol for 1 min each, the
sections were sealed with cover slip by adding Depex mounting medium and left overnight at 4°C.

4.3.2.2 Tumorigenicity
a. Immunohistochemical staining of microtissue

Tumorigenicity frends of the BC microfissues with NIH/3T3, H5V, and 4T1 cancer spheroids were
observed with immunohistochemisiry (IHC) staining at day 7 and day14. Before and after tissue
fixation with 4% paraformaldehyde BC microtfissue were properly rinsed (x 2 times) in 1xPBS. The
fixed samples were subject fo sucrose freatment which, as a cryoprotectant, disrupts interactions
between polar water molecules preventing ice crystal formation in tissues when water freezes and
expands. BC microtissues were treated with 5%, 10%, 20% sucrose (Sigma Aldrich) in demi water
for 1 h each and then 30% sucrose in demi water overnight at 4°C. For sectioning BC microtissues
were collected, embedded in Cryomatrix (Thermo Scientific) and frozen at — 80°C. Afterwards, BC
microfissues were cut into 10 mm thick sections using a Cryotome FSE (Thermo Scientific). The BC
microtissue slices were collected on microscope slides and airdried for 20 minutes. Samples were
fixed with acefon (Sigma Aldrich) for 1O min and air dried again. The edges of the slides were
marked with a hydrophobic Pap-pen (Life Technologies). BC microtissue were rinsed three times in
PBS (5 minutes each) before primary antibody incubation overnight at 4°C.

The next day, the slides were washed 3 times with PBS and in order to avoid nonspecific staining
of the tissue and unwanted background staining that falsely indicates the presence of an antigen,
slides were treated with endogenous peroxidase blocking via 125 pl of 30% hydrogen peroxidase
(H2O5) in 50 ml PBS for 30 min. Again, BC microtissue were rinsed three times in PBS (5 minutes
each) before secondary antibody (dilution 1:100) incubation for 1 h at room temperature. Samples
were rinsed per 3 fimes (5 min each) in PBS before the tertiary antibody (dilution 1:100) incubation
for 2 h at room temperature. Samples were rinsed per 3 times (5 min each). Next, 3-amino-9-
ethylcarbazole [AEC] staining kit (Sigma Aldrich) was used to stain section. Sample were rinsed in
aqua dest before counterstaining the section with haematoxyline for 1 min. The samples were then
left under tap water flow for 5 min and covered with a coverglass using Aquatex.

Sections have been imaged using a Hamamatsu NanoZoomer Digital slide scanner 2.0HT
(Hamamatsu Photonics, Bridgewater NJ).

b. Relative gene expression in BC microtissue

Cellladen hydrogel with NIH/3T3 and 4T1 cancer spheroids 3Dmonocultures and co-cultures
ratio 5:1) were mixed with hydrogel solution and photocrosslinked in plastic molds (7x7x5 mm).
After 4 days of culture each hydrogel was degraded with 1.5 mg of collagenase (Sigma-Aldrich).
The hydrogels were incubated at 37 °C fill the complete hydrogel degradation was reached
(approximately 1,5 h). Afterwards, the cell suspension was centrifuged (300 g for 5 min) and the
supernatant was removed. The cells were then lysed

using RNA lysis buffer supplemented with mercaptoethanol (10 pl/1 mL lysis buffer]. The RNA was
isolated using standard protocols provided by the manufacturers (RNA Kit, Sigma-Aldrich). The purity
and RNA concentration of the samples were determined using NanoDrop (Nanodrop ND-1000,
Wilmington, DE, USA| with a sample size of 2 pl. cDNA was synthesized using standard protocols
and products (BioRad Laboratories B.V., Hercules, California, USA). The synthesis was performed
using Arkiik Cycler (Thermofisher Scientific) with pre-designed protocols, provided by the
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manufacturers. The gPCR was performed as follows. The prepared cDNA was diluted using RNAse
free water to a final concentration of 5 ng/ mL. For each gene measured, a primer master mix was
prepared consisting of respectively 0.08 ml forward primer, 0.08 ml backward primer (both at
conc. of 15 mM), 4 mL SYBR Sensimix (Bioline Reagents, Llondon, UK) and 1.84 ml RNAsefree
water, adding up to a final volume of & ml for each well. Respectively 2 mL cDNA and the primer
master mix were added in one well. Afterwards the plate was sealed and centrifuged for 2 min
before starting the gPCR conform standard protocols {C1000 thermal cycler BioRad, CFX 384 RT
system]. The housekeeping gene Clyceraldehyde-3-phosphate (GAPDH) was used for data
normalization and for defermination of relative gene expression values. The fold induction values
were calculated from the Cq values using the 2744 methods.

c. Transcriptome expression analysis in the human cohort from the public database

We selected and downloaded human TNBC gene expression datasets from the Expression
Omnibus dafabase (GEO). *GSE65194 dataset comprises of 41 TNBC tissues versus 11 normal
breast tissues serving as control '%. We used GEO2R to assess the expression of different mRNA
expression in TNBC versus control samples and plotted the normalized gene expression levels

4.3.3 Mechanical characterization

To evaluate the sfiffening of BC microtissue over time, H5V - samples were harvested and fixed in 4%
Paraformaldehyde at days O, 5, and 10. In parficular, NIH/3T3 cells and 4T1 spheroids (day 3) were
seeded info the hydrogel as described above. For assessing the mechanical properties, samples were
submitted to Dynamic Mechanical Analyzer [DMA 850, TA, New Castle, DE). All the measurements were
in compression mode and performed at 20 °C, with an initial/preload force of 9.80655x10° N. Stress-
strain curves were visualized on TRIOS software (v5.3, hiips://www.tainstruments.com/trios-software/).

4.4 Effect of physical barriers on molecules transport within the BCM

To investigate the fransport of molecules with different molecular weight through the endothelium and info
the surrounding extravascular stromal matrix, the three models, respectively celHfree, NIH/3T3 -, and
NIH/3T3 +, were connected by means of tubes [Masterflex Transfer Tubing, Tygon® ND-100-80
Microbore, 0.020" ID x 0.060" OD) to the perfusion system. In particular, the inlet needles were connected
via tubing to a T ml syringe located on the syringe infusion pump (KDS 200 / 200P legacy syringe pump)
while the outlets were connected via tubing to a 1 ml syringe hand controlled. Blood mimicking fluid solution
(BMF) composed of glycerol (MW 92.094, 99.5%: Thermo Fisher Scientific, VWaltham, MA, USA] and
PBS (Gibco, Sigma-Aldrich the Netherlands) was filtered with 0.2 pm syringe membrane filter and used as
circulating fluid in a ratio of 55:45 wi% to match physical properties of blood ' Stock solution of
Rhodamine B (Sigma Aldrich) and of fluorescein isothiocyanate-dextran (FITC-dextran) 10kDa and 70 kDa
(Invitrogen™!) were prepared by dissolving 50mg/ml of dye powders in MilliQ water and later in BMF
with final concentrations of 200 pg/ml. While 50 mg/ml of 100 nm plain Silica NPs (SicastarredF) were
added to BMF at a concentration of 500 pg/ml. The perfusion rate was set at 10 pl/min while the outlet
syringe was used fo create a sort of suck withdrawal within the channel and address the flow. Bright field
images and fluorescence microscopy time lapses {time range = 600 s and interval 10 s} were token with
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4x objective (EVOS Cell Imaging System, Thermofisher Scientific). To evaluate the dyes diffusion rate,
pictures at 1=0,60,300,600 s were overlapped and modified with the bright field picture on Inkscape,
while measurements were done with Image). To further confirm the different diffusion rates, signal infensity
profile was also analysed via Imajel.

4.5 US APPLICATION

4.5.1 BCM Preparation for MBs-US application

The preparation profocol of BCM for acoustical applications is similar fo the previous described with a few
differences. First, the bottom of the plastic mould 15x15x5 mm was punched with 8 mm disposable biopsy
puncher (Acu-Punch, Acuderm Inc, Lauderdale, USA) to avoid the plastic fo interfere with the UV beam. To
allow the crosslink of the hydrogel within the mould the punched part was then attached to the bottom with
fransparent tape and completely removed right after the crosslink. Second, the volume of solution is higher
as the channel was supposed to be closer to the top surface rather than the bottom surface as in the previous
case. The disposable mould was then filled complefely with three layers instead of two, of which the last
one was cellfree hydrogel layer to ensure a relafive transparency of the channel in the presence of
NIH/3T3. For US-mediated enhanced molecules diffusion study, cel-ree and NIH/3T3- hydrogels were
used to investigate the effect of MBUS on the endothelium and, eventually, the enhanced molecules
extravasation and diffusion.

4.5.2 High-speed imaging setup

By means of ultra-high-speed camera it was possible o cbserve mutual inferactions which are established
among cavitating MBs within the channel as well as the influence of (endothelialized or celHree) vessel
walls in MBs dynamic. In general, the high-speed videos reveal how the cavitating bubbles can increase
the permeability of vessel walls vielding insights crucial for a better understanding of underlying
sonoporation mechanisms. Depending on different applications the speed of recording may vary. Studying
the bubble dynamics is possible at recording speed of at least 2 million frames/second since the
microbubbles cavitate at millions of Heriz. Since we were inferested in observing the interaction of bubbles
with the vessel walls the videos are recorded in hundreds of thousand frames per second (the exact frame
rate is mentioned at the caption of each figure).

The setup includes an Olympus-BX2 microscope with a 5x objective (Fig.10). The bubble and vessel wall
were recorded using Photron SA-Z high-speed camera. The samples were illuminated with Sumita LS-M352
at the maximum power to support the needed light for the high-speed imaging. The ultrasound waves were
produced using Tabor 8026 waveform generator and amplified with amplifier {gain of 51dB). The
amplified electronic signal was transformed into pressure waves using a focused ultrasound transducer with
the centre frequency of 2.25 MHz (C305, Panametrics, USA). The alignment of optical and acoustical
focal points was adjusted using a 200 pm needle hydrophone.
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4.5.3 Fluorescent imaging Setup:

The FITC-Dextran 10 kDa has been used as fluorescent material to observe the diffusion in the surrounding
matrix. The illumination of dye was performed using Olympus TH4 Halogen lamp and a proper filter cube.
Since we are inferested 1o observe the propagation of dye in a long time and due fo the low infensity of
fluorescent dye the videos are recorded with 1.9 frames/s with the exposure time of 260 ms using Lumenera
LM165M camera. The perfusion rafe was set at 10 pl/min while the outlet syringe was used to create @
sort of suck withdrawal within the channel and address the flow.
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4.5.4 Ultrasound pressure wave parameters:

Pressure:

According to the information in literature the drug delivery is more efficient when the bubbles are
cavitating in the inerfial cavitation regime % 19 At inerfial cavitation MBs oscillate significantly
inducing shear sfresses on the surrounding medium including the capillary walls. This is the
mechanical effect behind the increased permeability and drug delivery mediated by MBs-US. The
pressure that we have used in these experiments was /00 kPa, according tfo therapeutic
sonoporation parameters found in literature . By means of ultra-high-speed camera we could
observe MBs in an inerfial regime of oscillation upon exposure to this pressure.

Frequency:

The frequency at which the bubbles were insonified is based on the resonance frequency
of bubbles. The resonance frequency is the frequency at which the bubble has the biggest
oscillation. This frequency can be calculated using Meneart relation:

f 1 3KPy
0 2TRy p
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In this equation Ry is the radius of bubble at rest,
p is the density of liquid, Kk is the polytropic
exponent of gas inside the bubble and Py is the
pressure inside the bubble. As it can be seen in
Fig. 12 the resonance frequency sfrongly
depends on the radius of bubble. This frequency
is calculated based on the size of bubbles each
time before performing the experiment. For
example, for a case with Ry = 3 um, k = 1.07,
P, = 100 kPa, p = 1000 kg/m3 the resonance
frequency is 1 MHz. Since the bubbles are
monodisperse all the bubbles that have been used
for each experiment have the same size therefore
the same resonance frequency. In this context it is
worthwhile mentioning the size distribution of

5 %10°
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o

—

# bubbles per ml

3 1 5

radius [pem]

FIG. 12 CHARACTERIZATION OF A POPULATION OF THE EMPLOYED

1 2

bubbles were investigate with a coulter counter, MONODISPERSE = MBs  [DENSITY  20X10°  MBs/M(]  SHOW
T . HOMOGENITY IN SIZE OF THE MBs WITH AN AVERAGE RADIUS OF 3
Results indicate an average diameter of 6 ym for "

a MBs concentration of 20x 108 MBs/ml.

Number of cycles and Pulse repetition rate

It hos been shown in the literature that because of primary acoustical radiation force the bubbles
can be pushed to the vessel walls. The cavitation in vicinity of bubble walls increase the permeability
of vessel walls. The movement of bubbles is possible using long acoustical pulses. VWe have used
250 cycles for each burst of pressure waves. This applied pressure wave was repeated 4 times
per minute.

Graphs & Statistical Analysis

All graphs were made using GraphPad Prism Vol.5 (GraphPad Software Inc., San Diego, CA) based on
calculations using Microsoft Excel (Microsoft, Redmond, WA, USA). All values are expressed as mean +
standard error of the mean (SEM). Statistical significance of the results was performed by either twortailed
unpaired student's test for comparison between two freatment groups or two-way ANOVA for to compare
multiple treatment groups. Statistical

significance between two patient groups in survival analysis was performed by Logrank (Mantel-Cox) test.
Significant difference was defermined for a pvalue of *p < 0.05, **p < 0.01 and ***p < 0.007,
respectively.
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5. RESULTS

5.1 GELMA/MATRIGEL HYDROGEL CHARACTERIZATION

5.1.1 GelMA/Matrigel hydrogel versatility and transparency

As shown in Fig. AB-C, the 4% (w/v) GelMA + 5% (v/v] Matrigel hydrogel is very versatile as it can be
employed to generate relatively thick (at least 5 mm) (Fig.13 A,C) or relatively large constructs {25x25x5
mm) (Fig.13 B) in a controllable fashion. In this research, hydrogels of 7x7x5 mm and15x15x5 mm were
cured in 120 s via photocrosslinking. While the small hydrogel size was used for samples aimed at
mechanical and biological characterization, the larger size allowed us the model suitability for the different
applications and setups, but also ease of perfusion and handling. Within the same hydrogel, it was possible
fo create multiple channels with different sizes, like 50, 100, and 200 pm as shown in Fig. D, as well as
different patterns of channels, Fig. E-F. The formation of parallel and crossed channels in 15x15x5 mm
hydrogels, as well as in 25x25x5 mm hydrogels, whether on the same plane and on different planes further
shows the integrity and inner stability of the hydrogel constructs. However, the realization of thick (ca.5 mm)
and large (> 15 mm) constructs resulted in a bit challenging because of insufficient photopolymerization
factors. As reported above, in this case, the degree of methylation, GelMA and/or Pl concentrations, or
UV exposure time can be tuned to obtain more stable constructs at the expense, however, of cell viability.
Important for this project is the fransparency of the hydrogel which guarantees the optical clarity necessary
for the observation of potential biological and acoustical phenomena.
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50 pm - 100 pm . 200 pm

FIG. 13 CELL-FREE HYDROGEL INTEGRITY AND VERSATILITY IN SIZE (A,B,C), CHANNEL SIZE (D) AND CHANNEL PATTERNS (E,F) A)
7x7x5 mm hydrogel B) 25x25x5 mm hydrogel C) 15x15x5 mm hydrogel; D) Three channel sizes in the same hydrogel [15x15x5mm), left
channel 50 pm, central channel 100 pm, right channel 200 pm; The central channel resulted in slightly damaged by friction upon removal of the
fishing line; bright field microscopy (4x) EVOS  E) Parallel channels; bright field microscopy (4x) EVOS F) Crossed channels; bright field
microscopy (10 x) EVOS

5.1.2 GelMA/Matrigel hydrogel stability and integrity

The stability of the hydrogel at physiological temperature (37°c) was assessed over a fime range10 h, as
shown in Fig. 14 F. Observation of the hydrogel allowed an approximate estimation of the loss of water
of the hydrogel and thus of loss of volume. Upon incubation, the hydrogel size starts to decrease quickly
and becomes stabilized affer ca.Q0 mins for a fotal reduction by ca. 48.8% compared fo the initial volume.
Interestingly, despite the significant hydrogel dehydration, the channel infegrity and stability were not
compromised. Besides the storing temperature, as anficipated in the previous section and as shown in fig.
A, also the initial size of the hydrogel affects the dehydration extent inasmuch, it affects the photocrosslinking
resulting in a less stable in case of the large sample or very stable and thus minor dehydration, in case of
the smaller sample, construct.

F
Hydrogel Stability (37°C)
1500
& [
E 1000
E
[
£
S 500
>
0 ) 1 1
: 0 200 400 600
t= 0 min t= 30 min t= 60 min Time (min)

FIG. 14 HYDROGEL STABILITY AT ROOM TEMPERATURE AND AT 37°C A) cell phone picture of 7x7x5 mm hydrogel after 30 min at room
temperature; B) cell phone picture of 15x15x5 mm hydrogel after 30 min at room temperature; C)D)E) cell phone pictures of 15x15x5 mm
hydrogels after O, 30, and 60 min at 37°C; E) Stability in terms of loss of water content and thus in terms of volume of a15x15x5 mm hydrogel

over time
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5.1.3 GelMA/Maitrigel hydrogel morphology and pore size

The infernal morphology of the 4% GelMA/5% Matrigel hydrogel was observed by Scanning Electron
Microscopy (SEM|. From the images obfained (Fig.15), GelMA/Matrigel hydrogels revealed a similar
porous infernal structure characterized by an irregular lominar organization. From the images and from the
graph reported in Supplementary material Fig. 3S, it can be observed that sample n.1 shows a more
homogeneous pore size distribution with a mean value of ca. 9,607 pm, while sample n.2 shows higher
heterogeneous morphology and pore size distribution but still maintains the average pore size of 9,37.
Sample n.3, shown in Fig.15 ,on the other hand, shows middle features of the first twos with a relatively
homogeneous morphology and two main pore size means, ca. 9,654 pm. In general, we can assume that
the GelMA/hydrogel hydrogel shows a relatively homogeneous network with non-interconnected pores
which present an average diameter of 9,544 + 0.0876 pm. It should be considered, however, that cel-
free hydrogels were freeze dried prior to SEM measurements. Lyophilization has an impact on the structure
of the sample, yielding cellfree hydrogels were lyophilized prior to SEM measurements. Pore size is well
known to affect cell viability and affinity as it affects nutrient and oxygen diffusion. However, in case of
fibroblasts, it was observed that 5-15 pm is a relatively optimal size which supports they ingrowth and
survival 1%, The nonrinterconnectivity of pores, however, could impact their migration and proper spreading.

4886 Jun 22]2021

FIG. 15 GELMA/MATRIGEL INTERNAL MORPHOLOGY OBSERVED WITH SCANNING ELECTRON MICROSCOPY (SEM); Pictures show
one of the three samples measured. Magnification is 800x for the left picture while the right picture is a defail of the left picture (2000x). The
sample showed an average pore size of 9,654+ 0.4125 pm.
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5.1.4 GelMA/Matrigel hydrogel mechanical properties Bt et oadyas
(DMA)
The mechanical behaviour shown in Fig. 16 of the
GelMA/Matrigel  hydrogels  was — assessed  via  Dynamic g
Mechanical Analysis [DMA] by means of transient experiments in | =
o
which the polymeric specimen is subjected to a gradual load and | & 0107
the deformation response is monitored over time. In the individual | 2
graphs of the three specimens in Fig.4, it is possible to observe the | g 0.054
similar  viscoelastic ~ spectrum  of the three 4% (w/V) ’
GelMA/5%[v/v) Matrigel samples upon gradual compression of o = I 4
the three hydrogels. Approximately, deformation values of the strain (¢) [%]
GelMA/Matrigel hydrogel reach ca. 60% for compression lower
than 200 kPa (Supplementary material Fig.4S). FIG. 16 SVISCOEIASTIC BEHAVIOUR OF CELIFREE

GELMA/MATRIGEL HYDROGEL SHOWN AS STRESS
STRAIN CURVE IN CIMPRESION MODE

5.2 HYDROGEL-BASED CELL CULTURE

Concurrent with the hydrogel characterization, a physiologicalike multicellular breast cancer microtissue
was esfablished and characterized by incorporating murine stromal and parenchymal breast cancer cell
lines. In particular, spheroids made of 4T1 breast cancer cells were embedded in the GelMA/Matrigel
hydrogel containing NIH/3T3 fibroblasts in a pathophysiclogicaHike ratio of 5:1 NIH/ 373:4T1.
Following, the channel was endothelialized with H5V which are murine heart endothelial immortalized
cells. The tri-culture model made of NIH/3T3 fibroblast, 4T1 cancer spheroids, and H5V endothelialized
channel constitute the breast cancer microtissue (BCM).

In this part of the project, the cellladen 4% GelMA /5% Matrigel hydrogel was tested for cell viability
assays and protocols for the cell seeding and model assembly process was elaborated and optimized.

5.2.1 Stromal and cancerous cell lines viabilities

In Fig.17 A)-B), the cell viability of the 3T3 and 4T1 cell lines respectively were assessed via LIVE/DEAD
while the mefabolic activity was assessed with Alamar Blue assays (Fig.17 C). In the case of fibroblasts,
cell viabilities of both 2* 10° cells/ml and 4* 10° cells/ml NIH/3T3 monocultures in GelMA/Matrigel
hydrogel were assessed on days 4,7, and 10. likewise, the relative mefabolic activities of both the
monocultures over time (day 1,4,7,10) were measured and normalized to day 1. The analysis of the relative
metabolic activity yields more quantitative results and, contrarily to what was expected, reveals striking cell
growth and proliferation rates at the lower density of 2*10° cells/ml when compared with the higher
cellular density {4*10° cells/ml) maybe because the denser cellular density constrains cells within the
hydrogel hompering the proper spreading. In this model, however, we aimed at the generation of a high
cellular density model for investigations on a densely packed stromal barrier and opted for 4* 10° cells/ml
NIH/3T3. Similarly, the cell viability and relative mefabolic activity of 4T1 breast cancer cell line within
the 4% (w/v) GelMa/5% (v/v] Matrigel is reported below in Fig.17 C. Even in this case, the metabolic
activity is subjected to an unexpected drop followed by a significant increase on day10. Overlapped and
split GFP and RFP chaannels images of the LIVE (green) /DEAD (red) staining are reported below and, in
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any case, show a growing frend in cell spreading and adhesion. While 4T1 breast cancer cells tend to
aggregate and grow in a clustered fashion, NIH/3T3 fibroblasts follow an aligned and distributed pattern.
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FIG. 17 HYDROGEL BIOCOMPATIBILITY VIA CELL VIABILITY ASSAYS A) LIVE (green)/DEAD (red) assay of NIH/3T3 fibroblasts monoculiures
in hydrogel with cellular density of 2* 10° cells/ml. Measurements were taken at d1, d4, d7, and d10 of culture. Pictures were taken at EVOS
with 10x magnification to show cell viability, morphology, and distribution; B) LIVE (green)/DEAD (red) assay of 4T1 breast cancer cells monocultures
in hydrogel with cellular density of 2* 10° cells/ml. Measurements were taken at d1, d4, d7, and d10 of culture. Pictures were taken at EVOS
with 10x, magnification to show cell viability and morphology which, in this case show the formation of cell clustered indicated with white arrows;
C) Metabolic activities of NIH/3T3 fibroblasts monocultures in hydrogel with cellular density of 2* 10¢ cells/ml and 4* 10 cells/ml and of 4T1
cells (2*10° cells/ml) were assessed with Alamar Blue assay (left and right respectively). Measurements were taken at d1, d4, d7, and d10 of
culture and normalized to d1 in case of 2* 10¢ cells/ml 3T3 and 4T1 and normalized to the negative control of each day for 4* 10° cells/ml 373
. The graph shows the mean values and SEM of the triplicate for each data sef.
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5.2.2 Channel endothelialization of BCM

Following the endothelialization protocol, as shown in Fig.18, a confluent H5V coverage of the supematant
channels within five-seven days of dynamic (capillary force) culture was obtained. Cells injected from both,
the inlet and outlet, needles readily adhered to the walls of the supernatant channel coated with Matrigel,
elongated, and grown toward the middle part of the channel as shown in Fig.18A (day=0 of
endothelialization) and in Fig.18B-C (day 5 and day ¢ respectively), without evidencing the presence of
necrotic areas. Furthermore, as shown in fluorescence microscopy, cells covered the entire circumference
of the channels. No further changes in endothelial morphology were observed after four days of cultivation.
After five-seven days of culture, a confluent monolayer of H5V was created (Fig. 18C). Following the same
endothelialization protocol but modifying the disposable plastic mould with two more needles, inlet and
outlet, was possible to integrate and endothelialized a second channel in a parallel fashion within the same
hydrogel. Moreover, success of the endothelialization protocol, morphology, and distribution of H5V cell
line was assessed with Calcein-AM (green) assay on day 4 as reported in Fig.18 G,H.

FIG. 18 CHANNEL ENDOTHELIALIZATION A) Channel (200 pm) exiremities nearby the inlet and outlet needles (27G) right after H5V injection
(day O), bright field microscopy 4x B} Channel (200 pm) middle part on day 5 (above) and on day 6 (below] show the H5V cell growth and
spreading within the channel, bright field microscopy 4x; C) Different plans (from the middle plan to the top plan) of the same channel {200 pm)
part, bright field microscopy 10x; D) E) Endothelialization of two channels (200 pm) within the same hydrogel, top and side view respectively,
bright field microscopy 4x; F) Side view of one of the two channel, some H5V cells came out of the channel and attached on the external surface,
bright field microscopy 10x; G| H) Top and side view respectively of LIVE/DEAD assay on H5V cells within the channel (200 pm), fluorescence
microscopy, 10x.

5.3 BREAST CANCER MICROTISSUE (BCM)

Two model were assembled for the final applications of this research project. The difference between the
two models is given by the presence or lack of the stromal components, NIH/3T3 fibroblasts in this case.
Thus, we have:

il BCM ' composed of 4T1 spheroids/sample and a confluent endothelial layer made of H5V
(Fig. 19 AE);

i) BCM I composed of NIH/3T3, 4T1 spheroids/sample (in the rafio 5:1, NIH/3T3:4T1) and
a confluent endothelial layer made of H5V (Fig.19 F-L);
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While BCM "'is used for investigating the effect of the endothelial barrier on molecules transport, the
complete BCM ™ offers a more complete biological scenario with the inclusion of high cellular density
stromal components. The visibility of the channel and spheroids is, with no doubts, clearer in the BCM
"as shown in the bright field images below. However, although the high cellular density, it is still
possible to discern BCM ' components thanks to the transparency of the hydrogel.

FIG. 19 FUNCTIONALIZED BREAST CANCER MICROTISSUES WITHOUT [A-E) AND WTH (F-Ll) STROMA (NIH/3T3 FIBROBLASTS).
Pictures were taken with bright field microscopy with the following magnifications: a) f] g) h) 4x; b] ¢} d) i} I} 10x; e] 20x. While in NIH/3T3 —
hydrgoels, 4T1 spheroids and channel are neatly visualized, in NIH/3T3 + channel walls are less visible.

5.3.1 BCM model assembly and static cell-culture

As the final result of the cell seeding and endothelization protocols showed in Fig., the complete BCM 1/
models are assembled as shown in Fig.20. This 3D BCM model owns high degree of reproducibility and
tunability of the components’ distribution within the hydrogel matrix. Ideally, 4T1 spheroids populations
should be placed around and nearby the channel as shown in Fig. 20 A, possibly located on the same
plane as shown in Fig. 20 (D,E,L) in which endothelial layer and spheroid's border are sharply observable.
It should be avoided, instead, the deposition of spheroid merely above the channels as, due fo gravity,
they tended to precipitate risking the damage, and eventually the collopse, of the channel [supplementary
material, Fig,6S]. The precise deposition of spheroids into the hydrogel around the channel was not always
obvious as shown in Fig.20 B {right picture]. Interestingly, during cell culture over the 10-days period,
differences in hydrogels opacity and yellowing between the two conditions, BCM¥ were remarkable.
After @ days of culture, itis, indeed, very clear the cbservation of a different type of matrix, denser, certainly,
less transparent, Fig. 20 E-H.
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FIG. 20 BREAST CANCER MICROTISSUE ASSEMBLY AND CULTURE A) BCM on day O right after endothelial cell seeding, the yellow 30 G
needles are inserted within the inlet and outlet needles; B) Stroma-free (NIH/3T3 - hydrogels show the random distribution of 4T1 breast cancer
spheroids within the hydrogel; C) Differences in stromafree (NIH/3T3 - (lefi) and stromal (NIH/3T3+] (right] hydrogels on day O of culture; D)
Differences in stromafree (NIH/3T3 - (left side) and stromal (NIH/3T3+] (right side) hydrogels on day 4 of culture; E)F)G)H) Differences in stroma-
free [NIH/3T3 - (leff) and stromal (NIH/3T3+] (right] hydrogels on day @ of culture. The samples containing NIH/3T3 undergo a change in
transparency and acquired a yellowish colour. Al the pictures were taken with cell phone.

5.3.2 Qudlitative approach - CellTracker™ staining

Prior to cell seeding, H5V cells and 4T1 spheroids were fluorescently labelled with CellTracker™ probes
and their disposition in both, BCMY™, was assessed on day 1 of culture at EVOS . This qualitative analysis
just gives us a hint on the cellular distribution within the microtissue and further emphasizes the less optical
clarity due to NIH/3T3 fibroblasts presence. As mentioned above and as reported below in Fig. 21
(second raw) the presence of fibroblasts reduces the signal infensity of spheroids (in green) and of channel
(red) compared fo the non-stromal microtissue (red spheroids and green channel).

FIG. 21 BCM CELL TRACKER LABELLING H5V ENDOTHELIAL CELLS AND 4T1 BREAST CANCER SPHEROIDS WERE LABELLED BEFORE

CELL SEEDING INTO THE HYDROGEL. In NIH/3T3- hydrogels, 4T1 spheroids are labelled in red and H5V cells in green, while in NIH/3T3+
hydrogels, 4T1 spheroids are in green and H5V cells in red

313 -

3T3 +

53



5.4 BCM MODEL CHARACTERIZATION

After the characterization of GelMA/Matrigel hydrogel in terms of biomaterial's stability, versatility,
mechanical and optical properties, it followed the characterization of the GelMA/Matrigel hydrogel in
terms of cell viability, biocompatibility, and tunability of cellular components within the hydrogel.
Simultaneously to this second phase, further characterization was conducted at the level of the whole BCM
model in parallel. Given the different natures of characterizations necessary for the description of this model,
this phase was conducted all over the project duration. Specifically, each characterization step was carried
out upon optimization steps. In other words, when the hydrogel composition was defined after a broad
biomaterials study, the acoustical characterization was conducted right away to assess the suitability of the
model in the acoustical setup. Similarly, when the cell viability of the hydrogel was estimated, mechanical
and biological characterization of the model was assessed. The progressive characterization of the model
did in such a manner as to adopt BCM subtypes (BCM' and BCM™*)) according to the relevancy of the
analysis. Results from different characterizations are reported below.

5.4.1 ACOUSTICAL CHARACTERIZATION

CelHree hydrogels and 3T3*loden hydrogels (4*10° cells/ml] were acoustically characterized. After
assessing the optical clarity, in this analysis, we analysized the acoustical clarity of the model and thus its
suitability for acoustical applications with a small attenuation or distortion of the US beam. In this analysis,
we aimed at measuring the attenuation coefficient a which indicates how easily a volume of material can
be penetfrated by a beam of sound. large aftenuation coefficients imply a quick "attenuation” (weakened)
of the beam as it passes through the medium, and a small attenuation coefficient means that the medium s
relatively transparent to the beam, so there is no attenuation. Here, attenuation was measured from 30-
cycle ultrasound pulses transmitted over a frequency range from 0.7 to 5 MHz at peak negative acoustic
pressures ranging from 10 kPa to 100 kPa, by increments of 10 kPa. To measure attenuation, first, @
reference signal was recorded, i.e., we have measured the amplitude of a signal that travels through the
water to the receive transducer. Then the sample was placed between the transducers at the focal point of
fransmit transducer and the aftenuated signal was measured. The longitudinal attenuation in respect to the
water is calculated using the below relation:

1 10,
a =20 x log 2drosel ATTENUATION COEFFICIENT a [dB/cm]

Reference

Where
lnciden =intensity of the incident (fransmitted) wave.
lt= intensity of reflected wave relative to the

In comparison to water, it was observed a very small aftenuation which oscillates around zero for pressure
intensities in the range of 10-100 kPa of both cellfree and celladen GelMA/Matrigel meaning that
hydrogels are acoustically fransparent. The observed fluctuations in the affenuation curves originate, in fact,
from the reflections and constructive or destructive inferference of pressure waves. The peak in attenuation
recorded in the range 0.5 -1 MHz of the cellladen hydrogel (Fig. 22 right) is given by a mistake in dafa
acquisition. The recording length of oscilloscope was not adjusted properly to record the signals at a low
frequencies.
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FIG. 22 ACOUSTICAL CHARACTERIZATION OF CELL-FREE (LEFT) AND CELL-LADEN (RIGHT) GELMA/MATRIGEL HYDROGEL

5.4.2 BIOLOGICAL CHARACTERIZATION

5.4.2.1 H&E STAINING: MORPHOLOGY OF THE BCM

H&E staining was performed to observe the morphology of the BCM  model and fo vield o
qualitative analysis relative to both biological and structural relevance. In Fig. 23, side (Fig 23 A-
D) and top (Fig. 23 E-F) views of 10 pm thick sections of the BCM ! are reported. Pictures were
taken with 2,5x, 10x, and 1x magnifications and provide a more concrete idea of the model
architecture, of the variability of cell distribution within the tissue and around the channel, and
eventually, of the tissue size itself. Situations in which tumor spheroids are in the proximity of the
channel as shown in Fig.23 C were more common compared fo situations as depicted in Fig.23
A in which the tumor spheroid is located very distantly from the channel. It is also interesting to point
out the NIH/3T3-given ECM which characterized the BCM "/ stroma surrounding the channel and
the tumor spheroids. In Fig. 23 D, the defail of the channel shows the presence of endothelial cells
attached around the channel and a more consistent ECM surrounding it. The samples, large ca.
12x12 mm and thick 4-5mm were sectioned on the side (XY) as discussed so far, but also, they
were sectioned from the top (XZ) to yield another perspective of the tissue morphology. From top
views (Fig.23 E, F), the disposition of tumor spheroids around the channel can be observed. Detail
is given in Fig.23 F in which the endothelial wall and the tumor spheroids are indicated by amrows.
From the top view of the sectioned fissue, emerged the discontinuity of the endothelial walls and
thus that the channel was not completely coplanar (it was not possible to have it all in the same 10
um fissue slice). For the aim of our project, the non-coplanarity of the channel was not an issue
because we were always able fo have the vessel walls on focus but if it is particularly accentuated
it might yield discrepancies in some measurements.
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FIG. 23 HAEMATOXYLIN & EOSIN (H&E) OF BC SIDE AND TOP SECTIONS, CELL NUCLEI ARE IN PURPLE WHILE ECM AND CYTOPLASM
ARE IN PINK SCALE; A) C) Side sections of the BCM in which the endothelialized channels and the tumor spheroids are indicated;
MAGNIFICATION 2.5X; BJ Side section of the BCM, detail of 4T1 spheroid; magnification 10x; C) Side section of the BCM, detail of 4T1
spheroid nearby H5V channel; magnification 10x; D) Side section of BCM, defail of H5V endothelialized channel; magnification 10x; E) Top
view of the BCM; magnification 1x ; F| Detail of the top view (E] in which the channel, and the tumor spheroids are well visible, magnification
2,5x.
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5.4.2.2 PROTEIN EXPRESSION IN BCM

To investigate the protein expression within the microtissues, we sectioned the cryopreserved tissues
with a FSE cryotome and sfained them with cytokeratin 19, collagen Ta, and vimentin whether on
day 7 [Supplementary Material, Fig.8S] and on day 14. This immunohistochemical staining was
aimed at a beffer characterization of the BCM *! confent via the expression of key stromal [collagen
Ta and vimentin), and cancerous (CK19) protfeins. In the case of tumorigenic features, the spheroids
were found fo be highly positive for the CK19 staining thus indicating the presence of epithelial
4T1 breast cancer cells embedded in the tissue (Fig. 24 A, B). The surrounding area around the
four spheroids showed in these pictures, therefore, resulted in to have solely consisted of NIH/3T3
which showed very litfle expression of CK19.  Vimentin sfaining revealed that 4T1 breast cancer
spheroids on day 14, not only expressed the epithelial marker CK19 but also showed a significant
expression of the mesenchymal marker vimentin in the outer shell of the spheroid indicating loss of
epithelial features, and acquired migratory phenotype of 4T1 cells in contact with the surrounding
ECM matrix (Fig.24 E,F).The area stained positive for Collagen1-1a, a very representative ECM
protein, (Fig.24 C, D) surrounds the tumor spheroids and covered the entire tissue section with o
higher expression on the tissue border likely in concomitance with high fibroblasts cellspreading.
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FIG. 24 IMMUNOHISTOCHEMICAL STAINING OF BCM AT DAY 14; A) B) Protein expression of Cytokeratin 19 (CK19) at 2.5x (A) and 10
x (B); C) D) Protein expression of Collagen-1 at 2.5x (C] and 10x (D); E) F) Protein expression of Vimentin at 2.5x (E) and 10x (F);
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5.4.2.3 TUMORIGENICITY AND CLINICAL RELEVANCE OF THR BCM

The effects of GelMA hydrogels on cells fate were further examined evaluating gene expression
using the quantitative polymerase chain reaction (qPCR) approach. In this analysis, 2D and 3D
monocultures of the respective cell lines were compared, and results are reported in Supplementary

Material, Fig 7S.

The bioclogical relevance of the BCM model was, instead, furtherly assessed by separately
measuring the gene expression of 3D monocultures of NIH/3T3 and of 4T1 spheroids in hydrogel
and comparing it with the 3D coculture in hydrogel to estimate the relative gene expression
contribution given by both stromal and cancerous cell lines in the BCM model. To compare the
three different datasets the 22" method was preferred over the 224" method. The 22T equation,
in fact, doesn't include a reference gene and it was used to estimate the relative contribution of the
two cell lines to the coculture model gene expression according to the results of the singular
monocultures. The expression of different stromal or tumorigenic markers and their relative up- and
downregulation in the 3D co-culture environment was evaluated with gPCR analysis performed on
monocultures and cocultures at day 4. Notably, the H5V! BCM in which NIH/3T3 and 4T1
spheroids are cultured (5:1), is particularly characterized by a very high expression of vimentin
followed by fibronectin. Notably, mesenchymal marker vimentin resulted in to be particularly
expressed in all the conditions showing an average expression of 172 in the coculture model
deriving, fo a greater extent, from 3T3 fibroblasts, which instead showed an average value of 73
compared fo the 4T1 3D monoculiures (56,74]. Fibronectin (Fn1), on the other hand, showed a
drastically difference between 3D monocultures as NIH/3T3 showed an average of 215,3 while
4T1 spheroids showed more moderate values (79,8), resulting however in an increased expression
in the coculture (151,05) and thus higher invasiveness. This result, together with the downregulation
of E-cadherin (E-cad) from 4T1 monocultures [1,32) to the co-culture with fibroblasts (0.82) confirms
that 4T1 tumor cells underwent EMT in BCM and differentiated toward a mesenchymal phenotype.
levels of the Pdgfr-B, more accentuated in NIH/3T3 3D monocultures (2,73), provide additional
indications of the fransition towards a mesenchymal and migratory phenotype of the BCM (1,64
if compared fo the 4T1 monocultures (0,96). Confrarily, a significant upregulation in Mmp9
expression, which suggests the extent of cellular differentiation in breast cancer cells, was found in
4T1 tumor spheroids monocultures (6,93) when compared 1o coculture tissues (1,94). The close
relation between profibrotic TgiB and pro-inflammatory tumor necrosis factor (Tnfla was shown
here as they were found to be similarly expressed in the coculture models (2,86 and 2,83
respectively) and downregulated in compared fo the 3D monocultures of 4T1 (4,51 and 4,64
respectively). Angiogenic Vegf instead, initially more expressed in fibroblasts monoculture (0,99),
displayed a slightly lower, but not significant, expression in the co-culture tissue (0,55). Interestingly,
hypoxia representative gene hypoxia-inducible factor 1 a [HifTa) was slightly upregulated in the
cocultures with an average values of 1,76 when compared fo the two singular monocultures, 1,34
for 373 and 0,94 for 4T1 spheroids. Unexpectedly, the expression of stromal markers such as o
SMA, integrin subunit alpha 5 {ligab), and periostin (Postn) as well as tumor-associated drug
resistance marker (Abcg2) presented very low expression in both, monocultures and co-culture
conditions.

Nevertheless, to confirm the tumorigenic frends of the H5V ! BCM model and fo support its clinical
relevance, a transcriptomic analysis of the publicly available data of TNBC patients was conducted.
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In the dataset GSE65194, data from 11 TNBC patients and control patients was analysed to know
the significance of the altered genes. Interestingly, we observed that all the genes showing
upregulation in our microtissues also showed significant overexpression in TNBC patients when
compared fo the control patients. The genes which are most altered in the cocultured

microtissues and significantly alfered in the patients are shown in Fig.25B.
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FIG. 25 TUMORIGENICITY AND CLINICAL RELEVANCE OF THE BCM; A) Gene expression of NIH/3T3 and 4T1 3D monoculiures in hydrogel
and the gene expression of NIH/3T3 and 4T1 3D coculture in hydrogel were compared fo assess the relative contribution of the two cell lines to
the tumorigenicity of the BCM; B) Comparative transcriptomic analysis in human TNBC patients from public database GEO () for genes found to
be upregulated in the 3D breast cancer microfissue.

5.4.3 MECHANICAL CHARACTERIZATION

Following fixation on days 0,5, and 10, microfissues composed of 4* 10° cells/ml NIH/3T3 and 4T1
spheroids in ratio (5:1) were subjected to mechanical characterization via DMA in compression mode
performed as in the hydrogel mechanical characterization This analysis was conducted based on the
hypothesis of microtissue stiffening due to enhanced ECM deposition by fibroblasts or cellular proliferation
as observed in desmoplastic reactions typical of breast carcinomas. In other words, the mechanical
characterization of celHaden hydrogel can be used to observe a hypothetical extent of stiffening and to
yield a further description of the tumorigenic stroma recapitulated in this model. Stressstrain curves of cell
laden GelMA/Matrigel are reported below in Fig. 26 and show a similar frend among days 5 and 10,
while day O is significantly characterized by higher stiffness inasmuch, for equal values of deformation, a
higher stress should be applied. Unexpectedly, however, the sfifiness feature of celHladen hydrogels over
fime attenuated, showing lower rigidity on day 10 which, yet remains higher than the cellfree hydrogel.
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Given the lack of statistical significance among the three independent replicates, however, these curves
can just qualitatively describe the mild changes observed in the microtissue mechanic over 10-days culture.
The decrease in compressive modulus over time could be given by a degradation in the hydrogel matrix
which make the whole structure weaker from day O to day 10.
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FIG. 26 STRESS-STRAIN CURVE OF CELL-LADEN (3T3+; H5V-; 471 SPHEROIDS +) HYDROGEL AND COMPARISON WITH CELL-FREE
HYDROGEL; MECHANICAL CHARACTERIZATION THROUGH DMA IN COMPRESSION MODE. A) stressstrain curve of cellladen hydrogels
atday O, 5, and 10 shows a decrease in overall sfiffness; B) comparison of stressstrian curve of cellree and celladen hydrogel at day 5 shows

difference in stiffness, with celHaden hydrogel stiffer than celHree. Data represents mean + SEM for at least 3 independent experiments. *p < 0.05,
**0 <0.01, ***p <0.001

5.5 MOLECULES TRANSPORT WITHIN THE BCM

Following a broad multidisciplinary characterization phase in which we showed both the biological and
clinical relevance of the proposed BCM, in the third part of this project, we aimed at its application for
molecules transport studies. In parficular, we aimed at showing the adequate suitability of the model fo this
type of application by recapitulating and showing the impediment that biological diffusion barriers constitute
within the tumor milieu in the specific case of breast carcinomas. As mentioned in the first part of this report,
in such desmoplastic cancers, the greater physical barrier is constituted by a dense and aberrant deposition
of ECM molecules responsible for increased solid stress and which, along with high IFP, contributes to
therapeutic failure. The resulting impenetfrable barrier in fact makes diffusion and penetration of anficancer
agents insufficient risking suboptimal therapeutic regimens. By employing the cellfree hydrogel and the two
configurations of the microtissues, BCM /1), it was thus possible the qualitative analysis of the limited
diffusion of different molecules upon the presence of both, the endothelial barrier in BCM " and the
endothelialstromal barrier in BCM ! using celHree hydrogel as control.
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5.5.1 Rhodamine B transport within the BCM /)

Time-apse fluorescence microscopy of cellular fransport of Rhodamine B is Fig.27 D. All the images were
obtained by perfusing Rhodamine B in BMF solutions for 10 min at a perfusion rate of 10 pl/min. As shown
below, the distribution profile of Rhodamine B is very sharp and neat suggesting a very homogeneous
distribution within each BCM. Further confirmation of the homogenous diffusion of Rhodamine B is given by
the signal profile plots shown in Fig. 27 C in which the relative plateau of signal intensity is reached in all
the measurements regardless of the cellular conditions (Fig. 27 C top) and of the time points (Fig. 27 C
bottom|. The local fluorescence infensity is indeed proportional to local Rhodamine B concentration.
Interestingly, in Fig.27 D. for NIH/3T3* microfissue the distribution profile of Rhodamine B follows the
morphology of the tissue and in particular of the spheroids nearby the channel. What changes in the three
different conditions, cellfree, BCM (], and BCM (+] respectively, is the diffusion distance of Rhodamine B
from the channel over a 10 min period. As hypothesized, higher diffusion distances of Rhodamine B were
observed in the celHree hydrogels, followed by stromaree hydrogel | BCM ), and eventually by stroma-
laden hydrogel ( BCM ). The statistical significance in Rhodamine B diffusion was present between BCM
" and celHree models at 5 min whereas at 10 min significant difference was observed between BCM Y
and BCM ¥ models, as shown in Fig. 27 B. In the signal intensity profile plots, besides the equal plateau,
the different curve slopes are all parallel, implying the equal signal intensity but at different distance the
curve related to cellree hydrogel is (delayed) broader since the diffusion distance is higher.



A Rhodamine B Diffusion

1000
-o- cell-free
__. 8004 = 373
;— 600-] / 3T3
S 400-] ~
2 ~
] -
200
0 T 1
0 5 10
time (min)
Rhodamine B Diffusion Rhodamine B Diffusion Rhedamine B Diffusion
B {1 min) (5 min) {10 min)
250 800 * ok
1000
Ezoo E s00 __ 800
= = E ==
@ 180 2 2 so0
o e 400 @
5 100 s g
@ » S 400
5 S 200 g
50 200
[} . . [ N g y °
& L0 & L el & O >
(P\\!\ LS :F'\\ ) 5 (P\\“( BN
C Rhodamine B Signal Profile (5 min)
100
- cell free
é’ 80 - 373
[}
5 60 \ 373"
E
T 40
R=
@ 20
0 T T T T 1
0 500 1000 1500 2000

distance (pm)
Rhodamine B Signal Profile (cell-free)
100

Rhodamine B Signal Profile (3T3%)

1 min 100
1 min

80 " + 5min -
f‘ \ 80 e “*\ - 5min
10 min i -

60 / 10 min
60

40

signal intensity
Signal intensity

20

T T T 1
0 500 1000 1500 2000

T T T
distance (um) o 500 1000 1500

distance (um)

O

t=300 s

CELL-FREE

3T3+

FIG. 27 RHODAMINE B DIFFUSION AND SIGNAL PROFILES INTO THE BCM; A) Diffusion curves of Rhodamine B within cellfree, 3T3-, and
3T3+ BCM for the evaluation of Rhodamine B transport in the presence of endothelial barrier [H5V+; 4T1+; 3T3-] and endothelial and stromal
barriers [H5V+; 4T1+; 3T3+]; B} Diffusion of Rhodamine B at time points 1, 5, and 10 min in BCM(+)/[) models. Data represents mean + SEM
for at least 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001; C) Rhodamine B signal intensity profiles comparison in celHree,
3T3-, and 313+ BCM at 5 min of perfusion (top); Rhodamine B signal profiles comparison in cellfree (bottom left) and 3T3+ (botiom right) at 1,5-
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62



5.5.2 FITC Dextran 10 kDa transport within the BCM /)

Similarly, FITC Dextran 10kDa diffusion studies were performed using the same experimental setup. Having
a larger size (Mw and hydrodynamic radius) than Rhodamine B, we had supposed FITC Dextran 10 kDa
to diffuse slower within the BCM.

Even in this case of FITC Dextran 10 kDa, the differences in diffusion distance from the channel due to the
physical barriers’ impedance are measurable (Fig.28A) but less accentuated compared to Rhodamine B
diffusion. Notably, the differences in diffusion distance are not appreciable and significant as in the first
case of Rhodamine B as shown in Fig. 28A. The diffusion distance curves are indeed very close to each
other with a significant difference just between the cellfree model and BCM ¥ at 10 min, Fig.11B.
Furthermore, in the case of FITC Dextran 10 kDa, the diffusion profile is less neat and more heterogeneous
compared to the first case as can be observed in the microscopy frames (Fig.28D bottom). However, the
dye solution is more confined by the surrounding cellular or non-cellular matrix as shown in the narrow bell-
shaped signal profile plots (Fig. 28 C, D). Therefore, in the case of larger molecules are more appreciable
differences in signal intensity, and thus in molecules' local concentration, as shown in Fig. 28 C,D rather
than in diffusion distance as used for Rhodamine B. In this case, the presence of the dense stroma made of
NIH/3T3+ is what mostly hampered the diffusion of FITC Dextran 10 kDa while no striking difference was
observed between celdree and BCM " models.

Importantly, observing the diffusion rates of Rhodamine B and FITC Dextran10 kDa, they behave differently
in the three microtissue conditions. Alternatively, we can say biological barriers affect molecules' diffusion
differently, depending on the molecule size. After 10 min, in the case of Rhodamine B (ca. 1 nm), diffusion
affenuation is the same (15%) from celHree hydrogel to BCM and from BCM! to BCM*: Therefore there
is a decrease in diffusion by 30% from celHree hydrogel to BCM™. There is no difference between diffusion
rates through the endothelial and the stromal barrier may be due to the excessive small size of Rhodamine
B molecules which experience the same flow resistance regardless of the biological barrier. FITC Dexiran
(10 kDa) molecules (ca.4-5 nm), on the other hand, show different extents of transport impediment
depending on the biological barrier inasmuch the diffusion rate from cell-ree to BCM! is attenuated by 15%
while from BCM 1 to BCM ™ is decreased by 28,5% indicating a further reduction of 13,5% in the
presence of the dense stroma. However, from these data, oppositely of what was expected, it appears that
the endothelial barriers yield equal flow impediment regardless of the molecular size of dyes, as we
measured ca. 15% in diffusion reduction from cellHree to endothelialized channel for both FITC Dextran {10
kDa) and Rhodamine B. According to this data, we can assume that the endothelial barrier is equally
permeable to FITC Dextran (10 kDa, ca. 4-5 nm) and Rhodamine [ca.1 nm) as the endothelium is usually
permeable to molecules ranging from O.1 nm (ions) to 11.5 nm (such as immunoglobulins). In this case,
according fo what was reported by Sukriti et al. and by Dravid et al., the transport of FITC Dextran 10 kDa
(larger than 3 nm) as well as of other macromolecules such as albumin, would occur through the transcellular
pathway, also defined as transcytosis or vesicular transport. On the other hand, Rhodamine B (smaller than
3 nm) together with glucose, water, and ions, would pass via endothelial junctions, and thus via the
paracellular pathway. Both transcellular and paracellular pathways work simultaneously to maintain the

oncotic tissue pressure and ensuring the endothelial barrier 1% 197,
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FIG. 28 FITC Dextran 10 kDa DIFFUSION AND SIGNAL PROFILES INTO THE BCM; A) Diffusion curves of FITC Dextran 10 kDa within cell
free, 3T3-, and 373+ BCM for the evaluation of FITC Dextran 10 kDa transport in the presence of endothelial barrier and endothelial with
stromal barriers; On the right Diffusion of FITC Dextran 10 kDa at time points 1, 5, and 10 min in cellfree and BCM*/H models. Data
represents mean + SEM for at least 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001; B) FITC Dextran 10 kDa signal
intensity profiles comparison in celHree, 3T3-, and 373+ BCM at 5 min of perfusion (top); C) FITC Dextran 10 kDa signal profiles comparison
in cellfree (top left), 3T3- (fop middle], and 3T3+ (top right) at 1,5, and 10 min; Frames of FITC Dexiran 10 kDa diffusion in within celHfree
model at =10 min (bottom left); frames of FITC Dexiran 10 kDa diffusion in 3T3- model af t=10 min (bottom left). The contribution of spheroids

fo the signal profile is highlighted; frames of FITC Dexiran 10 kDa diffusion in 3T3+ model at =10 min (bottom right). Fluorescence microscope
via EVOS 4x.




5.5.3 Molecules transport within the BCM

Finally, to have a more complete dataset, the diffusion rates of molecules of different sizes were assessed
within the BCM ' model. Besides Rhodamine B and FITC Dextran 10 kDa, in fact, also the diffusion profile
of FITC Dexiran 70 kDa and of Silica NPs in stroma-laden BCM was measured. As shown in Fig.29A-B,
there are significant differences among the diffusion curves of the different molecules with FITC Dextran 70
kDa showing a moderate diffusion rate even compared to FITC Dextran 10kDa, and Silica NPs whose
extravasation through the vessel wall was already hard to observe as shown in Fig. 29 A. For the latter in
fact, the diffusion rate into the BCM was approximated to zero. In Fig. 29 A the sequences of timelapse
frames over fime are reported to yield a qualitative analysis of the diffusion distance of different molecules
within the BCM 1. Interestingly, the signal infensity profiles of FITC Dexiran 10 and 70 kDa were compared
(for t=5 min). While FITC Dextran 10kDa diffused heterogeneously, low concentrations area, fluorescent
dye, FITC Dextran 70 kDa diffused as slower as more homogeneously due to the larger size of molecules
without generating areas with more or less dye concentration.
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FIG. 29 COMPARISON OF MOLECULES TRANSPORT WITHIN THE BCM [H5V+; 4T1+; 3T3+] OVER TIME; A) Diffusion rates of Rhodamine
B (ca.1-2 nm), FITC Dexiran 10 kDa (3 - 5 nm), FITC Dextran 70 kDa (6 -14 nm); and Silica NPs {100 nm). Size of FITC-Dextran 10/70 kDa are
reported according to the hydrodynamic radius. On the right side, bright field and fluorescence microscopy (magnification 4x) of each condition
respectively at t=10, 60, 300, and 600 s. For Silica NPs no extravasation and penetration were observed. B) Molecules diffusion at t=10 min,
data represents mean + SEM for at least 3 independent experiments. *p <0.05, **p < 0.01, ***p <0.001, ****p < 0.0001; C) Comparison
of signal profiles for FITC Dextran 10 kDa and 70 kDa at 5 min show different trends in diffusion pattern.
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5.6 MBs-MEDIATED SONOPORATION

As the final step of this research project, the BCM was employed as a biologically relevant 3D in vitro
model for acoustical applications in which both the physical effects on MBs and the mechanobiological
responses on biological fissues upon exposure fo the US field can be observed. In particular, the employed
model constituted by the BCM, and an appropriate holding mould were, from the beginning, designed
and optimized in view of their applicability not only in biclogical but also in acoustical setups.

The results related 1o the accomplishment of the research goal are reported below. In this case, cellfree
hydrogel and BCM 1 were employed as investigation platforms in which the effects of MBsUS on the
endothelial barrier and on the consequent increase of FITC Dextran 10 kDa were evaluated. The analysis
is a proof of concept for the purposes of enhanced extravasation and diffusion of large molecules through
the main drug diffusion barriers by means of MBs-mediated sonoporation.

5.6.1 BCM suitability for MBs-US investigations

5.6.1.1 Hydrogel perfusion and MBs cavitation

After guaranteeing the acoustical and optical transparency of the GelMA/Matrigel cellfree
hydrogel, it followed the adoptability and optimization of the model design 1o the optical setup in
terms of model perfusion and alignment of US and camera, as described above in the methods
section. Once that MBs were successfully perfused and observed in the channel of cellree
hydrogel, different pressure in the range of 100 kPa-5MPa were applied fo assess whether MBs
were responding, and thus fo check the alignment of the US transducer, and the extent of MBs
response upon acoustic field. As shown in Fig. 30, MBs within celHree hydrogel reacted tfo the
external US field with volumetric oscillations, allowing the observation of both linear, nonlinear, and
inertial regimens. In this specific case, for pressure of 100 kPa we could indeed observe spherical
oscillations. The spherical oscillations of MBs, however, was gradually lost with the increase of the
acoustic pressure, yet observable at 800 kPa -1MPa in which MBs are subjected to nonlinear
deformation while oscillating. The linear and nonlinear regimens are defined as stable cavitation in
which the MBs echoes contains not only their fundamental driving frequency but, eventually, also
harmonics and subharmonics. VWhen acoustic pressure exceeds, in this case 5MPa, MBs behaviour
becomes chaotic and oscillation amplitudes can be that large to lead to violent inertial collapse
and thus to MBs fragmentation.

Nevertheless, how specified above, acoustic pressure is not the only parameter affecting the extent
of MBs volumetric oscillations. The incidence wave in fact, should mafch the resonance frequency
of MBs, defined according fo their size, to obfain the maximum excursion of bubble. This is important
for therapeutic applications as it has been observed that tissue sonoporation with the opening of
endothelial junctions, occurred when the excursion amplitude of MBs exceeds 0.7 pm ©7.
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FIG. 30 MBs CAVITATING UPON EXPOSURE OF US WITH DIFFERENT PRESSURE IN CONDITION OF FLOW (10 pl/min); (From the top
raw) MBs (whose original diameter is ca. 6 pm) show very low volumetric amplitudes upon exposure of an acoustic pressure of 100 kPa; For higher
acoustic pressures the MBs oscillations are subjected to mild deformations towards non-spherical oscillations. In the botiom row, the effect of
excessive acoustic pressures (in this case 5 MPa) leads to violent volumetric oscillations which lead to MBs fragmentations. In this inertial range, the
aftractive effects among nearby MBs due to radiation forces is also clearly visible.

5.6.1.2 MBs cavitation within the endothelialized channel

Successively, the endothelialized channel of the hydrogel was clearly observed under the
acoustical setup as shown below, confirming the optical appropriateness of the hydrogel.
Furthermore, a high concentration of MBs was injected and perfused into the channel with @
perfusion rafe of 10 pl/min, as shown in Fig. 31 B. When the flow was inferrupted, MBs were
stuck in between endothelial cells present in the confluent channel as shown in Fig. 31 C, D.
Frames of the inner endothelialized channel before and after the US (0,3 MHz, 10 mV) are
shown below (]. The employment of the ultra-high-speed camera allowed the observation of
MBs aggregation upon US exposure, likely due 1o radiation forces that are established when
MBs in proximity oscillate in phase and undergo attractive force leading to MPBs coalescence.
To show the tissue damage due to harmful cavitation, we intentionally applied the US field for
repeated cycles. As expected, compared to the starting situation (Fig. 31A), we could observe
significant intermediate and complete endothelial walls damage and cell defachment, as shown
in Fig. respectively.
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FIG. 31 MBs CAVITATION INTO THE ENDOTHELIAZED CHANNEL; A) The optical fransparency of the BCM” allows the sharp visualization of
the endothelial barrier walls; B] MBs in a very high concentrations were perfused info the endothelialized channel by means of a syringe pump (10
pl/ml); C) - D) By focusing the camera on the botiom layer of the channel, it is possible fo observe MBs stuck in between of endothelial cells after
perfusion (no flow present). The two piciures show two different focuses of the channel (botiom is on focus in C while in D the focused in on the
vessel walls); E) Frames captured prior and post the application of US show the presence of endothelial cells (white arrows] and the coalescence
of MBs after US applications (black arrows). The channel results in infact in both cases; F) — G) Show, instead, different extent of cellular damage
upon repeated US applications. Starting from an initial situation of perfectly endothelium, it is possible to induce different degrees of endothelium
and vessel wall disruption (the second visible on the right wall in Fig. GJ via harmful cavitation regimens.

5.6.1 MBS CAVITATION WITHIN THE BCM

The proposed fri-culiure BCM model characterized by a relafively dense stroma resulted in suitable for
investigations of MBs-US applications. As shown below in Fig. 32A, the visualization of the endothelialized
channel was still possible although it was not as welldefined as in BCM Y models due to the presence of
the fibroblastic stroma, indicated in the picture. Following the injection of MBs in higher or lower
concentrations (Fig.32 ), the use of an ultra-high-speed camera allowed the observation of the aggregation
of a relatively high concentrated population of MBs when exposed to a US field (2MHz, 20mV) (Fig. 32

.
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FIG. 32 MBs WERE PERFUSED INTO THE BCM CONTAINING THE FIBROBLASTIC STROMA AND US WAS APPLIED. A) The optical clarity
of the hydrogel and the layeringbased BCM assembly ensure the observation of the channel even in the presence of 4x10° cells/ml 373 fibroblasts
albeit vessel walls are less sharp compared to the BCMI; The sequence B)-H) show the BCM!*! channels perfused with different confenctration of
MBs. Even in the presence of fibroblasts, it is still possible to observe MBs within the channel (200 pm). 1) By means of ulira-high-speed-camera, it
is possible fo observe a population of MBs clustering upon US exposure even in condition of surrounding stroma.

5.7 MBS-US -MEDIATED ENHANCED MOLECULES TRANSPORT

5.7.1 Effects of MBs-mediated sonoporation on cellfree hydrogel

Permeability assay with FITC Dextran 10 kDa was performed once again in a celHree hydrogel under the
acoustical setup. The rationale behind the use of a cellfree hydrogel as the first step is whether to have a
control condition in the new setup, similar 1o the transport assay performed in the biological setup and, to
evaluate the feasibility and obijective readouts of experiments priorly fo the employment of the BCM in this
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setup. A time window of 10 min was considered for perfusion of FITC Dextran 10 kDa with and without
the application of the US field. Timelapse fluorescence images were collected and both, diffusion distance
and signal infensity at O, 2, 4, 6,8,10, and 12 mins time points were assessed by means of a self-
generated Python script (Fig.33 A). Such code yielded a summarized dataset in a 2D heat map for each
performed experiment (Fig.33 B). By overlapping the bright field microscopy and the timelapse
fluorescence images it was possible to delineate the diffusion distance from the channel over time (similarly
to the previous fransport experiments performed in the biological setup by means of EVOS). Therefore, the
2D graphs reported below in Fig. 33 C, summarize the trends of diffusion rates against distance from the
channel at the different time points (up to 12 minutes) reported on the left axis. The colour of the maps
indicates the signal intensity for a semi-quantitative evaluation. Although the differences in diffusion rates
can be appreciated from these heat maps by looking at the signal intensity profiles, other quantitative
readouts are required for the inferpretation of the results. In Fig 33. C, the approximate quantitative analysis
of FITC Dextran 10 kDa diffusion distance in the cellree hydrogel is reported. These curves were obtained
by measuring on Image) the distance from the channel wall to the profile defined by the colour
corresponding to the signal intensity value equal to 0.5 (light blue). The mean values of the friplicates relative
fo the two conditions, with and without MBs-US, are reported in the curves. Of these, the statistical
significance at each time points. As hypothesized, the diffusion rafe of FITC Dexiran 10kDa in cellree
hydrogels is significantly higher in those samples in which MBs were exposed to US compared to those in
which no treatment was applied. The stafistical significance is verified for the first & minutes over the 12
min window.

The lower definition of the signal due to the fluorescent filter microscope in the acoustical setup led us to
generate a Python script able o objectively extract the signal intensity over diffusion distance. Although we
cannot directly compare the readouts of this experiment with those of the molecules' transport application
because of the different experimental and microscope setups, the results between the two applications were
consistent. Even in this case, the presence of the endothelial barrier (without MBs-US) attenuates the diffusion
rate of FITC Dextran 10 kDa by37,94% compared fo the cellfree hydrogel. In the case of applied MBs-
US, an increase of 36,85% and 38,42% in cellfree and BCMI models respectively were recorded upon
US exposure.

5.7.2 Effect of MBs-mediated US on the endothelial barrier

Analogously to what was done before for cellfree hydrogel, the enhanced permeability mediated by MBs-
US was assessed also in BCM! models o evaluate the effect of MBsUS on the endothelial barrier (Fig.
34). Even in this case, timeframes of three independent replicates per condition were analyzed by means
of the script fo generate summary heat maps of the diffusion rate and signal intensity over time. Diffusion
distances were measured on Image) and mean values were used to draw the two approximate curves. On
the basis of the enhanced signal intensity for longer diffusion distances, we can claim that, even in this
case, upon activation of the focused US beam, MBs response within the BCM! generated an increase in
FITC Dexiran 10 kDa transport within the tissue. Therefore, limitations diffusion due to the endothelium were
affenuated thanks to the MBs-US treatment.
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FIG. 33 EFFECT OF MBS-US ON FITC DEXTRAN 10 KDA DIFFUSION IN CELL-FREE HYDROGEL OVER 10 MIN TREATMENT A) Bright
field and fluorescence microscopy (5x| frames analysed by the Python script fo returned the heat maps of signal intensity over distance (shown
in B); Heat maps were then analyzed via Imagel; Resulis of the analysis are shown in C) Upon MBsUS there is enhanced, but not significant,
extravasation and diffusion rates of FITC Dextran 10 kDa upon the exposure to US over 10 min treatment. Data represents mean + SEM for
at least 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

/|



>

MBs-US

NO MBs-US

&

MBUS Effect on FITC Dextran 10kDa Diffusion MBs-US Effect
(H5V’) FITC Dextran 10kDa Diffusion
(H8V*)
T 200 . £ 100
5 = No MBs-US applied a = No MBs-US applied (MBs-US"
E 150 (MBs-US") £ - MBs-US applied (MBs-US*)
j:E MBs-US applied g 60
8 o | (MBs-US™) § 40
’E‘ © ®
§ = 2 i
8 50 a o
2 p. 6 <
s & &
E 0 1 1 1 “e “e
0 5 10 15
time (min)
2 min 4 min S min 8 min 10 min 12 min
- - o= — - 200

_— PRS —g—no - Su:o Smo 3

::‘ Yie ;:W E 0 E E 150

a0 3 8 & o 2 100 2

- : - & & ' 4300

- - - & 40 40 .E

£ 20 - 20 H g % ” g S

s 2 s 20 ¥ 20 # |4

H 1 g B H e

3 S a 2 2 &

a o ® e -3 8 o 8 o ¢

o o A © 5 N P 5 i 59 &
& & g & & & ,v& & ,,o"\’ & ,o"o & @
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The comparison among the datasets of the four conditions checked in the table below is shown in Fig.35.
In particular, the consistency between the results obtained in this last phase of MBs-US-mediated enhanced
diffusion and the results obtained when the effect of biological barriers on different molecules transport was
assessed, was checked. As shown in Fig. 35A, in conditions of no freatment (MBs-US), FITC Dexiran 10
kDa diffusion rate was higher in the celHree hydrogel than in the endothelialized tissue. The lack of freatment
and the presence of the endothelial barrier conferred the lowest diffusion rate. As expected, the highest
diffusion rate was observed in cellHree hydrogel treated with MBs-US where. Inferestingly but not completely
unexpected, instead, is the lower diffusion rate of treated endothelialized samples compared to the diffusion
profile of non-reated celHree hydrogels.
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FIG. 35 OVERALL COMPARISON OF MBs-US OR NO TREATMENT EFFECTS ON THE TWO CONDITIONS, CELLFREE HYDROGEL
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6. DISCUSSION

In the last decade, the employment of therapeutic MBs-US has shown promising results even in
more adverse pathological conditions characterized by impenetrable biological barriers such
as the blood-brain barrier as well as cancerassociated endothelium and dense stroma. Animal
models are currently the most employed investigation platforms as they enable the optimization
of acoustical parameters for achieving the optimal dose/efficacy ratio in in vivo situations,
allowing, in case, an estimation of potential side effects. Their use, however, is limited fo
microscopy-based  techniques/lack of optical clarity, and reakime measurements. In vitro
microfluidic platforms are valid tools that can obviate some of these issues by simulating simple
or complex biological environments in which pathophysiclogical conditions can be induced
and theropeutic techniques can be studied. Nevertheless, the development of a 3D model
which includes biological relevance while ensuring acoustical and optical requirements is
challenging.

In this multidisciplinary project a relatively complex 3D in vitro breast cancer microfissue (BCM|
suitable for both, molecules diffusion studies and MBsUS applications, was successfully
developed, characterized, and used as an assessment tool.

According to biological, opfical, and acoustical design requirements, we successfully
developed a stable, optically, and acoustically clear 3D GelMA,/Matrigelbased scaffold with
significant thickness and perfusable channel(s) able to sustain longterm fricultures. By means of
gPCR and, possibly, immunohistochemistry, the BCM model show tendencies towards an
invasive and tumorigenic phenotype via downregulation of E-Cadherin over upregulation of
MmpQ, furtherly confirmed by mesenchymal markers such as Fibronectin, and vimentin. The
BCM also recapitulated the involvement of 3T3 in matrix stiffening, when compared to the cell
free hydrogel, although the fast degradation of the hydrogel caused a decrease in compressive
modulus over time. By perfusing the BCM with Rhodamine B, FITC Dexiran {10 and 20 kDa),
and silica NPs we were able to mimic the effect of biological barriers upon molecules diffusion.
Notably, we showed the limited molecules' diffusion rate and concentration upon the increased
molecular size of the tracer. Furthermore, we showed that the extent of the impediment of the
stromal barrier versus the endothelial is more accentuated on large molecules (FITC Dextran 10
kDay) rather than Rhodamine B. Finally, we showed the suitability of the BCM model for the
study of cavitating MBs upon US exposure and their potential damage on the endothelial layer.
Furthermore, the beneficial effects of MBs-US on molecule transport across biological barriers
were successtully reproduced and confirmed in the BCM via the enhancement of FITC Dexiran
10 kDa transepithelial transport upon treatment.

In conclusion, the BCM model is a versatile investigation platform that lends itself for studies
molecules transport mediated by MBs-US and for offering insights on MBs-cell interactions.
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6.1 GELMA/MATRIGEL-BASED HYDROGELS AS SUITABLE SCAFFOLDS FOR
THE BREAST CANCER-LIKE 3D MICROTISSUE CULTURE

The proposed GelMA/Matrigel hydrogels offer simple, robust, and mechanical tunable systems to develop
significantly sized scaffolds able to infegrate multiple cell lines and to ensure their viability for relatively long
culture times (at least 14 days). GelMA, which constitutes 95% of the hydrogel, owns relevant biological
and mechanical properties easily tunable via modification of GelMA and Pl concentrations, degree of
methacrylation, and polymerization protocol 92, Besides this, in this project, the choice of GelMAbased
hydrogels was also driven by their complete optical transparency especially if compared to collagen
hydrogels, widely employed as breast cancer in vifro models. Although collagen hydrogels show better
biocompatibility and closer resemblance with the in vivo breast tumor ECM, they lack appropriate
mechanical stability for recapitulating samples with relevant hierarchical cellular architecture, and, in this
case, adequate size and thickness fo fit acoustical set up requirements (Supplementary material, 1S) 7.
GelMA, however, is anyway made of gelatin which is an irreversibly hydrolysed form of collagen type |,
thus they have similar properties ''°. Furthermore, cellcompatibility of GelMA with a several cell types,
among which NIH/3T3 fibroblasts, was shown for in vitro configurations ''". To properly recapitulate a
more complex ECM and to confer higher biocompatibility to the proposed hydrogel, Matrigel was added
in a very small percentage (5% v/v). Matrigel is broadly used in models aimed at mimicking breast cancer
drug resistance since, as reconstituted basement membrane, it confains most of the breast ECM molecules
such as collagen IV, laminin, and proteoglycans 2 77 112,

By means of SEM images and of hydrogel size measurements we could describe GelMA/Matrigel hydrogel
physical properties. Being the hydrogel mostly composed by GelMA and just to a minor extent by Matrigel,
the overall morphology resembles more that one of pure GelMA hydrogels than Matrigel’s '™ "%, Notably,
GelMAbased hydrogels own a physical porous structure highly dependent and tunable on
photopolymerization conditions, GelMA and Pl concentrations, and degree of methacrylation.

GelMA/Matrigel hydrogel samples for SEM were lyophilized after being stored at 37°C for one day and
thus SEM pictures show the morphology of hydrogel after their syneresis following incubation (37°C) and
lyophilization process. The microporous network of the hydrogel, thus, is the result of the phase separation
induced by hydrogel photopolymerization. In other terms, when hydrogel polymerization occurs with @
higher amount of water than that there would be at equilibrium swelling, syneresis occurs, namely the
expulsion of water from the gel. In this regard, it should be pointed out that GelMA and Matrigel cure at
opposite temperatures, 4°C and 37°C degrees respectively. Therefore, the high-water expulsion observed
in the hydrogel upon incubation time can be due to the local excess of water which is squeezed out of the
curing polymer to reach its equilibrium swelling concentration (thermodynamically favoured state).

From o visual observation of the SEM pictures, we can nofice a very dense and relafively homogeneous
network which ensures the structural stability of the construct. On the other hand, still from SEM pictures, we
have reason fo believe that pores are not interconnected and are cavity-shaped, consistently with pore
formation deriving from syneresis-mediated phase separation induced by photopolymerization ''®. The
range of optimal pore size for fibroblasts found in literature (5-15 pm) is confirmed in our hydrogel (9,544
+ 0.0876 pm) indicates that cell viability of stromal NIH/3T3 fibroblasts is ensured 7. It is, however,
well consolidated the importance of having, ideally, hydrogels with interconnected pores in bioengineering
applications to enable the cellular spreading, migration, and proliferation of encapsulated cells as, in such
conditions, cells would receive an adequate supply of nutrients and oxygen while ensuring a proper
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metabolic waste diffusion '8 17 120 Although in this project GelMA and Pl concentrations were minimized

to ensure both mechanical stability of the thick construct and cell viability, the addition of Matrigel (5% v/ V)
was supposed fo increase the formation of larger, or at least inferconnected pores, without constraining the
cellular spreading while ensuring the mechanical stability of the scaffold.

These considerations were consistent with cell viability assay results. Although the GelMA/Matrigel
hydrogel showed to sustain cellular viability of 3T3 and 4T1 monocultures over 10 days, CalceinAM
staining showed differences in cellular spreading according fo fissue areas. In other words, given the three
dimensionality and the large size of samples analysed (7x7x5 mm), the extent of cellular spreading within
the tissue varied according fo vicinity with hydrogel surface. The part of tissue more exposed to the outfer
environment (cell culture medium) showed an increasing cellular spreading over time and was complefely
covered by a robust matrix of aligned fibroblasts on day 10 of culture. Underlying layers also showed good
cell morphology as they were still in proximity of the surface. For very inner fissue areas, however, cells
looked alive, but their spreading was not always ensured probably due to the non-inferconnectivity of pores
which ensured nutrients supply but constrain cells from properly spreading. It is, however, interesting to point
out that, in 4T1 3D monoculture, cluster of cancer cells were growing within the hydrogel and, on day 7,
significant cellular aggregates were observed. This suggests an environment potentially favourable to cancer
cells migrations although the no interconnectivity of the porous network. It is possible that this migratory frend
of cancer cells is enhanced by the augmented degradation of the hydrogel matrix over time even if minor
frends in clustering were observed already on early stage of cell culture. In supplementary material, Fig.7$S
, the gene expression of the 373 and 4T1 monocultures in 2D and 3D (on day4] are reported. In both cell
monocultures, upregulations in gene associated with ECM degradation and with a mesenchymal and
metastatic, and thus migratory, phenotype are upregulated (MMP-Q, TNF-a, PDGF-B). This can suggest that,
although not always visible (at least in fibroblasts), cells show migratory frends confirming the suitability of
the hydrogel as scaffold.

To generate a high cellular density milieu, as the one found in breast cancer, fibroblasts cellular density
was increased up to 4 x10° cells/ml and cell viability and metabolic activity was compared with the lower
cellular density (2x10° cells/ml) (Supplementary material, Fig. 2S). Differences between the two cellular
densities were esteemed with the metabolic activity assay. The considerably lower metabolic activity rate
of the high dense tissue was unexpected but later interpreted as a sort of energetic saturation given by the
elevated cellular density. Prior studies reveal a reduction of oxygen consumption, net lactate production, F-
actin content, and ATP and NAD-content upon increased culture density '?!. For this model, we anyway
decided fo incorporate the higher cellular density of fibroblast as they can sfill constitute a biological barrier
for molecules transport. Cancer cell monoculture (2x10° cells/ml), on the other hand showed a more
homogeneous cell viability with a cell spreading characterized by clusters of cells and an overall metabolic
activity growth.

When analysing the mechanical properties of hydrogels, usually performed by means of compression
testing, it should be kept in mind that soft tissues behave as nonlinear, anisofropic, and nonuniform

122 Despite compression fests are not suitable for yielding information on fracture

viscoelastic materials
toughness, we are not inferested in hydrogel resistance to tensile strain and fensile strength'?®. Similarly,
GelMA and Matrigel themselves are characterized by a high batchfo-batch production process variability
which already affects the repeatability and reproducibility and thus the consistency of data. For the aims of
this project, these variances however, are not crucial as long as structural stability along with biclogical

and clinical relevance are maintained %4 125,
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To conclude this first hydrogel characterization part, the celdree GelMA/Matrigel hydrogels were shown
to be suitable platforms for 3D (multi-Jcellular culture, for the realization of thick and large constructs while
maintaining structural stability, channel integrity, and optical clarity. Acoustical clarity, fundamental for
following US applications, was verified lately but anyway supposed similar to water, given the nature of

hydrogels.

6.2 THE GELMA/MATRIGEL HYDROGEL-BASED BREAST CANCER
MICROTISSUE (BCM) SHOWS BIOLOGICAL AND CLINICAL RELEVANCE.

The sfructural stability of the GelMA/Matrigel hydrogel enabled the realization of several vascular patterns,
from the single-channel, to double or triple channels disposed of in parallel or crossed, either aligned on
the same plane or on different planes. Furthermore, the embedding of cancer spheroids within a high cellular
density matrix following the proposed BCM assembly protocol not only allows the confrollability and
cusfomization over cellular components disposition within the hydrogel matrix but also the recapitulation of
a multitude of multicellular pathophysiclogical conditions. Brightfield microscopy of the tissue with and
without the stromal fibroblastic components yields an idea of the relatively spatiotemporal complexity of the
fissue and of the tumor disposition around the channel. It is, however, the immunohistochemical staining
done on tissue sections that confirm the relevant architecture, showing the alignment of cancer spheroids to
the channel in a tissue thick 4-5 mm. The mechanical characterization of the BCM was conducted on
samples composed of fibroblasts and breast cancer homospheroids (in the pathophysiological rafio 5:1)
since biomechanical tumorigenic cues that frigger ECM remodeling and desmoplastic phenotype are mostly
esfablished between cancer cells and stromal cells (CAFs). Compared to the cellfree hydrogel we could
observe some differences in the viscoelastic behaviour although the hypothesis of microtissue stiffening over
time typical of desmoplastic reactions was not verified. In particular, cel-aden hydrogels on day O showed
the highest compressive modulus while samples on day 10 showed the lowest of the celHaden hydrogel.

Although unforeseen, the results of decreased compressive modulus over cell culture time are consistent with
what was reported by Krishnamoorthy et al. In this study, the mechanical effects of 3T3 fibroblasts
embedded in GelMA hydrogel in terms of fensile strength and modulus are investigated and, albeit it is the
opposite of compression, can provide inferprefation insights. The rationale behind the decrease in
compressive modulus over ten days of cell culture might be due to crosslinks cleaving mediated by the
release of ECM degradation enzymes by fibroblasts. Specifically, they could observe that the extent of
NIH/3T3 fibroblastsinduced GelMA degradation was proportional fo the incubation time and, most
importantly, to increased cellular density which, in tum, implies faster matrix degradation and bigger pores
126, However, to support this supposition and to better characterize the BCM stroma it could have been
inferesting the assessment of the enzymatic release which we did not perform. The high compressive modulus
of cells fixed on day O, instead, could be the result of a not complete release of retained water, given the
shorter incubation time, along with a compact hydrogel network. Regardless of cell culture day, cellladen
hydrogels showed a higher, but not significant (apart from day 0), compressive modulus compared to the
cellfree hydrogels suggesting the changes at the microstructural levels following breast cancer spheroids
and fibroblasts seeding. Notwithstanding, the confirmation of GelMA/Matrigel hydrogel susceptibility to
enzymatic degradation was obtained through incubation with collagenase prior to gPCR assay as shown
also in the study of Benton et al ''°.
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Gene expression was assessed on 3D samples of both fibroblasts and breast cancer spheroids monocultures
in GelMA/Matrigel, and on 3D samples of coculture, all on their fourth day. The results of the above
discussed mechanical characterization of the celHaden hydrogels can be confirmed by the results of gPCR,
given the presence of matrix metalloproteinase (MMP) enzymes, in particular MMP-Q, in the 3D coculture
model stemming from 4T1 cells. MMP-Q enzymes are the main tools used by fibroblasts to shape an invasive
tumor milieu through ECM remodelling '#/. As reported in the first section of this report, the loss of ECM
infegrity mediated by MMPs dysregulates the differentiated state upon loss of junctional integrity and shapes
a protumorigenic milieu. Furthermore, a broad body of research claims the tight relation between stable
expression of MMP-Q and the consequent loss of Ecadherin, both involved in the EMT toward a more
invasive phenotype % 27, Strongly associated with MMP-Q upregulation and E-cadherin downregulation
there is the upregulation of the angiogenic VEGF which, all together, coordinate breast cancer migration
and metastasis °° *'. In vitro models made of natural polymers, such as GelMA, are often functionalized
with VEGF-mimicking peptides since they do not spontaneously display sufficient bioactivity to accelerate
angiogenesis and reepithelialization'®? '*3. Interestingly, our 3D coculture in GelMA/Matrigel show a very
moderate expression of VEGF, consistently with the literature, but it is downregulated compared to the
NIH/3T3 3D monoculture. It should be kept in mind, however, that CAFs are the principal secretors of
MMPs as well as of VEGF so it might be that VEGF is expressed in fibroblastladen hydrogels'**. For what
concerns E-Cadherin, instead, the final coculture shows a downregulation compared to the 4T1 spheroids
monocultures confirming the occurrence of EMT tfoward o more aggressive phenotype when 4T1 are in
grown with fibroblasts #'. Moreover, both, 3D monoculiures and the 3D coculture presented sustained
values of TNF-a and TGF-B, a profibrotic and a proinflammatory infimately related cytokines which, although
their antagonist role in inflammatory and collagen deposition activities, they resulted in coexpressed in
breast cancer niche driving exposed tumor cells towards a mesenchymal phenotype as reported by previous
studies . In particular, the sustained stimulation of TNF-a with TGF-B, that is the most involved cytokine
responsible for the induction of EMT of breast cancer cells, leads to increased tumorigenicity and drug
resistance upon activation of NF«kB as well as of p3886 MAPK signaling, inducing tumor growth and
metastasis % %6, Another evidence of cancer cells undergoing EMT in the coculture hydrogel is given by
the excessive deposition of vimentin and fibronectin (FN) mesenchymal markers, highly present in all the
conditions'®”. Mouse metastatic breast tumors are primarily composed of fibronectin in the mammary
mesenchymal compartment and it is positively associated with an invasive and metastatic breast cancer
phenotype . In line with what was reported by Sugimoto ef al., vimentin expression is not specific for
fibroblasts in the 4T1 breast cancer model as it is significantly expressed on both 3D 373 and 4T1 %7
monoculiures. However, in the 3D co-culture vimentin is remarkably upregulated which, as reported by
Elisha et al., suggests the detochment from the underlying epithelial layer and the loss of junctional
connections among cells implying enhanced invasiveness of the model . Importantly, it has been validated
the role of hypoxia, here referred to as expression of HIF-1a, in the increased expression of collagen- and
fibronectinbinding integrins. In particular, hypoxia-inducible factor HIF-Ta is required for ITGAS
franscriptional activation under hypoxic conditions, which leads to enhanced migration and invasion of
single cells within o multicellular 3D tumor spheroid. The upregulated expression of ITGAS, in fact, has
been positively associated with increased risk of mortality in mefastatic breast cancer patients. Here, the
presence of HIF-Ta is verified in all the conditions with higher expression in 3D fibroblasts monocultures
which indeed yielded the higher contribution to the coculture. Analogously, albeit to a very minor and
almost insignificant extent, ITGAS expression showed the same frend as HIF-1a consistently with what was
observed by Ju et al. " . The tumorassociated fibroblasts marker a-SMA was unexpectedly and particularly
low expressed in all the conditions but successive transcriptomic analyses of TNBC patients showed
congruent results. On the other hand, PdgfrB was found relatively highly expressed in the coculture model,
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mainly arising from 3T3 fibroblasts. In breast cancer, PDGF/PDGER signaling, crucial for EMT and cancer
cells migrations, is triggered by TGFB and promotes the generation of a desmoplastic reaction 2.
Cytokeratin-19 (CK19), also, was very expressed in 4T1 spheroids monoculture, which reflected on the co-
culture, and slightly present in fibroblasts, maybe meaning that these fibroblasts were more likely to arise

from epithelial cells more than activated fibroblasts.

In regards to ECM remodelling gene expression, it is well confirmed in this 3D coculture tissue the
confribution of fibroblasts as primary aberrant secretion source in ECM Collagen, type 1, a in line with the
broad literature '**. The tumorigenic character of the whole BCM ¥ was furtherly confirmed by the
immunohistochemical staining in which the expression of collagen type 1, vimentin, and ck19 was positively
expressed, especially affer 14 days of culture, more than what was observed on day 7, suggesting an
increase in expression over fime culture.

Following this characterization phase, we can thus claim that the GelMA /Matrigelbased hydrogel scaffold
constitutes a valid investigation platform inasmuch it allows the recapitulation of organ-specific architecture
and displays tumorigenic profiles consistent with the franscriptomic data of TNBC, therefore confirming not
only its biological relevance but also the clinical one. Simultaneously to the biological and mechanical
characterizations, the cellfree and cellladen hydrogel showed also suitable opfical and acoustical
properties in view of successive applications.

6.3 THE VERSATILE BCM MODEL IS SUITABLE FOR IN VITRO STUDIES OF
MOLECULES TRANSPORT CONDITIONED BY THE PRESENCE OF DIFFUSION
BARRIER AND, POTENTIALLY, ENHANCED BY THE APPLICATION OF MBS-
MEDIATED US.

Following characterization of the hydrogelbased microtissue, the BCM model was employed as an
investigation in vitro platform for multidisciplinary and interdisciplinary studies related to biological diffusion
barriers' implications on molecules transport and their potential overcoming. Results are below discussed.

6.3.1 BCM recapitulates the effect of biological physical barriers, namely endothelium and
stroma, on molecules diffusion within the breast cancer microtissue

Scaffolds for 3D cell culture made of biopolymeric hydrogels have been broadly employed in literature to
study the effects of molecular gradients-dependent cellular responses as they infroduce elements of fluid
resistance that prevent convection-based fransport mechanisms as observed in tumor milieus due to lack of

144145 - As reported above in the first section of this report, molecular gradients in the tumorigenic

drainage
interstitial space, as well as in this BCM model and in hydrogels in general, are driven by diffusionbased
fransport due to the EPR effect and thus to the lack of drainage flux '“¢. Diffusion is the random movement
of molecules that passively tend to move from areas of higher concentration to lower concentration.
Therefore, upon gradient establishment, the concentration of the soluble molecules is reduced as an inverse

function of the distance from the source.
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This statement is consistent with our results. What we could observe is in fact that, for equal tissue conditions
(cellree, with or without fibroblast), Rhodamine B and, to a minor extent, FITC Dexiran 10 kDa, quickly
established a diffusion gradient upon BCM model perfusion. In particular, Rhodamine B, owing to a smaller
size diffused significantly more rapidly due to the steeper concentration gradient between the channel and
the farthest tissue areas. FITC Dextran 10 kDa, on the other side, generated less steep concentration
gradients and showed a slower diffusion rate given the larger molecular size. Consequently, in BCM™
models, larger molecules as FITC Dexiran 70 kDa (ca.8-15nm) showed a very moderate diffusion rafe
through the fibroblastic stfroma while no penetration into the surrounding stroma was observed for silica NPs
(100 nm| which barely showed extravasation. These results are similar 1o those stated by Cabral et al. after
comparing the accumulation and effectiveness of different sizes of drugloaded polymeric micelles (with
diameters ranging between 30 and 100 nm) in poorly permeable human pancreatic cancer models in
which just micelles smaller than 50 nm showed penetration '“”. In another study instead, Tang et al. insfead,
demonstrated that the optimal size of nanocarriers through the various transport compariments varies
according to the fissue properties. In other terms, they affirm that nanocarriers in the size range 100-160
nm are optimal for blood circulation but that this size range did not yield any therapeutic benefits for the
inability to penetrate the infratumoral tissue for which, instead, nanocarriers of 25 nm might ensure longer
penetration distances '“¢. The results obtained in our molecule transport study are consistent with the results
of Tang et al. in two ways. First, we could observe effective fissue penetration distance for FITC Dextran 10
kDa (ca- 4-5 nm) while FITC Dexiran 70 kDa (ca. 15 nm) showed a very attenuated diffusion rafe. Second,
compared fo the smallest Rhodamine B (ca. 1 nm), FITC Dextran 10 kDa experienced different degrees of
the impediment in the transendothelial and stromal barriers respectively. Tracers’ concentration profiles over
space, measured as signal infensities, showed substantial differences in curve trends as Rhodamine B
presents a significant plateau due to homogeneously distributed signal while FITC Dexiran's signal presents
a sharper peak in concomitance of the perfused channel. These observations are in line with previous
molecules transport studies found in literature in which diffusion rate, which is determined by the diffusion
coefficient has been positively associated with molecules size and the structural properties of the hydrogel
based barrier 47, The differences in tracer concentrations can be related with molecules retention and
opfimization of therapeutic dose over time within the tissue on which molecular size has an impact.

These considerations thus suggest that the BCM™ model is able to recapitulate hinderance of molecule
diffusion due fo the dense stromal barrier found in the tumor inferstitial matrix given by the increased
deposition of fibrillar collagen which was shown to hamper penetration of molecules larger than 60 nm
info the tumor parenchyma as reported by Ramanujan et al.™°.

When studying molecules transport into biologicallike matrices, besides the diffusion rates, it is important
to consider also other factors related to internal morphology of such scaffolds. The available value fraction
of pores, for example, defined as the accessible space where molecules can pass through, and the tortuosity
of the pathway info the hydrogel set the conditions for flow resistance. In the case of cellfree BCM model,
average pores size (ca-5-10 um) should have allowed a net diffusion even of FITC Dexiran 10 kDa (ca.4-
5 nm) but the noninterconnected dense porous network and its fortuosity has given a considerable
attenuation in tracer diffusion distance and concentration. In case of cell laden BCM, instead, a certain
extent of hydrogel degradation (in this case on day 7], and the affinity of ECM proteins as well as the
cellular uptake of the diffused molecules should be considered ™'

Normal endothelial layers easily allow the passage of small lipophilic solutes and nonpolar molecules
through endothelial cells due to their high solubility in the cell membrane as in the case of oxygen or, in this
case, of Rhodamine B. FITC Dexiran, instead, has a hydrophilic nature and thus can cross the endothelial
barrier through gaps in the endothelium. Tumor-associoted vessels, however, distinguish from normal
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vasculature as they have an increased permeability due o endothelial dysregulation towards tumorigenic
events. Therefore, endothelial cells of tumor vasculature proliferate faster but form looser gap junctions.
Across tumor endothelium, in fact, the large solutes can pass through undisturbed although their penetration
info the stroma is subjected 1o consistent flow resistance due fo solid stress and IFP of the tumor milieu '*2.
The BCM model, on the other hand, presents a highly confluent endothelial layer whose permeability has
been only characterized via molecule transport showing consistent results to literature as mentioned before.
Despite it is possible to observe the effect of molecules size and biological barriers on transport, a major
characterization of endothelial protein expression such as claudins, occluding, or VE-cadherin, however, is
required for being able to compare the BCM endothelium tighiness with those found in tumors and the
following transport type 2.

These perfusion assays can provide us just a semi-quantitative evaluation of the effects of biological barriers
on differentsized molecules diffusion but show that the model could lend itself to more quantitative analysis
via permeability assays and/or transepithelial electrical measurement. This would allow a better prediction
of drug active or passive absorption or provide more objective information on endothelial barrier infegrity
respectively '**. Permeability assays, which is independent from the size- and charge-based selectivity of
endothelial tight junctions, could provide quantification of tracer diffusion specifically o cell culture as:

Apparent Permeability [cm/s] Papp = Z_QL
t AC
Where dQ/dt is the steady state flux [ymol/s] (which takes place at constant rates);

A is the cell culture area [cm'']

Co inifial concentration of tracer

Having said that, although more characterization of stromal and endothelial barriers are necessary, the
BCM“/Y model has the foundations to offer a solid and valid investigation platform with organ-like
architecture through which could be assessed many quantitative or qualitative aspects of molecular transport
across diffusion barriers.

6.3.2 BCM enables the observation of US effects, as the dynamic of MBs cavitation in a
confined viscoelastic and tumor-like environment, and the enhanced permeability to molecules
diffusion upon exposure to US when MBs are in the channel.

When designing biological in vitro models for ultrasonic applications, several requirements should be
considered. So far both the biclogical aspect of the BCMH/1 in terms of adequacy to display elevated
enduring (multi-jcellular density culture and its biological and clinical relevance have been broadly discussed
and confirmed. Since the initial phase of model development, however, the choice of the hydrogel matrix
was dictated also by the requirements arising from acoustical setups.

The proposed configuration of the BCM model boasts a series of biological complexities and acoustical
fransparency which, 1o the best of our knowledge, were never combined before in microfluidic models for
ultrasonic applications. As far as we know, current in vitro models employed in therapeutic MBs-US
investigations, recapitulate a very simplistic biclogical environment aimed at singleMB  singleell
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inferactions observations. Nevertheless, to gain a broader understanding of the underlying biophysical
mechanisms and to opfimize acoustical therapeutic parameters, a more tumor milieulike environment should
be implemented.

The BCM model presented, being made of hydrogel, owns viscoelastic properties and is softer compared
fo rigid phanfoms often used in acoustical setups. This affects the dynamic of MBs and thus the efficacy of
in vitro stimulations for drug delivery studies given that, for equal US driving conditions, the presence of @
relafively rigid nearby vascular confinement produces damping effects lowering the maximum MBs
oscillations compared to those in free space'™.

The complete optical clarity of the cellfree hydrogel and, even if to a minor extent, of the endothelialized
BCM' model, allowed the observation of MBs inertial and cavitation regimens within the 200 pm channel
upon acoustic pressure in the range of 100 kPa-5MPa. Furthermore, by means of an ulirarhigh-speed
camera, we could observe MBs clustering due fo acoustic radiation forces, or Bjerkness forces, which can
occur at any acoustic pressures, although their result is more appreciable upon higher intensities (as shown
in 5SMPa frames sequence) and longer acoustic pulses '°.

Besides allowing the monitoring of MBs dynamic in a viscoelastic confined environment, the BCM model
was mostly designed as an experimental platform for evaluating the potential enhancement of molecules'
fransendothelial and intrastromal diffusion upon application of MBs-US.

We were able fo assess the benefits on FITC Dextran10 kDa transport mediated by MBs-US info cel-ree
and endothelialized (BCM) models. In both cases, the application of treatment at the therapeutic pressure
of 700 kPa allowed the enhanced extravasation of tracer from the channel compared to the non-reated
models. The foct that also cellfree hydrogel showed enhanced FITC Dextran {10 kDa) extravasation and
diffusion implies that MBs cavitation upon US has structural aftermath also on the nearby structures. In line
with this, Bezer et al. showed how the effect of a single MBs in conditions of acoustic radiation force can
reversibly deform soft fissue mimicking materials '°¢. In our case, this might imply that under therapeutic
acoustical parameters, the whole and repeated radiation force resulting from a population of MBs upon US
exposure has an impact on the surrounding ECMike GelMA/Matrigel hydrogel through local fissue stresses
and micronscale displacements. Such structural effects in the ECM following cavitationenhanced US
propagation into the tissues induce, 1o a certain extent, variations in cellular mechanotransduction which
might results in a temporarily increase of endothelial junctions or cell membrane porosity and thus of the
cellular uptake.

According fo these results, we can claim that our model is a valid platform to study the enhanced
fransendothelial transport of FITC Dextran 10 kDa upon MBs-US application. In particular, to objectively
assess cavitation-induced interendothelial gap opening and the potential damage of the endothelial barrier
it would be appropriate to adopt electrical sensing techniques such as measurements in the increase in the
fransmembrane current (TMC) or by measuring transendothelial electrical resistance (TEER) 17 18,

For elaborating more objective conclusions about the efficacy of MBsUS enhanced endothelial
permeability, the optimal ratio between the MBs concentration (here 1*10° MBs/cells) and the size of the
channel (200 pum should be studied to maximize the potential therapeutic effect of cavitation 7 €0, Also,
from bright field microscopy, we had reason to suppose that a flow rate of 10 pl /min was ensuring the
refuelling of MBs in the channel between one US application and the other {15 s, although this could not
be observed during FITC Dexiran diffusion due fo fluorescence microscopy. Also, the homogeneity of MBs
within the channel is arguable as sometimes we could observe MBs flowing along one wall of the channel
rather than the other, or a perfectly cenfred MBs flow. This inequality of MBs distribution info the channel
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could be even given by the presence of nonsmooth linear vessel walls (due to more confluent endothelial
cell layer) or of channel walls damages (due to fishing line friction upon removal) '©'.

To conclude, the BCM model offers a 3D in vitro platform that can be used for observing the behaviour of
a population of MBs in a viscous fluid surrounded by a viscoelastic matrix, providing more information
about inertial and cavitation regimes. Alternatively, the BCM model able to recapitulate the dense
environment of breast carcinoma, is suitable for USbased therapeutic investigation. In this view, the BCM
model can yield precious insights on improvements of drug kinetics within tumorigenic fissues upon MBs-US-
mediated sonoporation. Furthermore, the complexity of the model can be tuned according to investigation
requirements. In the case of investigations about MBs-US effects on the permeability of the endothelial
barrier, for example, we used stroma-free models.

6.4 LIMITATIONS OF THE MODELS AND OF THE STUDY

In view of alternative applications, some features of the proposed biologically relevant 3D in vitro breast
cancer microtissue with relevant thickness and organlike architecture for US applications can be improved
according fo the following hints. To the aims of our study, however, the model was best optimized and
functionalized, fulfilling all the research godls.

BCM contained in the plastic disposable molds are grown in wellplates completely submerged in a cell
culture medium. By doing so, cells are equally and ideally exposed to nutrients and oxygen, while in dense
tumor stroma the supply is highly heferogeneous leading to the establishment of acidic and hypoxic areas
which, in turn, trigger protumorigenic signalings and compromise the efficacy of therapeutic compounds.
The remarkable size (15x15x5mm) and the structural stability of the hydrogel can, however, be exploited
to embed multiple channels into the tissue reducing the amount of external medium. Then, through an
appropriate peristaltic pumps-based perfusion system, we could attempt to recapitulate more accurate
culture conditions in which both diffusion nutrients and oxygen gradients are closer fo the in vivo situations.
Given the pivotal role of the breast cancer desmoplastic stroma in establishing an impenetrable tumor
barrier, its reproducibility info the BCM is important for the purposes of molecules transport studies. The
degradation rate of the hydrogel matrix, greater than the cellular release of ECM proteins, however,
hampers the stiffening of the microtissue yielding inadequate results relative to the stroma-related diffusion
impediment. To enhance the deposition rate of ECM proteins in the scaffold, 3T3 can be transfected with
a Gllresponsive firefly luciferase reporter (NIH-3T3/GLHuc). By doing so, the exposure of freafed fibroblasts
to sonic hedgehog ligand [SHH) induced by HIF-1a deriving from cancer cells stimulates the upregulated
deposition of ECM proteins 2 143,

A further limitation in the study is the short observation time of molecules diffusion which did not allow to
measure any penetration of NPs into the sfroma, usually conducted over at least 48 h time windows.
Albeit the deposition of spheroids above the channel does not necessarily imply vascular damage if a
sufficient amount of hydrogel is interposed, this should be avoided. Rarely, it happened that spheroids
accidentolly deposited on top of the channel when the second layer of solution was poured, compromising
the visualization and the infegrity of the vessel.

For the rest, the handmade insertion of needles info the plastic mould roughly on at the same high resulted
in enabling the correct formation of the channel. Just in a few cases, the channel is shown to be partially
unfocused on the same plane meaning that it was not perfectly aligned without any crucial implications for
our applications.
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Due to the thin walls of disposable plastic mould, the BCM model showed susceptibility to handling during
insertion info the acrylic holder of the acoustic setup as needles were not completely firm, risking the damage
of the channel or fluid leakages at the interfaces needle-plastic moles {which yielded signal issues especially
in the water tank of the acoustical setup in which the samples were submerged). Thus, the assembly of
these models required extra care. By meficulously creating the holes with a smaller sharp needle (27G) and
then precisely inserting the 25G blunt needles this could be cbviated. Parficular attention should be poinfed
even fo the removal of the fishing line from the hydrogel after photocrosslinking to avoid damage fo vessels
walls. In general, however, the model shows to be a solid versatile high throughput platform that can be
customized according to investigation goals and adapted to different experimental setups.

CONCLUSIONS

In summary, in this research project, a novel 3D in vitro engineered breast cancer microtissue with biological
significance and  suitability for MBs-US applications was realized, characterized, and used as an
investigation platform. Compared to the state of the art of in vitro platforms for MBsmediated US studies,
the BCM model offers a higher level of biological complexity in terms of cellular components involved and
of tumorigenic features, which become more accentuated overtime culture. The BCM also owns clinical
relevance upon comparison with TNBC patients' transcriptomic. The ability fo mimic organ-specific
architecture is given by the mechanical stability of the GelMA/Matrigel hydrogelbased scaffold and allows
the recapitulation of both the endothelial and dense stromal barriers for molecules transport studies within
the breast TME. The BCM model, developed according to optical and acoustical requirements, ensures its
application also as an investigation platform for studying MBs cavitation confined in a viscoelastic
environment which better mimics the in vivo situation compared fo current rigid phantoms employed. The
BCM model is thus a versatile tool that can more accurately predict the biophysical and biochemical effects
of MBsUS on the surrounding tfissues with an estimation of cellular damage.

FOLLOW-UP STUDIES

The novelty of the BCM model offers many hints for future studies. Follow-up studies are certainly addressed
to the evaluation of MBs-US effects on molecules diffusion and concentration through the surrounding dense
tumor stroma as anficipated in Fig.36. Once that the parameters of an effective MBs-mediated sonoporation

3T3-

373+

FIG. 36 FOLLOW-UP STUDY: THE EFFECT OF MBS-US ON THE BARRIER CONSTITUTED BY ENDOTHELUM AND STROMA is shown in the
second raw and should be better investigated in order fo assess the effective benefits of MBs-US for enhanced drug penetration even through dense
barriers such as the desmoplastic breast cancer TME
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through the dense stroma are assessed, adequate characterization of treatment benefits should be yielded.
The BCM model can be employed to assess the extent of disruption of the plasma membrane and the
infegrity of ion channels via oscillating MBs. As shown in many MBs-US studies, the influx and outflux of
impermeable agents can be evaluated upon propidium iodide uptake and Calcein-AM release respectively.
The effect on the cellular membrane alterations could, in the BCM model, be measured even in terms of
distance from the vessel 1o evaluate the extent of the propagation of US waves across the surrounding tissue
even when the stimuli are not applied anymore.

Furthermore, for quantitative estimations of the cellular damage either due to US alone or MBs-US cell
viability assays should be performed following treatment either through sample sections (possibly a thinner
layer confaining the channel) and observation of LIVE/DEAD readouts via confocal microscopy or via
Annexin V/ Pl apoptosis profocol.

As mentioned above, the infratumoral penetration of silica NPs with or without MBs-US treatment would
provide striking evidence of the MBs-US efficacy but should be assessed for longer periods in a constrained
(closed) vessel to force the side extravasation, potentially recapitulating the obstructed vessel in the TME.
Penetration of Silica NPs (100 nm| could be then investigated by sectioning the sample and checking the
penetration info the stroma with a fluorescence microscope as shown in (supplementary material, Fig. 99)
for shorter perfusion times.

Inferestingly, the BCM model characterized by a dense stroma set the bases for being employed for
investigations of co-administration of MBs with anti-ECM therapies, such as anti-lOXs, for evaluating the
potential further increase in molecules diffusion upon reduction of stromal content following the combinatorial
freatment.

After 14 days of culture, the BCM model showed clear signs of angiogenesis via endothelial protrusions
as shown in Fig.37. In this view, another interesting application of the BCM model would be that of studying
mechanisms of sonoprinting, namely direct deposition of NPs onto endothelial cells walls following
cavitation of NPs-loaded MBs. As it was demonstrated that these NPs "paiches” remain attached to the
cellular membrane for some hours before being internalized, it would be interesting to couple antiangiogenic
agents, very debated in breast cancer treatment, on NPs surfaces and evaluate the efficacy via gPCR assays
before and ofter the treatment.

FIG. 37 ANGIOGENIC SPROUTS - H5V
ENDOTHELIAL CELLS OBSERVED ON DAY
14 OF BCM" CULTURE
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Another possible follow-up project could be addressed on investigating the potentially enhanced
invasiveness of tumor cells in spheroids located in the proximity of the endothelialized channel. This can
offer interesting insights especially if evaluated in function of the endothelial damage due to the MBs-US
freafment.

As claimed several times in this report, the BCM shows a high level of versatility which allows the formation
of several vascular, and to a minor extent, tumor distribution patterns. This is possible whether thanks to the
structural stability of the hydrogel and to the GelMA/Matrigel hydrogel layering-based assembly process.
As shown before in the report, parallel or crossed channels could be embedded in the channel. This would
yield interesting insights for investigating whether MBs oscillating in nearby or overlapped channels behave
differently, of whether they still experience affraction due to radiation forces, and, eventually, if their effects
are enhanced.

FIG. 38 SHOWS THE POTENTIAL ALTERNATIVE PATTERN OF A TRECHANNEL PERFUSED (c ) vascular network that can be integrated info
the bem with the same protocol developed before. The difference is given by just using multiple fishing lines; A) shows the hydrogel right after
photocrosslinking the bem with spheroids (indicated by the arrow number 2) and the three fishing [arrow 3 and 1); Of course, this is more a proof
of concept of the versafility of the model; b) is a picture that shows the overall integrity of the channels even after removal of the fishing line with
minimum dragging. Finally, the new vascialr network was perfuse with food U and silica NPs, Fig. C) and E) respectively. Of course, this design
requires optimization.

The complexity of the BCM model can be increased either by integrating a more complex vascular network,
as reported in Fig., or by incorporating multiple cells type such as macrophages for which interesting cellular
crosstalks could be observed with stromal or tumor cells. Finally, given the suitability of the model to sustain
high cellular density mimicking desmoplastic tumors, the BCM could be converted to pancreatic ductal
adenocarcinoma (PDAC) model, possibly by using human cells which would increasing the clinical
relevance.

In conclusion, our results proved the suitability of the model to molecules fransport studies, with the possibility
of extrapolating (semi-Jquantitative data on the diffusion rate and concentration useful for the investigation
of effective therapeutic doses able 1o trigger a beneficial effect over time. The presence of biclogical barriers
can then be exploited to estimate their overcoming through the application of MBs-US treatments. By closely
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observing the direct effects of a population of MBs in the proximity of the endothelium via the employment
of ultra-high-speed cameras, as well as the indirect penefrating effect of molecules into the stroma
surrounding the channel by means of fluorescent microscopy a multitude of data can be obtained. The use
of biological assays, such as gPCR, ELISA, western blot, flow cytometry, permeability, and TEER assays
prior and posttreatment, provide further quantitative validations of the MBs-US effectiveness and cellular
damage. The BCM model also owns tunable biological features that make it versatile for further applications
not only on drug biodistribution but also on the response of different cell types to treatment exposure with
the possibility of enhancing the biological complexity and the clinical relevance.

Supplementary material

Hydrogel composition study and optimization: GelMA/Collagen hydrogel

In order to investigate the most suitable hydrogelbased scaffold for biological and acoustical applications,
a broad hydrogel composition study was conducted. Initial efforts were addressed on the development of
a GelMA/collagen hydrogel inasmuch most of the breast cancer in vitro models showed pathobiological
relevance when developed in a collagen matrix. GelMA and collagen concentrations and thus ratios of the
two components were manipulated in order to obtain reproducible and mechanically stable constructs. In
particular, in this research, concentration ranges of 3-5% (w/v] of GelMA and 0.2-0.4% Pl (w/v) were
tested in combination with 2-3% collagen. Mechanical stability was assessed by visual observation and
bright field microscopy (EVOS Cell Imaging System|

B uve/ 0oy 7 TRANSPARENCY & STABILITY
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FIG. 1S ATTEMPTS TO DEVELOP HYDROGEL MADE OF COLAGEN AND GEM; ALTHOUGHT HE GOOD BIOCOMPATIBILTY OF THE
HYDROGEL, THE COUAGEN DID NOT YIELD APPROPRIATE MECHANICAL FRATURES. ALSO, GELMA COLIAGENE CROSSLINK AT OPPPOSITE
TEMPERATURE AND THIS HAMPER THE REPROFUCIVILITY OF THE MODEL.
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2. Cell Viability of 2* 108 cells/ml and 4* 108 cells/ml fibroblasts
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FIG. 2S LIVE/DEAD ASSAYS TO ASSESS THE AFFINITY OG THE HYDROGEL ON BOTH 2 — AND 4-X 10° CELLS/ML FIBROBLASTS. SAME
FOR ALAMAR BLU WAS ALSO PERFORMED AND STANDARDIZED ON DAY O. STILL, NO IMPROVEMENTS IN CELL VIABILITY.

3. Scanning Electron Microscopy: hydrogel morphology

20+ * %
T .
515— N
i . "
g é '-.- A#
£ 10 H
g wt o
5 A -
s - %
s 5 =
o

g/

0 H0hV WoBrmP.C Y4

FIG. 3S HYDROGEL INTERNAL MORPHOLOGY AND PORE SIZE DISTRIBUTION; Scanning Electron Microscope (SEM] 800x (above] and
2000x (below) magnification was used fo observe the inner morphology of celdree hydrogels. All the samples present an irregular laminar
organization. Sample n.3 (botiom picture) shows how measurements of pore size were taken on Image). The graph shows the corresponding mean
values of the pores for the corresponding sample of two dependent replications. Approximately, pores size is around 10 pm. **p < 0.01
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4. Dynamic Mechanical Characterization (DMA)
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FIG. 4S STRAIN-STRESS CURVE OBTAINED FROM THE DYNAMIC MECHANICAL ANALYSIS (DMA) IN COMPRESSION. The graph shows the
mean frend of the viscoelastic behaviour of three independent replicates (n.1, n.2, n.3) under compression. Considered strain range 10 - 60%.
Data represents mean + SEM for at least 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

5. BCM Mould Design
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FIG. 5S DIFFERENT DESIGN OF THE ACRYLC HOLDER FOR GELMA/MATRIGEL HYDROGEL. Each of these showed vulnerabilities and
inappropriateness for the application of ulirasound due to potential wave distortions or attenuation caused by materials. Another limiting factor
was given by the inability to crosslink the hydrogel due to the acrylic mould
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6. BCM Protocol
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7 .BCM Biological Characterization
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FIG. 7S GENE EXPRESSION OF 3T3 AND 471 MONOCULTURES IN 2D AND 3D (DAY 4) REVEAL THAT CELLS EXPERIENCE DIFFERENT
STIMULI WHEN EMBEDDED IN 3D. IN PARTICULAR, IN BOTH CELL MONOCULTURE GENES ASSOCIATED WITH METASTASIS AND

THUS MIGRATION ARE SIGNIFICANTLY UPREGULATED.
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FIG. 8S IMMUNOHISTOCHEMISTRY FOR PROTEIN EXPRESSION ON DAY 7 AND DAY 14. Vimentin, cytokeratin 19, and collagen type i
resulted in expressed, especially on day 14 confirming the dynamic and tumorigenic hydrogel-based microtissue.



9. Silica NPs Diffusion
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FIG.QS PERFUSION OF BCM ' WITH SILCA NPs (100 nm) OVER 10 MIN IN THE PRESENCE OF AN EXTERNAL STROMA. Picture are taken
with EVOS microscopy [4x and 10 x magnifications). In none of these cases, effective penetration of NPs info the surrounding stroma was observed.

10. MBs-US Research Approach
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FIG. 10 S MBs-US RESEARCH APPROACH. BRIEFLY, A) MBs are perfuse into the cellfree hydrogel to check optical tfransparency of the hydrogel,
and perfusion of the construct with the acoustical sef up B) MBs are injected into the endothelialized channel. Even in this case of dense sfroma we
should be able to visualize MBs; C)] MBs response to an external US beam are verified in a celHree hydrogel (first) and later info an endothelialized
channel; C) D} Show cavitation of MBs can be observed and studied. Especially in the second case, cavitation of MBs in proximity to the vessels
walls can yield mechanobiological insights; F) follow-up studies the effect of MBs-US will be assessed on the dense tumorigenic stroma barrier.
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FIG. 10S SCHEME OF THE PROCEDURE EMPLOYED TO EVALUATE ENHANCED OR REDUCED MOLECULE DIFFUSION WITH OR
WITHOUT ULTRASOUND IN THE PRESENCE OF A BIOLOGICAL BARRIER. In the first case, bright field microscopy images (4x) are
used to delineate the wall of the vessel to draw perpendicular lines to the signal profile in every frame to measure the distance over time
and thus diffusion rate. In the case of MBs-US, a self-generated Python code allowed the relatively fast and objective analysis of the
diffusion data over signal intensity and time. The code is able fo extract the signal infensity over distance and time and to summarize
them in a heat map which, in turn, is measured on image | fo elaborate data as in the molecules fransport study.
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