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ABSTRACT

In vitro tumor models are important tools for exploring cancer progression and novel

therapeutic strategies. These models are often oversimplified and lack many features of the

3D tumor environment, limiting their ability to simulate in vivo tumor behavior. Recapitu-

lating key features of the tumor microenvironment, particularly 3D structure, is critical for

the next generation of in vitro cancer diagnostic tools. Emerging 3D tissue-engineered in

vitro models, such as multicellular tumor spheroids (MCTSs) and organoids, are a promising

solution to this challenge. These cell aggregates have the ability to mimic several key aspects

of in vivo tumors, such as 3D structure and pathophysiological gradients, and possess great

promise for high-throughput in vitro testing. However, lack of standardization of MCTS fab-

rication has led to a large spectrum of “spheroid” and ”organoid” models, few of which are

able to replicate the necessary sphericity for physiologically-representative behavior. This

discrepancy is thought to be a major contributor to the high failure rate in drug discovery,

where only a low percentage of drugs investigated in vitro succeed in clinical trials. As an

additional challenge, the required size and shape of these in vitro tumor models precludes

them from conventional microscopy, thus limiting our ability to use these models to collect

data.

Advancement of these MCTS models relies heavily on our ability to characterize and

assess them. Herein, I propose an image-based analytical tool capable of characterizing

mesoscopic (� 3mm thick) samples. Based on Optical Coherence Tomography (OCT), a

structural imaging modality, this approach will be non-destructive and maintain cell-scale

resolution while also boasting a field of view sufficient for full aggregate viewing. Using this

tool, we can characterize morphology, cellular density, and cell viability of MCTSs, providing

key longitudinal information on tumor model development and response to drug.

The non-destructive nature of this technique uniquely positions us for longitudinal

investigations within singular aggregates. One such application we sought to explore is

the acquired resistance of cancer cells to pharmacologic anti-cancer treatments, a complex

issue that can add substantial challenges to treatment and eradication of solid tumors. Re-

cent studies have shown that following initial treatment, indications of sustained health and

increased aggressiveness have been observed in cells, which may serve to promote cell pro-

liferation/migration rather than eliminating the cells as intended. Utilizing OCT/Imaris
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to assess aggregates made from cells that have been exposed to a drug and later treated

again with the same drug, we can non-destructively assess changes in cell density/viability

in response to different priming concentrations/drugs. The goal of this study is to establish

a platform for studying the effects of drug-exposure on subsequent drug response.

Overall, this research developed a non-destructive tool for analysis of tumor spheroid

morphology, cell density, and cell viability within dense cellular aggregates. When applied to

aggregates that were primed and subsequently treated with the same drug, the tool provided

evidence of cell density spikes/dips that mirrored clinical acquired resistance observations.

In summary, this tool holds great promise for advancing multicellular tumor spheroid use,

especially toward drug screening applications.
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CHAPTER 1

BACKGROUND AND RESEARCH HYPOTHESIS

1.1 Introduction

In 2021, there was estimated to be over 1.9 million new cancer diagnoses and 608,570

cancer-related deaths in the US alone [1]. The development of more effective clinical treat-

ment strategies, drug-screening platforms, and personalized approaches are all key steps in

combating this deadly disease. While these strategies hold tremendous promise, researchers

and clinicians still require a better understanding of how cancer grows, develops, and metas-

tasizes.

To this end, 3D cellular aggregates (multicellular tumor spheroids and more advanced

organoids) are being increasingly recognized as powerfully representative tumor models for

such inquiry. Indeed, gene expression in multicellular aggregates is more representative of

clinical profiles than those seen in 2D [2], which has pushed advances in organotypic 3D

systems to study engineered human organs [3], [4], explore treatment options for a variety of

diseases while reducing in vivo and animal studies [5], and screen therapeutics for toxicity

and efficacy in a high-throughput fashion [3], [5]. Within the field of cancer research, these

models are being applied to gain insight into cancer progression and for the exploration of

novel therapeutic strategies, particularly with the use of 3D multicellular tumor spheroids

(MCTSs) [6], [7]. Once grown to a medium-sized 300-500 �m in diameter, these avascular

constructs mimic key aspects of in vivo solid tumors, such as 3D structure, pathophysiological

gradients, and tumor cell heterogeneity [8],[9].

Unfortunately, current models used for such investigations are often oversimplified and

poorly characterized, which limits their ability to accurately recapitulate physiological and

pathological processes that occur in vivo [10]. Lack of standardization in MCTS fabrication

has led to a large range of “spheroid” models, few achieving the necessary morphology.

Portions of this chapter previously appeared as: D. M. Kingsley, C. L. Roberge, A. Rudkouskaya, D. E.
Faulkner, M. Barroso, X. Intes, and D. T. Corr, \Laser-based 3D bioprinting for spatial and size control of
tumor spheroids and embryoid bodies," Acta Biomater., vol. 95, pp. 357�370, Sep. 2019.
Portions of this chapter previously appeared as: C. L. Roberge, D. M. Kingsley, D. E. Faulkner, C. J. Sloat,
L. Wang, M. Barroso, X. Intes, and D. T. Corr, \Non-destructive tumor aggregate morphology and viability
quanti�cation at cellular resolution, during development and in response to drug," Acta Biomater., vol. 117,
pp. 322�334, Mar. 2020.
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Moreover, because these models are frequently used for drug-screening applications, this

discrepancy has been implicated in the high failure rate in drug discovery, where only a

low percentage of investigated drugs succeed in clinical trials [11]. Continued generation

of robust and reproducible MCTSs will rely on the improvement of their fabrication and

evaluation strategies.

1.2 Research Objectives and Significance

Specific Aim 1: Fabricate and quantitatively assess size- and shape-controlled

3D breast cancer models using Laser Direct-Write Bioprinting and OCT/Imaris.

Summary: Size-controlled microbeads generated using laser direct-write bioprinting (LDW)

and containing cancer cells will be processed into core-shelled microcapsules. Core-shelled

alginate microbeads will be coated with a chitosan polymer solution, then chelated to cre-

ate hollow, core-shelled structures within which multicellular tumor spheroids (MCTSs) can

grow. OCT imaging and Imaris image analysis software will be used in conjunction to mea-

sure the volume and sphericity of MCTSs, verifying the size- and shape-control of LDW-based

capsules and establishing a tool for non-invasive characterization of aggregate morphology.

Efficacy of this capsule-based approach for producing medium-sized MCTSs will be tested by

comparing spheroid formation against gold standard techniques (liquid overlay) in multiple

cancer cell lines (i.e., MDA-MB-231 triple negative breast cancer and AU565 HER2+ breast

cancer).

Hypothesis: The constrained geometry of microcapsules generated via LDW will provide

the necessary environment for tumor cells to aggregate and compact to form dense, tumor

spheroids with 3D structure and pathophysiological gradients, and can produce spherical

morphologies in cell lines not able to aggregate on their own.

Significance: The ability to fabricate core-shelled structures with precise size- and shape-

control is difficult to achieve using common MCTS fabrication techniques. Achievement of

this aim will enable customized sizes and shapes of tissues grown within, with applications

for many future in vitro studies. The morphological characterization of these environments

is expected to provide valuable information on tumor model development for multiple cell

lines. Additionally, it will allow researchers to select the optimal size and shape for their

in vitro culture systems, thus providing more accurate gradient formation in basic science

studies and/or drug screening.
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Specific Aim 2: OCT/Imaris as a tool for non-destructive, label-free quantification of cell

density in developing and drugged tumor spheroids.

Summary: An extension of our OCT/Imaris based approach will be developed for non-

invasive characterization of cell density and viability within MCTSs. The “spots” function

within Imaris will be incorporated to track overall cellular density and regional cellular den-

sities within the singular spheroids over the course of their development. Matured aggregates

will be treated with a corresponding anti-cancer drug, at which point samples will be imaged

daily with OCT. Cellular viability will be non-destructively tracked using Imaris, which will

be quantified within full aggregates and within distinct aggregate regions.

Hypothesis: Optical Coherence Tomography (OCT) will provide rapid, non-invasive, label-

free structural imaging of MCTSs in 3D and, in conjunction with Imaris image analysis

software, will enable longitudinal quantification of key parameters, such as overall/regional

cellular density and cell viability, in these dense constructs.

Significance: The required size and shape of these in vitro tumor models precludes them from

conventional microscopy. The non-invasive platform developed in Aims 1 and 2 will enable

visualization and quantification of the morphology and cellular density in high-resolution over

the course of model development. This technique provides not only direct measurement of

tumor model growth, but also indications of proliferative and metabolic activity throughout

development. This approach also provides an indirect measure of regional drug penetration

without the need for sample fixing and staining, enabling live, continuous drug screening

with cell-scale information. To our knowledge, this is the first published method able to

collect accurate, quantitative, and longitudinal information on cell density within dense,

cellular tissues. This platform is promising for assessing tissues and cellular constructs up

to �3 mm thick, such as embryoid bodies or other organoids.

Specific Aim 3: Utilize OCT/Imaris to investigate aggregate development and

early drug response in HER2+ breast tumor models pre-exposed to TZM.

Summary: Recent studies have shown that following initial treatment with a HER2-targeting

drug, cells exhibit HER2 over-expression along with other indications of sustained health

and increased aggressiveness. HER2+ breast cancer cells will be primed in 2D culture with

either Trastuzumab (TZM) or a human IgG antibody (IgG) control at two doses: 20�g/mL

to match the dose used clinically as an imaging probe, and 50�g/mL to mimic a higher,
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therapeutic dose. Surviving cells will be used to form 3D aggregates using liquid overlay or

electrostatic bead generation (EBG) based microcapsules. Aggregates will be imaged during

development with OCT and any changes in growth dynamics will be assessed via changes

in 3D morphology and cellular density. Upon reaching maturity (day 4 liquid overlay, day

14 capsules), primed aggregates will undergo a second round of drug treatment such that

there are 4 cases: IgG/IgG, IgG/TZM, TZM/IgG, TZM/TZM. Aggregates will be imaged

with OCT following the second drug treatment, at 24 hours and again at 5 days post drug-

addition. Drug response for each aggregate will be evaluated non-destructively (using Imaris)

via longitudinal changes in cell density. Comparisons made between the four cases will

identify differences in early drug response due to priming.

Hypothesis: Pre-exposing cells to low concentrations of TZM (i.e., � 20�g/mL imaging probe

dose) prior to aggregate formation will lead to an increased resistance to TZM upon subse-

quent drugging. Comparisons between groups should ultimately give indications on various

cell behaviors (i.e., aggressiveness), with low-dose TZM-primed cells expected to be most

proliferative.

Significance: Primary and acquired resistance of cancer cells to pharmacologic anti-cancer

treatments is a complex issue that can add substantial challenges to treatment and erad-

ication of solid tumors. Focusing here on HER2+ cancer cells, recent studies have shown

that following initial treatment with a HER2-targeting drug, cells may exhibit HER2 over-

expression and other indications of sustained health and increased aggressiveness. These

events may serve to promote cell proliferation/migration rather than eliminating the cells

as intended. Utilizing OCT/Imaris to assess aggregates made from cells that have been

exposed to (i.e., primed with) a given drug and subsequently treated again with the same

drug, we will non-destructively assess potential increases in cell density and changes in ag-

gregate morphology in response to different priming concentrations/drugs. In this way, we

hope to identify whether pre-exposure to a drug leads to a change in cellular drug response.

Given that the lower dose tested herein is also used as a probe for diagnostic imaging, results

from these studies should help inform the clinical community on the effect of a single drug

pre-exposure on the early response to subsequent drugging.



CHAPTER 2

REVIEW OF LITERATURE

2.1 Breast Cancer Overview

Breast cancer is the leading cause of cancer-related death in women worldwide [12]–[14].

In 2021, there was estimated to be over 1.9 million new cancer diagnoses and 608,570 cancer

related deaths in the US alone [1]. Cancer initiates from a mutation of some of the body’s

cells, which disrupts the normal cell cycle and results in uncontrolled growth and proliferation

of these abnormal cells, ultimately forming a tumor [15]. Over the years, comprehensive

gene expression profiling has determined that there are 5 main molecular subtypes of breast

cancer: triple-negative, luminal A, luminal B, HER2+, and normal breast–like [16]–[19].

The receptors that are used to distinguish between these types are the estrogen receptor

(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2).

Of these subtypes, triple-negative and HER2+ tumors account for � 10�20% [20] and �
20�30% [21]–[23] of invasive breast cancers, respectively, and are often associated with poorer

prognoses than the luminal tumors, making them of high research interest.

2.1.1 Overview of Acquired Resistance in HER2+ Breast Cancer

Traditional treatment approaches for HER2+ breast cancer include hormone therapy,

chemotherapy, or radiotherapy [24]. Therapeutic approaches that target and inhibit Human

EGF Receptor 2 (HER2) receptors (e.g., Trastuzumab (TZM) or Lapatinib) have dramat-

ically improved patient outcomes [25], [26]. However, acquired resistance of cancer cells to

Portions of this chapter previously appeared as: D. M. Kingsley, C. L. Roberge, A. Rudkouskaya, D. E.
Faulkner, M. Barroso, X. Intes, and D. T. Corr, \Laser-based 3D bioprinting for spatial and size control of
tumor spheroids and embryoid bodies," Acta Biomater., vol. 95, pp. 357�370, Sep. 2019.
Portions of this chapter previously appeared as: C. L. Roberge, D. M. Kingsley, D. E. Faulkner, C. J. Sloat,
L. Wang, M. Barroso, X. Intes, and D. T. Corr, \Non-destructive tumor aggregate morphology and viability
quanti�cation at cellular resolution, during development and in response to drug," Acta Biomater., vol. 117,
pp. 322{334, Mar. 2020.
Portions of this chapter are to appear as: C.L. Roberge, L. Wang, M. Barroso, D.T. Corr. \Non-destructive
evaluation of regional cell density within tumor aggregates following drug treatment," J. Vis. Exp., to be
published.
Portions of this chapter previously appeared as: D. M. Kingsley, A. D. Dias, C. L. Roberge, and D. T.
Corr. \Laser direct-write bioprinting: a powerful tool for engineering cellular microenvironments," in 3D
Bioprinting and Nanotechnology in Tissue Engineering and Regenerative Medicine, 2nd Ed., L. Zhang, K.
Leong, and J. Fisher, London, UK, Elsevier, 2022, pp 123-151.
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these pharmacologic anti-cancer treatments is a complex issue that can add substantial chal-

lenges to treatment and eradication of solid tumors [23], [27]. Indeed, a significant proportion

of HER2-positive patients possess inherent resistance to TZM, or develop resistance later on

[28]. Recent studies have shown that following initial treatment with a HER2-targeting

drug, HER2 over-expression has been observed in cells among other indications of sustained

health and increased aggressiveness [29]–[31]. These events may serve to promote cell prolif-

eration/migration rather than eliminating the cells as intended. One aspect of this resistance

is the behavior of cells following a single exposure to the drug. In particular, this behavior

may begin after an initial treatment, or following exposure to TZM within the context of

diagnostic positron emission tomography (PET) imaging, where a low concentration of the

drug is used as a probe to visualize tumor size and metabolic/biochemical activity. The

development of more effective clinical treatment strategies, drug-screening platforms, and

personalized approaches are all key steps in combatting breast cancer. While these strate-

gies hold tremendous promise, researchers and clinicians still require a better understanding

of how cancer grows, develops, and metastasizes. For such studies, researchers have largely

turned to in vitro cancer models.

2.2 Current and Next Generation In Vitro Cancer Models

The native tumor microenvironment (TME) is an incredibly complex and dynamic

niche driven by both biochemical and mechanical cues. There are several key features of the

TME that have been identified as playing major roles in tumor progression and metastasis,

such as cell-cell interactions [32], exchange of growth factors [32], [33], ECM stiffness [34], the

native 3D environment [35], and gradients of oxygen and nutrient deficiencies [36]. Producing

credible and reliable pre-clinical tumor models relies on reproducing many of these features

in vitro to ensure in vivo-like behavior.

Traditional 2D in vitro cancer models lack the complexity of the native tumor mi-

croenvironment, limiting their prognostic value for drug screening and basic research [37],

[38]. Hence, the development of biomimetic 3D in vitro models able to recapitulate more

of these features has been a major research focus over the last decade. Significant advances

have been achieved for a wide range of applications, e.g., investigating tumor progression,

apoptosis/necrosis, gene expression, angiogenesis, and metastasis [3], [4], [8], [39], [40], ex-

ploring treatment options for diseases while reducing in vivo and animal studies [5], [41],
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and creation of vascularized large tumors to explore more complex cell behaviors and angio-

genesis [42], [43]. Such models are expected to play key roles in oncology, including in vitro

diagnostics, high throughput drug-screening, personalized cell-based therapies, and to reveal

key attributes of various pathologies.

2.2.1 Applications in Drug Screening and Diagnostics

As challenges associated with cancer treatment continue to persist, developing more

effective anti-cancer therapeutics is of high interest in both the scientific community and the

pharmaceutical industry [44], [45]. Therapeutic candidates must necessarily be evaluated on

in vitro and pre-clinical in vivo assays prior to testing in clinical trials with patients. The

array of models used is shown in Figure 2.1, organized by physiologic relevance versus ease of

use and analysis. Until recently, in vitro therapeutic screening has been primarily performed

in 2D models due to their high-throughput capabilities and ease of setup and assessment

[36], [46].

Figure 2.1: Model systems for studying human biological range from 2D cell culture to
model organisms and lie on a spectrum in terms of their experimental tractability and

physiological relevance. Reprinted from: E. Jackson and H. Lu, \Three-dimensional models
for studying development and disease: moving on from organisms to organs-on-a-chip and

organoids," Int. J. Integr. Biol., vol. 8, no. 6, pp. 672�683, 2016 [47], with permission from
Oxford University Press. Copyright 2016.

However, it is now well-accepted that 2D systems are unable to reproduce many key

properties of in vivo solid tumors, and that culturing cells in 3D models is much more

representative of the TME [2], [8], [37]. Indeed, cells with 3D microenvironment interactions

show differences in their cytoskeletal structure, morphology, membrane protein distribution,

and interaction with soluble factors [48]. Furthermore, the use of 2D models in drug-screening
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has been implicated in the high failure rate in drug discovery, where only a low percentage

of investigated drugs succeed in clinical trials [7], [11].

This has spurred significant advances in organotypic 3D systems for a wide range of

applications, particularly for improved screening of anti-cancer drugs for efficacy and toxicity

in early stages of the drug development [3], [44]. These models are able to more closely

reproduce key features of in vivo human tumors, thus improving screening accuracy. This is

expected to contribute to a critical reduction in animal testing, and thus to economic savings

as well [3], [49], [50].

There exists today a significant body of literature on the use of 3D in vitro models

for drug-screening and diagnostic applications. Many of these studies have applied models

to explore therapeutic issues associated with metabolic and proliferative gradients, such as

drug penetration, cell-cell and cell-matrix interactions, and cell migration/invasion [3], [7].

Indeed, when grown in 3D cultures, tumor cells have even been shown to acquire some

clinically-relevant multicellular resistance to apoptosis that may mimic the chemoresistance

found in in vivo solid tumors [51]. The ability of 3D models to accurately recapitulate key

structural and gradient-related in vivo features has additionally driven experts in the field

to include 3D models in major programs for drug screening and development [7].

2.2.2 Studying TZM Resistance In Vitro

Within the past 20 years, there have been a number of in vitro studies that have

investigated the mechanisms of primary and acquired resistance in HER2+ breast cancer,

particularly resistance to TZM and Lapatinib [7], [52]. Studying this resistance can be

useful for designing therapeutic strategies to delay the onset of resistance, or to treat tumors

that have already acquired resistance, based on the discovery of new mechanisms and targets

expressed or altered in resistant cell lines [53]. Many of these studies focus on using a TZM- or

Lapatinib-resistant cell line, generated via continuous exposure to increasing concentrations

of the drug, after which a subsequent dose of drug may be applied. In this way, receptor

or gene expression can be studied in the treated cell line and compared back to healthy

controls. Konecny et al. found, for a panel of 22 human breast cancer cell lines, that HER2

overexpression was consistently correlated with increased sensitivity to Lapatinib [54]. These

results were mirrored by Du et al., who observed HER2 over-expression in the majority of

cell lines obtained from resistant tumors [53]. Another study by Nafi et al. looked instead at
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HER4, noting a significant expression and nuclear translocation of HER4 in vitro following

subsequent TZM treatment [55]. Additionally, Sabbaghi et al. were able to demonstrate that

defective cyclin B1 induction by TZM was able to mediate acquired resistance in a HER2+

breast cancer cell line [56]. These results support the hypothesis that pre-exposure to TZM

leads to changes in cell health, aggression, and response to drug. Further investigations

are needed, particularly in more relevant 3D models, to better our understanding of what

happens to cells when they are not immediately killed upon initial drug application, and

how this may influence the cells’ ability to evade, or resist, subsequent drug exposures.

2.2.3 Overview of 3D Models/Microenvironments

In order to study some of the key features of the native cancer niche, researchers have

largely turned to benchtop 3D culture systems. Currently, much of the research in 3D cell

cultures is led by the re-emergence of multicellular aggregates and more complex organoids

[57], [58]. These avascular models have become an important tool for self-assembling cell

lines, such as cancer, liver, and stem cells, leading to the generation of matured 3D aggregates

termed tumor spheroids, hepatocyte spheroids, and embryoid bodies, respectively [59]–[64].

When grown properly, these systems can recapitulate physiological and pathological pro-

cesses that occur in vivo by mimicking key features such as 3D structure, pathophysiological

gradients, and cell heterogeneity [8], [36], [47], [59] (Figure 2.2). However, only recently

has more attention been devoted to characterizing the interplay between the morphology of

these 3D spheroids and their biological characteristics and responses.
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Figure 2.2: Common structural features displayed by tumor spheroids and solid tumors.
Tumor spheroids are organized in three distinct layers of cells (necrotic, quiescent and

proliferative) as in real tumors. Such a structural arrangement is a consequence of nutrients,
gases, pH and waste gradients. Additionally, spheroids also display a limited penetration for
therapeutic molecules. Reprinted from M. P. Carvalho, E. C. Costa, S. P. Miguel, and I. J.

Correia, \Tumor spheroid assembly on hyaluronic acid-based structures: A review,"
Carbohydr. Polym., vol. 150, pp. 139�148, 2016 [65], with permission from Elsevier.

Copyright 2016.

The 3D geometry and structural characteristics of these fabricated models are critical

to their overall function and physiological relevance, influencing not only the phenotype of

the individual cells, but also the overall model behavior. This is, at least in part, explained

by the development of nutrient (e.g., oxygen and glucose) and cellular signaling gradients

within the aggregates. Small spheroid models (100-300 �m diameter) exhibit no gradient-

related challenges in cell survival, and demonstrate different 3D cell-to-cell and cell-to-matrix

interactions, expression profiles, and proliferation rates as compared to 2D cultures [66], [67].

This is a large step towards greater physiological relevance, while maintaining a size-scale

compatible with conventional microscopy techniques [68]. At large sizes (500-1000 �m diam-

eter) multicellular aggregates develop necrotic cores due to lack of sufficient nutrient/waste

transport [69], [70]. This model may no longer be representative of in vivo conditions, where

embedded vasculature prevents this extreme cell death from occurring. The size of these

models also excludes them from analysis via microscopy, which poses a large challenge in
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their assessment.

Thus, medium sized spheroids (300-500 �m diameter) provide a unique balance between

relevant physiological features and the potential to be non-invasively assessed by contem-

porary imaging modalities. Indeed, medium sized multicellular tumor spheroids (MCTSs),

formed from aggregating tumor cells have been shown to develop biochemical gradients with

discrete radial cell zones (i.e., periphery cells are an active proliferating layer, and most in-

ward are quiescent and/or hypoxic) [71], [72]. The high level of hypoxia at their core enables

in vitro mimicking of the pre-metastatic signaling found in vivo. This finding has led to

the hypothesis that aggregate heterogeneity is a factor of increasing spheroid size, and that

medium-sized tumor spheroids provide a more accurate surrogate for solid tumor regions,

which are of significant interest for screening due to the shortcomings in traditional thera-

peutics [73], [74]. Unfortunately, with this increase in aggregate size over small spheroids,

these models have still proven difficult, if not impossible, to assess by conventional brightfield

or wide-field fluorescent microscopy.

Beyond size governing microenvironmental gradients, the shape of cellular aggregates

is also an important factor in model development. Size-related heterogeneity is, in part,

due to spatio-temporal signaling effects, which are influenced by aggregate shape. Aggre-

gate shape also controls pathophysiologic gradient formation, where flatter, disk-shaped

aggregates possess anisotropic gradients while spheroids possess equal length gradients in

all directions. These gradients play a role in regulating key tumor behaviors such as nu-

trient/waste exchange, drug penetration, and metabolic activities [65], [75]. Often, it is

assumed that cellular aggregates take on a spherical morphology, which is approximated

by maximum intensity projection (MIP) images in the x-y plane taken using brightfield

microscopy. Mounting evidence has shown that various aggregate models can have vastly

different sizes and shapes, which can only be appreciated when analyzed in 3D [76]. Thus,

aggregate shape and dimension are crucial factors that can influence how the models behave,

with important implications in drug screening applications.

2.2.4 Current Methods for MCTS Fabrication

Several methods of creating MCTSs are reported in the literature [57], [77]. These

techniques aim to minimize the surface attachment sites for cells, encouraging direct cell-

to-cell contact and self-assembly into compact structures with self-derived matrices [3], [59].
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Popular methods include spinner flasks, hanging droplets, microcapsules, and non-adherent

plates [78]–[81]. The latter, termed “liquid overlay,” is the current gold standard for spheroid

formation based on its high-throughput capabilities and sample reproducibility [36]. This

technique is a passive fabrication method which uses non-adherent wells to encourage cell

aggregation and self-assembly of aggregates. Aggregate size may be controlled to some

extent by initial cell seeding density and length of time left in culture. Liquid overlay is well

documented to produce spheroids with a variety of cell types [82], [83]; however, many cell

lines lack the ability to compact to the extent required to be characterized as a spheroid [84].

For these cell types, Matrigel (reconstituted basement membrane) is frequently applied as a

medium supplement to induce cellular aggregation [76]. However, Matrigel’s murine sarcoma

origin, large number of undefined growth factors, and significant lot-to-lot variability make

it difficult to perform controlled investigations. As an additional challenge posed by this

method, cells are free to proliferate, aggregate, and migrate within the larger confines of the

well, meaning that aggregate size and shape within each well is largely unrestricted outside

of initial, controlled conditions.

2.3 Core-Shelled Microcapsules for MCTS Formation

The field’s blooming appreciation for the influence of aggregate morphology on model

behavior has created a growing demand for new 3D tumor models able to recapitulate key

features of the in vivo TME. In order to create models with well-controlled features that

mimic in vivo conditions as closely as possible, it is imperative to develop bio-manufacturing

methodologies that enable fabrication of size- and shape-controlled 3D cultures. While liquid

overlay is high-throughput and boasts reproducible samples, establishing itself as the gold-

standard fabrication approach, it offers limited control over aggregate size and shape post-

seeding. In contrast, core-shelled microcapsules hold great potential for growing size- and

shape-controlled aggregates.

A microcapsule is a spherical micro-structure composed of an aqueous core enclosed in

a semipermeable membrane, or shell [85]. Mammalian cell-enclosing microcapsules have been

studied for over 40 years, serving as microenvironment mimics for tumor and stem cell niches,

enclosures for production of biomolecules, and as therapeutic devices for cell therapies [62],

[86]–[91]. Microcapsules are formed by coating charged hydrogel microbeads, sometimes cell-

loaded, in a solution containing a polymer of opposite charge [92], which initiates a process
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known as polyelectrolyte complexation [93], [94]. As an example, a popular microcapsule

formulation consists of negatively-charged alginate microbeads coated in positively-charged

poly-L-lysine (PLL) or chitosan. The gel core of the bead can be solubilized using a reverse

crosslinking agent, resulting in a hollow, core-shelled structure in the same shape as the

original hydrogel bead [93].

Importantly, precise microcapsule formation begins with the fabrication of size- and

shape-controlled microbeads. Many techniques exist for microbead production, namely mi-

cromolding [95], microfluidics [95]–[98], micro-vibrators [99], via high-pressue nozzles [100],

[101], bioprinting [102], or electrostatic bead generation [61], [103]–[105]. The two techniques

for microbead production used within this body of work, and the reasons they were selected,

are highlighted below.

2.3.1 Laser Direct-Write Bioprinting

Additive manufacturing technologies, such as 3D bioprinting, show great promise to

achieve the desired size, geometric, and spatial control of cellular aggregates. One such

technique, laser-direct write (LDW) bioprinting, is a nozzle-free, forward transfer technique

that uses a pulsed laser to deposit material from a ‘print ribbon’ to a ‘receiving substrate.’

LDW falls in a class of bioprinting with other laser-based techniques, such as laser-induced

forward-transfer (LIFT), AFA-LIFT, and biological laser-printing (BioLP), which offer high-

spatial resolution patterning, the ability to dispense viscous and/or small volumes, and

the precision to prescribe fine geometric features. The flexibility and performance of these

techniques have been demonstrated in the printing of a variety of different architectures,

using a multitude of natural and synthetic bioinks [106].

The laser direct-write (LDW) bioprinting technique developed in our lab has been

demonstrated for fabrication of spatially-precise patterns of microcapsules via deposition of

alginate microbead “building blocks” [102], [107] with single micrometer placement resolution

[108]. These capabilities have been leveraged to produce arrays (capsules spaced apart) or

continuous mats (capsules overlapping) of size-controlled, core-shelled microcapsules and

encapsulated structures that contain cells and over time constrain their proliferation [107],

[109]. These structures induce direct cell-cell contact and promote 3D aggregation within

the capsules using the cells’ self-produced ECM, rather than exogenous supplements such as

Matrigel, ultimately yielding cellular aggregates that mimic the prescribed capsule geometry.
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2.3.2 Electrostatic Bead Generation

Despite the notable advantages of microbead fabrication via bioprinting detailed above,

for these techniques to offer such fine control, typically construct throughput is compromised.

In cases where high-throughput production of beads is desired and spatial placement is not

required, complementary deposition techniques such as electrostatic bead generation (EBG)

have been established for size-controlled microbead deposition [104], [105]. This technique

applies an electric field to liquid coming from a needle tip, disrupting the flow and resulting

in a charged stream of small droplets [103], [105]. The extruded droplets are rapidly jetted

away from the needle, forming spherical droplets that may be caught and collected in an

oppositely charged solution, resulting in a crosslinked hydrogel microbead [61], [104], [110].

Changes to flow rate, needle gauge, solution viscosity, etc. allow for rapid fabrication of

microbeads over a wide size range (50 �m - 2.5cm) with minor deviations in bead diameter

seen over the course of a given deposition [103], [110].

Figure 2.3: Schematic illustration of the basic setup. (a) Electrostatic microencapsulation.
(b) Forces acting on the liquid. Reprinted from: Y. Xie and J. Castracane, \High-voltage,

electric �eld-driven micro/nanofabrication for polymeric drug delivery systems," IEEE Eng.
Med. Biol. Mag., vol. 28, no. 1, pp. 23�30, 2009 [103], with permission from IEEE.

Copyright © 2009.
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2.4 Current Approaches for Analyzing Multicellular Aggregates

The advancement of 3D MCTS models for reliable and reproducible biological assays

is heavily dependent on their characterization and analysis, both at the onset of any in-

vestigation, as well as longitudinally during their development or treatment progression.

Especially, spheroid volume and cellular density are key parameters that are known to affect

cancer progression and therapeutic response [77], [111]. However, the ability to measure these

parameters is limited by the size, thickness, and irregularity of 3D MCTSs [75], [112]–[114].

Piccinini et al. underscored the importance of volume quantification in their review

of seven different methods used to estimate tumor spheroid volume, concluding that each

of these approaches can lead to strikingly different results [115]. They highlight a novel

volume estimation software based on single-plane imaging specifically for MCTSs, known as

ReViSP (Reconstruction and Visualization from a Single Projection), which can reconstruct

a model’s volume based only on a bright-field wide-field image of the sample (Fig. 2.4)

[116].

Figure 2.4: Culture of spheroids contained in a single well. (a) Mosaic of a whole well of a
96-well plate. The mosaic was obtained �rst by manually acquiring 40 overlapping images to

cover the entire well, then using MicroMos, which is capable of merging a sequence of
previously acquired overlapping images into a highly accurate mosaic stitch. Once the mosaic

was obtained, it was manually segmented to be processed by ReViSP. The visualization of
the 3D surface of the spheroid culture is shown in (b). Reprinted from: F. Piccinini, A.

Tesei, C. Arienti, and A. Bevilacqua, \Cancer multicellular spheroids: volume assessment
from a single 2d projection," Comput. Meth. Prog. Bio., vol. 118, no. 2, pp. 95�106, 2015

[116], with permission from Elsevier. Copyright 2015.

While this software provides a much-needed improvement in morphology characteriza-

tion, its reliance on certain priors, such as axial rotational symmetry, limits its accuracy for

topographically heterogeneous or irregularly-shaped spheroids. Huang et al. recently reiter-

ated the limitations of these 2D-based methods, which were shown in practice to yield large
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quantification errors [117]. They instead report a voxel-based approach relying on canny edge

detection and manual centroid selection, specifically for tumor spheroid applications. These

results highlight the continuing need for improved non-invasive and direct quantification

methods capable of overcoming MCTS size, shape, and heterogeneity limitations.

Biological function is another important parameter correlated with 3D tumor model

morphology and cellularity due to the influence of radial depth on the diffusion of oxygen and

nutrients throughout the spheroid. Obtaining information on cytotoxicity and cell viability is

critical to characterizing both metabolic activity and drug response [118]. This information

is frequently collected through fluorescent imaging or ex vivo immunohistological staining

[118], [119]. While these methods can provide extensive information on tissue viability

and properties, they are often terminal and preclude longitudinal analyses within large 3D

MCTS samples. Such longitudinal analyses are highly desired as they can provide unique

insights into the time course of aggregate development and maturation, as well as temporal

responses to drug treatments. Despite this demand, extracting quantitative, non-destructive

measurements with these characterization techniques is still an ongoing challenge. Bright-

field and phase contrast microscopy are frequently used to longitudinally assess 3D MCTS

growth, yet these modalities are limited to 2D projections, missing the critical 3D morphology

of these models [8], [117], [120], [121].

Similarly, fluorescent imaging is routinely used to evaluate tissue structure, cellular

density, and cellular function of 3D MCTSs [118], [119], [122]; however, there are challenges

associated with these modalities, specifically lack of penetration depth due to light attenua-

tion, short working distances (� 50 �m), limited fields-of-view, and relatively long acquisition

times that can lead to destructive photobleaching [123].

Light-sheet fluorescence microscopy is a promising alternative for rapid imaging with

improved depth penetration and sufficiently wide fields-of-view to produce large, 3D, fluo-

rescent images with relatively fast acquisition times (see Fig. 2.5). However, beyond the

difficulty in imaging the central core of large spheroids without increased risk of photobleach-

ing, this technique requires extensive preparation including tissue clearing and gel embedding

of the sample, which precludes longitudinal imaging [37]. In addition, this technique requires

fluorescent labeling, which does not always diffuse uniformly into thick constructs.
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Figure 2.5: Representative light-sheet 
uorescent microscopy image taken of an
MDA-MB-231 spheroid demonstrating cell-scale resolution and su�ciently wide �eld of view

for these mesoscopic samples.

2.5 Overview of Optical Coherence Tomography (OCT)

Optical Coherence Tomography (OCT) is a well-established optical imaging technique

with the ability to image dense, 3D tissues. It operates on the principles of partial low coher-

ence reflectometry that uses infrared light to non-destructively probe samples and generate

3D image reconstructions. When light is shone down onto a sample from the probe head,

any structure that it hits causes a scattering event, which returns light to the imaging probe.

This reflected light, collected via the same probe head, contains information on the “time-of-

flight” delay from the backscattering sites in the sample. Once processed, this type of data

yields longitudinal location data of the reflective sites, thus providing spatial information

about tissue microstructure. Due to the visible nature of the light used, this technique is

completely non-destructive and also label-free. Additionally, given that OCT’s resolution is

limited only by the coherence length of the light source [124], it also boasts axio-lateral res-

olution of a few microns, up to several millimeters deep [125], [126]. Since its development

in the late 1980s by Fercher et al. and Huang et al., its most popular applications have

become diagnosis and management of retinal and corneal diseases [127] and, more recently,

skin diseases such as epithelial skin tumors, eczema, and psoriasis [128].

Given its cellular resolution and sufficiently wide field of view (up to 10mm x 10mm),

OCT holds great potential for 3D evaluation of intact tissue-engineered samples. In partic-

ular, it boasts the ability to visualize the heterogeneous topography of MCTSs, doing so in

a label-free manner so as to eliminate reliance on fluorescent labels or dyes. Indeed, a few
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recent studies have sought to utilize OCT’s structural imaging capabilities to analyze tumor

spheroid behavior. Huang et al. demonstrated an OCT-based technique for non-destructive

detection of necrotic regions within tumor spheroids, relying on increased intrinsic optical

attenuation to discriminate between live and dead cell regions (see Figure 2.6) [117]. Simi-

larly, Hari et al. conducted refractive index measurements of human colon cancer (HCT116)

spheroids imaged with OCT to study the presence of hypoxia within the samples [129].

Their measurements were not sufficient for direct inferences, though they did observe lower

RI in locations that correlated with the site, though though not size, of necrotic cores later

identified via confocal microscopy. Abd El-Sadek et al. sought to visualize and quantify

regional tissue viability of breast cancer tumor models using OCT [130]. They reported

two OCT-based methods for visualizing tissue dynamics: (1) logarithmic intensity variance,

which is sensitive to the magnitude of the temporal fluctuations of the OCT signal, and (2)

OCT correlation decay speed analysis, a technique that quantifies and visualizes slower tissue

dynamics. The authors provide evidence showing moderate correlation between differences

in these two metrics and fluorescent microscopy-identified regions of live/dead cells.
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Figure 2.6: Comparison of necrotic regions identi�ed on the basis of optical attenuation
contrast with 
uorescent, histology, and IHC results. OCT attenuation image of a HCT116
tumor spheroid on day 14 (A) was compared with the corresponding 
uorescent image (B).

The spheroid in 
uorescent image was stained with calcein AM (live cells, green) and
propidium iodide (dead cells, red). A good match between necrotic regions identi�ed from
OCT attenuation image (A; red, high attenuation region) and 
uorescent image (B; red, PI
staining) was observed. OCT attenuation images of two HCT116 tumor spheroids on day 4
(C)and day 14 (H) were compared with corresponding H&E (D and I) and TUNEL-stained

(E and J) slices, respectively. No necrotic core was observed in either OCT, H&E, or
TUNEL images on day 4. In contrast, the tumor spheroid on day 14 clearly exhibited a

necrotic region in all images (H{L). The highlighted high attenuation region in OCT image
(H) matched well with the necrotic region (I) and apoptotic region (J)identi�ed by H&E and
TUNEL staining, respectively. Zoom-in views of gray square-highlighted areas in H&E and
TUNEL images (D, E, I,and J)are shown in F, G, K,and L, respectively. The contours of

high-attenuation region in OCT image are indicated by black dash lines in H&E and TUNEL
images (B, I{L). Scale bars, 100 mm. Reprinted from: Y. Huang, S. Wang, Q. Guo, S.

Kessel, I. Rubino�, L. L.-Y. Chan, P. Li, Y. Liu, J. Qiu, and C. Zhou, \Optical coherence
tomography detects necrotic regions and volumetrically quanti�es multicellular tumor

spheroids," Cancer Res. J., vol. 77, no. 21, pp. 6011�6020, 2017 [117], with permission from
American Association for Cancer Research. Copyright 2017.
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Other recent studies have utilized OCT for volumetric tumor model measurements

over the course of drug treatment, including label-free quantification of shrinking tumor

nodule volume in response to anti-cancer photodynamic and chemotherapies [131], and tumor

volumetric changes in response to anti-cancer and gene-silencing drugs [132]. The latter

incorporated a rapid, low-sensitivity swept-source OCT platform to rapidly image 96-well

culture plates (� 5sec/well), demonstrating its potential for high-throughput, longitudinal

tumor model assessment [132]. However, all of these prior OCT-based approaches focused

their analyses on whole tumor models or large tumor regions, and thus were not able to

appreciate critical events occurring at the level of individual cells during drug treatment. One

notable study by Leroux et al. in 2016 used OCT to image cell-level events [133]. This study

looked at actomyosin contractility of cells within small tumor spheroids (100 �m diameter)

and correlated the dynamic OCT signal with changing cell motility during cell aggregation.

While this study analyzed cell motility, the authors observed the cells for minutes, not days,

and used optically-favorable small spheroids, which may not be physiologically relevant as

metastatic, medium-sized models.



CHAPTER 3

FABRICATE AND QUANTITATIVELY ASSESS SIZE- AND

SHAPE-CONTROLLED 3D BREAST CANCER MODELS

USING LASER DIRECT-WRITE BIOPRINTING AND

OCT/IMARIS

3.1 Introduction

Three-dimensional multicellular models are rapidly becoming the new paradigm for in

vitro cultures, due in part to their increased biological relevance over traditional 2D cultures

and their potential to enable major advances in tissue engineering and personalized medicine

[8]. Indeed, gene expression in multicellular aggregates, as well as many other biological

processes, are more representative of in vivo conditions than those seen in 2D cultures

[2]. Significant advances in organotypic 3D systems have been achieved for a wide range

of applications, including the development of engineered human organs [3], [4], exploring

treatment options for diseases while reducing in vivo and animal studies [5], [41], and high-

throughput screening of anti-cancer drugs for efficacy as well as toxicity [3], [5]. Although

there is a push to engineer larger, more elaborate tumor models, the relatively simple 3D

multicellular tumor spheroid (MCTS) has been, and continues to be, widely utilized to gain

insight into cancer progression and chemoresistance, and has become central for exploring

novel therapeutic strategies and facilitating personalized medicine [6], [7], [121]. Importantly,

the biologic behavior of these relatively simple, avascular tumor models is heavily influenced

by their size and shape [69], [70], [77], [109], [134]. To maintain physiologic relevance, MCTSs

need to grow to diameters of 300-500�m before they exhibit several key aspects of in vivo

tumors, such as 3D structure, metabolic function, and pathophysiological gradients [8], [9].

Over the last two decades, a variety of fabrication approaches have been developed to

Portions of this chapter previously appeared as: D. M. Kingsley, C. L. Roberge, A. Rudkouskaya, D. E.
Faulkner, M. Barroso, X. Intes, and D. T. Corr, \Laser-based 3D bioprinting for spatial and size control of
tumor spheroids and embryoid bodies," Acta Biomater., vol. 95, pp. 357�370, Sep. 2019.
Portions of this chapter previously appeared as: C. L. Roberge, D. M. Kingsley, D. E. Faulkner, C. J. Sloat,
L. Wang, M. Barroso, X. Intes, and D. T. Corr, \Non-destructive tumor aggregate morphology and viability
quanti�cation at cellular resolution, during development and in response to drug," Acta Biomater., vol. 117,
pp. 322�334, Mar. 2020.

21



22

produce MCTS constructs [57], [69], [109]. One commonality among all these techniques is

the goal of minimizing the surface attachment sites for cells to encourage direct cell-to-cell

contact. These methods include spinner flasks, hanging drops, core-shelled microenviron-

ments, or non-adherent plates, all of which have been demonstrated to enable self-assembled

cellular aggregation into compact structures. The latter, termed “liquid overlay,” serves as

the current gold standard thanks to its high-throughput capabilities, ease of use, and sample

reproducibility [36]. This technique is well documented to produce spheroids using a variety

of cell types [82], [83]. However, many cell lines lack the ability to compact to the extent

required to be characterized as a spheroid [84]. For these cell types, culture media is typically

supplemented with Matrigel, a gelatinous protein mixture derived from basement membrane

of mouse sarcoma cells to elicit cellular aggregation [76]. However, due to Matrigel’s large

number of undefined growth factors and significant lot-to-lot variability, the impact of such

supplements on 3D aggregate morphology and cellular density is not well understood [39],

[135], [136]. These limitations hamper the use of such in vitro models for standardized

oncologic applications.

The advancement of 3D MCTS models for reliable and reproducible biological assays

is heavily dependent on their characterization and analysis, both at the onset of any in-

vestigations, as well as longitudinally during their development or treatment progression.

Spheroid shape and volume are key parameters that are known to affect cancer progres-

sion and therapeutic response [77],[111]. However, the ability to measure these parameters

is limited by the size, thickness, and irregularity of MCTSs. To date, the volumes of 3D

MCTSs are frequently estimated based on their 2D cross-sectional diameters [75], [112]–

[114], [137]. Piccinini et al. underscored the importance of volume quantification in their

review of seven different methods used to estimate tumor spheroid volume, concluding that

each of these approaches may lead to very different results [115]. They highlight a novel

volume estimation software based on single-plane imaging specifically for MCTSs, known as

ReViSP (Reconstruction and Visualization from a Single Projection), which can reconstruct

a model’s volume based only on a bright-field image of the sample. While this software

provides a much-needed improvement in morphology characterization, its reliance on certain

priors, such as axial rotational symmetry, limits its accuracy for topographically heteroge-

neous or irregularly-shaped spheroids. Huang et al. recently reiterated the limitations of

these 2D-based methods, which were shown in practice to yield large quantification errors
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[117]. They instead report a voxel-based approach relying on canny edge detection and man-

ual centroid selection specifically for tumor spheroid applications. These results highlight

the continued need for non-invasive and direct quantification methods capable of overcoming

the imaging limitations imposed by MCTS size and heterogeneity.

Optical Coherence Tomography (OCT) is a well-established optical imaging technique

with great potential for 3D structural imaging of large cellular aggregates. It operates on the

principles of partial low coherence interferometry that uses infrared light to non-destructively

probe samples and generate 3D image reconstructions. OCT‘s few-micron axio-lateral res-

olution, up to several millimeters deep, enables 3D visualization at the cellular resolution

required for analysis of heterogeneous MCTSs [125], [126]. This platform holds potential

as a rapid, non-invasive imaging tool for evaluating developing tissue-engineered samples in

a label-free manner, eliminating the reliance on fluorescent labels or dyes. Indeed, a few

recent studies have sought to utilize OCT‘s structural imaging capabilities to analyze tumor

spheroid behavior. Jung et al. measured shrinking tumor nodule volume in response to anti-

cancer photodynamic and chemotherapies [131], and Tsai et al. tracked tumor volumetric

changes in response to anti-cancer and gene-silencing drugs [132]. The latter incorporated

a rapid, low-sensitivity swept-source OCT platform to rapidly image 96-well culture plates

(�5sec/well), demonstrating its potential for high-throughput, longitudinal tumor model

assessment [132].

Herein, we integrate the use of OCT with Imaris image analysis software to longi-

tudinally assess the 3D development of MCTSs grown within core-shelled microcapsules.

Quantification of size- and shape-control over resulting spheroids will be performed, and the

efficacy of microcapsules for size-controlled MCTS formation will be tested by comparing

spheroid formation against the gold standard technique (liquid overlay +/- Matrigel) in mul-

tiple cancer cell lines (i.e., MDA-MB-231 triple negative breast cancer and AU565 HER2+

breast cancer). These widely-studied cell lines were selected, in part, due to their varying

degrees of self-aggregation ability, to better explore spheroid formation with these multi-

ple fabrication approaches. MDA-MB-231 cells have shown a mild ability to self-aggregate

[138], [139], while AU565 cells have been shown to have little to no ability to self-aggregate in

culture [138], [140]. The findings presented in this aim reveal critical information on morpho-

logic changes during tumor model progression, with direct implications on the physiological

relevance and utility of these MCTSs as in vitro tumor models.
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3.2 Materials and Methods

3.2.1 Cell Culture

MDA-MB-231 GFP-tagged triple-negative human breast cancer cells (MDA-MB-231)

(ATCC, Manassas, VA) were grown in growth medium consisting of Dulbecco’s Modified Ea-

gle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS)(ATCC), 100

U ml-1 penicillin/streptomycin, and 2 mM L-glutamine. AU565 human breast cancer cells

(ATCC, Manassas, VA) were grown in growth medium consisting of Roswell Park Memorial

Institute (RPMI) 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin.

All cells were grown in standard cell culture conditions of 37�C, 5% CO2, and 95% Relative

Humidity.

3.2.2 MCTS Fabrication

3.2.2.1 Core-Shelled Microcapsule Formation via Laser Direct-Write Bioprinting

Single-step fabrication and patterning of cell-loaded alginate microbeads via LDW bio-

printing is described in detail in our lab’s previous work, and demonstrated in Fig. 3.1

[102]. Briefly, the LDW system (Teosys LLC, Crofton MD) consists of an ArF excimer laser

source, with independently CAD/CAM-controlled printing ribbon and receiving substrate

stages. To prepare a print ribbon, a UV-transparent quartz disk (Edmond Optics, Barring-

ton, NJ) is spincoated with a thin, sacrificial layer of alginate-gelatin, and a subsequent layer

of transfer material containing the biopayload is added via pipette. For these experiments,

a fixed-density of cells (4.0x106 cells/mL) suspended in alginate served as the transfer ma-

terial, and a Petri dish spin-coated with a thin film of 10% gelatin-2% CaCl2 was utilized as

the receiving substrate.
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Figure 3.1: Schematic of LDW (A), representative diagrams of desired geometry (blue),
programmed print arrays (red), and depiction of how the printed array would appear (green)
(B), LDW deposition mechanism (C), processing of microbeads into core-shelled structures

(D), and aggregate formation (E) [109].

To print a microbead, a pulse from the ArF excimer laser (193 nm) passes through a

variable iris and beam-delivery optics, hitting the UV-transparent print ribbon. The beam

diameter can be adjusted via the iris, which correlates with the resultant bead diameter.

Once the beam hits the print ribbon, it volatilizes the sacrificial layer, forming a vapor pocket

that ejects a spot of transfer material (e.g., cell-loaded alginate), from the print ribbon to the

underlying receiving substrate. As the material leaves the print ribbon, it forms a droplet,

taking on a spherical shape through cohesion and surface tension, then lands in the gelatin

film on the receiving substrate, where it rapidly crosslinks in situ due to the free calcium

on the substrate [102]. This crosslinking event occurs very rapidly, such that the resulting
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microbead retains the spherical shape of the droplet. Immediately after the microbead is

printed, the receiving substrate is automatically moved to the next programmed position

within the printed array. The ribbon stage moves to utilize a new location on the print

ribbon, and the laser is again pulsed to create a new microbead. This process continues until

the entire pattern is complete, at which point the printed microbead construct is incubated

in 2% CaCl2 solution for 15 min. to provide additional crosslinking, then switched to cell

culture medium.

Within this work, the printed constructs were 5x5 arrays of individual alginate mi-

crobeads. Fabricated alginate microbeads were given 1 h in cell culture medium prior to

processing into core-shelled constructs [107], then washed thrice with 0.9% NaCl to remove

any excess media from substrates. Next, a 0.5% chitosan solution was washed over the al-

ginate structures for 7 min., during which the chitosan complexes to the alginate structure

periphery, in a process known as polyelectrolyte complexation. After the chitosan treatment,

0.9% NaCl is washed thrice again to remove excess solution. The chitosan-shelled alginate

beads were then washed with 0.1% sodium citrate solution (a calcium sequestrate), and

incubated for 2 min. to liquefy their cores, producing a polymer-shelled microenvironment

with a liquid core, termed a core-shelled structure. Excess sodium citrate was then removed,

and the samples were washed with NaCl before cell culture medium was added to the arrays.

Capsules were cultured to the point of spheroid maturity. Due to differences in proliferation

rates for each cell type, this was around day 14 for MDA-MB-231 spheroids and day 21 for

AU565 spheroids.

Medium-sized MCTS (300 - 350 �m diameter) samples were targeted during LDW

bioprinting. This size was controlled by manipulating the beam diameter of the laser, i.e., the

larger the beam, the larger the microbead. Previous studies performed in our lab confirmed

that a beam diameter of 175 �m produces alginate beads with an average diameter of 349 �
21 �m, and thus was the beam size selected for these studies [102]. This size was selected to

promote development of pathophysiological gradients and, consequently, hypoxic cores that

mimic the pre-metastatic signaling seen in vivo [71], [72], [141].

3.2.2.2 Liquid Overlay

To prepare aggregates via liquid overlay (L.O.), cell monolayers were detached from

their culture flask via standard trypsinization protocol. Cells were counted and re-suspended
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in media to the desired concentration of 2.5 x 105 cells/mL following previously established

methods [36]. Next, the cell suspension was dispensed into round bottom, non-adherent,

96 well-plates (CellStar, Greiner Bio-One, or Biofloat, faCellitate) at a volume of 100 �L

per well. These suspensions were cultured with (+) or without (-) a concentration of 2.5%

Matrigel (Corning, prod. #354263, Corning, NY). Plates were centrifuged at 1000 rpm for

10 min. immediately following seeding to ensure collection of the cell pellet at the bottom

of the well. Plates were then incubated and cell aggregates were cultured over a four-day

maturation period, with OCT imaging performed on each day.

3.2.3 Tumor Aggregate Visualization via OCT

A commercial Spectral Domain Optical Coherence Tomography (SDOCT) system, op-

erating with a central wavelength of 1310 nm (TEL220C1, Thorlabs Inc. New Jersey, USA)

was utilized for all OCT-based imaging. The SDOCT system has axial resolution of 5.5 and

4.2 �m in air and water, respectively, and a lateral resolution of 5 �m. Image collection for

this study was performed at a 5.5kHz A-scan rate with a sensitivity of 101dB. The index of

refraction used in this study was 1.33 for samples in liquid medium. Lateral pixel size was

held constant at 1.1 �m.

3.2.4 Processing of OCT Images

Aggregate volume and sphericity were calculated using Imaris image analysis software

(v9.8, Bitplane USA, Concord, MA). Following intensity thresholding to isolate the sam-

ple region within the OCT volume scan, aggregate outlines were traced slice-by-slice, then

stitched together to obtain a volume reconstruction of the sample, as shown in Figure 3.2.

Figure 3.2: Schematic illustrating the work
ow of image analysis. Following OCT volume
scan collection, B-scans are traced slice-by-slice by the user within Imaris, then automatically

stitched together within the software, resulting in a volume reconstruction of the sample.
The OCT sample image provided is of a 14-day spheroid grown within a LDW capsule [109].
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3.2.5 Statistical Analysis

For all experiments in this study, statistical significance was determined by Student‘s

t-test. Data are shown as means � SD. In all cases, p < 0.05 was used to indicate statistical

significance, unless otherwise indicated. In instances claiming statistical similarity, additional

ANOVA testing was performed to check for equality in variance and distribution.

3.3 Results

3.3.1 Visualization and Morphological Quantification of Developing Cellular

Aggregates

3.3.1.1 Microcapsule-Based Spheroids

OCT provided a label-free, non-invasive method to image the aggregates grown within

the core-shelled environments. When processed within Imaris, OCT images granted visual-

ization and quantification of the 3D morphologies. This requires whole-sample imaging to

provide important information on tumor progression. Representative microscopy and OCT

images showing the time course of cell growth and aggregation within these capsules can

be visualized in (Fig. 3.3). Both cell types proliferated across the bottom of the capsules

before aggregating around days 7 and 14 for MDA-MB-231 and AU565 cells, respectively.

Notably, the AU565 cells have a much lower proliferation rate in culture, which dramatically

slowed their spheroid formation.
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Figure 3.3: Longitudinal visualization of evolving spheroid morphology within capsules,
measured with microscopy and OCT. A representative MDA-MB-231 aggregate is shown at
7 and 14 days post-processing into a core-shelled structure (A-D), while an AU565 aggregate

is shown at 14 and 21 days post-processing (E-H). Over the maturation periods, both cell
types formed single aggregates which grew to �ll the volume of each capsule (Microscopy

image scale bars = 100�m).

Matured aggregates achieved volumes of 0.053 � 0.012 mm3 for MDA-MB-231’s and

0.038 � 0.009 mm3 for AU565’s, as quantified by OCT (Fig. 3.4A). Thus, aggregate size

is controlled by the size of the core-shelled structure. Notably, when grown in similarly-

sized microcapsules, both cell types produced 3D aggregates of similar volume. Imaris also

enabled measurements of aggregate sphericity, defined as the ratio of the surface area of a

sphere to the surface area of the particle. This value ranges from 0 to 1.0, with 0 representing

a plane and 1.0 a perfect sphere. Aggregates exhibited similarly high sphericities for both

cell types, measuring 0.822 � 0.041 and 0.83 � 0.059 for MDA-MB-231 and AU565 cells,

respectively (Fig. 3.4B). Notably, these sphericities surpassed the 0.8 cutoff that has been

found characteristic of in vitro spheroid models with accurate physiologic gradients [142],

[143]. This highlights the power of microcapsule-based techniques for producing size- and

shape-controlled aggregates.
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Figure 3.4: Morphology quanti�cation of LDW microcapsule-based spheroids. Aggregates
grow to �ll their capsules through day 14 (MDA-MB-231) or day 21 (AU565) and reach a
highly spherical geometry upon maturation. Similar volumes and sphericities are observed

between all capsules regardless of cell type. In panel B, the 0.8 cuto� value for
physiologically-relevant sphericities shown in yellow (n=6-12 per condition).

3.3.1.2 Liquid Overlay Samples

As a control, OCT-based analysis was then applied to MCTSs formed via L.O., in the

presence or absence of 2.5% Matrigel serum. Beginning with MDA-MB-231 aggregates, rep-

resentative images of samples on days 1 and 4 (Fig. 3.5 A-D) revealed significant geometric

differences between these two models: aggregates prepared without Matrigel grew to a flat,

disk-like morphology, while those prepared with Matrigel aggregated into 3D spheroids after

4 days (Fig. 3.5). We further quantified the observed morphologies, showing no significant

differences in volume between aggregates grown with or without Matrigel, on any of the 4

days (Fig. 3.5 E-F). However, despite achieving similar volumes, there was a significant

increase in sphericity with the addition of Matrigel, which agrees with our qualitative obser-

vations (Fig. 3.5 A-D). Notably, these L.O. aggregates had much larger volumes than the

capsule-based spheroids due to the lack of growth restriction within the wells.
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Figure 3.5: Longitudinal visualization of evolving MDA-MB-231 aggregate morphology
measured with OCT. (A-D) Sequential en face, side view, and isometric OCT images
showing the development of a representative tumor aggregate from day 1 to 4. (A, B)

Samples prepared without Matrigel formed 
at disks, whereas those prepared with Matrigel
(C,D) aggregated into 3D spheroids. (E,F) Longitudinal quanti�cation showed that

aggregates grown (+/-) Matrigel had similar volumes at each of the 4 days, but signi�cantly
di�erent shapes. Matrigel (+) samples had signi�cantly higher sphericities than those

without Matrigel as early as day 1, which was maintained through day 4. (��� = p < 0.001)
(n = 6) (Scale bars = 100�m) [139].

Next, we analyzed AU565 L.O. aggregates grown with and without Matrigel. Represen-

tative OCT images of matured samples on day 4 are shown in Fig. 3.6. Significant geometric

differences are again observed with the addition of Matrigel: aggregates prepared without

Matrigel grew to a very flat, disk-like morphology, while those prepared with Matrigel ag-

gregated into thicker disks after 4 days. We further quantified the observed morphologies,

showing no significant differences in volume between aggregates grown with or without Ma-

trigel, on any of the 4 days (Fig. 3.6). However, despite achieving similar volumes, there was

a significant increase in sphericity with the addition of Matrigel, though not enough to meet

the 0.8 threshold for spheroid classification, which agrees with our qualitative observations.
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Figure 3.6: Longitudinal visualization of mature AU565 aggregate morphology measured
with OCT. Samples prepared without Matrigel formed extremely 
at disks, whereas those
prepared with Matrigel aggregated into thicker disks, though not spheroids. Longitudinal

quanti�cation showed that aggregates grown (+/-) Matrigel had similar volumes at each of
the 4 days, but signi�cantly di�erent shapes. Matrigel (+) samples had signi�cantly higher
sphericities than those without Matrigel as early as day 1, which was maintained through

day 4. (�� = p < 0.01, ��� = p < 0.001) (n = 6) (Scale bars = 100�m).

Lastly, we compared the morphologies across all tested conditions for both cell lines

used (Figure 3.7). It is important to note that L.O. cultures have an initial seeding density

of 2.5 x 104 cells/well, while microcapsule-based aggregates begin with �10 cells each, hence

the extended timecourse for model development. Volume quantification again shows no

difference in L.O. models prepared with or without Matrigel for either cell line. However,

we do observe significantly more restrained volumes in capsule-based aggregates. Despite

the lower, controlled volumes, MDA-MB-231 cells grown in capsules produce aggregates

comparable in sphericity to those grown in L.O. with Matrigel. Indeed, while the addition

of Matrigel was not sufficient to produce physiologically-relevant sphericity in AU565 L.O.

models, growing these cells in capsules promotes higher average sphericity above the 0.8

cutoff, enabling more accurate in vitro testing with this cell line. Overall, these results

are incredibly promising, highlighting the efficacy of microcapsules for producing spheroids

without the requirement for Matrigel.
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Figure 3.7: Longitudinal visualization of mature AU565 aggregate morphology measured
with OCT. Samples prepared without Matrigel formed extremely 
at disks, whereas those
prepared with Matrigel aggregated into thicker disks, though not spheroids. Longitudinal

quanti�cation showed that aggregates grown (+/-) Matrigel had similar volumes at each of
the 4 days, but signi�cantly di�erent shapes. Matrigel (+) samples had signi�cantly higher
sphericities than those without Matrigel as early as day 1, which was maintained through

day 4 (�� = p < 0.01) (n = 6).

3.4 Discussion

There is a compelling need for more advanced, physiologically-representative 3D in vitro

models to overcome limitations presented by simplified culture platforms and complicated in

vivo testing and translation. Cellular aggregates provide a promising framework to bridge

the gap between simple 2D models that fail to recapitulate the 3D microenvironment and

key biological phenomena, to xenograft models, which are costly (i.e., time and resources),

as well as difficult to reproduce. Additive manufacturing technologies, such as LDW bio-

printing, offer the potential for enhancing the cellular aggregate model to a more scalable,

sophisticated tissue-engineered model. We have previously shown that LDW can be used to

fabricate and spatially pattern cell-loaded microbeads [102], which can be utilized to create

customizable, cell-loaded, core-shelled structures [107]. Core-shelled microcapsules provide

an effective method for generating 3D cellular aggregates [112], [144]. When compared to

other cell encapsulation and core-shelled techniques (i.e., electrostatic bead generators and

microfluidic channels), LDW bioprinting has the added benefit of being built on scalable,

CAD/CAM patterning technology, making it possible to produce size-controlled spatially-
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de�ned constructs, ultimately in high-throughput fashion. These two seemingly disparate

techniques (LDW and cellular aggregates) together have the potential for advancing our

current control and capabilities for in vitro models. Herein, we applied LDW to fabricate

and pattern core-shelled structures, containing either MDA-MB-231 or AU565 cancer cells,

demonstrating our ability to control aggregate size, spatial placement, and overall geometry.

A key feature of e�ective MCTS models is their morphology. Size and shape of the

model directly in
uences the gradients developed, overall growth, and di�usion behaviors

of the tumor. Small-sized MCTSs (diameter< 300 � m) do not experience gradient-related

challenges for cell survival, large MCTSs (> 500 � m) develop necrotic cores due to lack

of su�cient nutrient/waste transport, and medium-sized MCTSs (300-500� m diameter),

such as those used in this study, develop pathophysiological gradients and, consequently,

hypoxic cores that mimic the pre-metastatic signaling seenin vivo to provide a more accurate

surrogate for avascular solid tumors [71], [72], [141]. Furthermore, a lack of standardization of

MCTS fabrication has led to a large spectrum of \spheroid" models, few of which are able to

replicate the spherical morphology necessary to establish the physiologically-representative

gradients that make these such powerfulin vitro models. Such spherical geometry results

in formation of proper surface-to-volume ratios, which are expected to lead to isotropic

gradients over the full sample for more consistent and reproducible biological outcomes.

Moreover, because these models are frequently used for drug-screening applications, this

discrepancy has been implicated in the high failure rate in drug discovery, where only a low

percentage of investigated drugs that show promisein vitro succeed in clinical trials [11].

Advancing these models further requires non-destructive characterization of critical

features (such as morphology) during model development, which is frequently accomplished

using 2D microscopy. However, looking at the L.O. results in Figure 3.5, we can see that de-

spite similarities in circularity seen in the 2D top view, models can mature into very di�erent

morphologies (i.e., disk-like versus spherical) which cannot be appreciated with 2D imaging.

While both � Matrigel samples showed similar circular morphologies en face, (Figure 3.5, top

row), signi�cant di�erences were observed in the volumetric images, a �nding that would not

be evident in a conventional 2D view. Indeed, approaches seeking to quantify morphology

based on 2D projections alone have been shown to yield large errors and overestimations of

aggregate volume, particularly for thinner, less spherical samples (e.g., Matrigel (-) herein)

[139]. This result serves to underscore the importance of 3D morphology visualization and
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quanti�cation. To this end, OCT is a promising approach for three-dimensional, cell-scale,

label-free imaging of mesoscopic models.

Using OCT, we went on to non-destructively quantify the 3D morphology of LDW

microcapsule-based tumor aggregates during development. Within the core-shelled struc-

tures, tumor spheroids were observed to grow and form over a 14-day time course for MDA-

MB-231 cells, and 21-day time course for AU565 cells. The core-shelled structures were

able to constrain the growing aggregates within, allowing for control over the �nal size, and

shape, of the 3D cellular aggregate. Aggregates within core-shelled microcapsules exhibited

high sphericity and truly 3D geometries.

When comparing aggregate morphologies across fabrication techniques, these results

also show that liquid overlay models grew substantially larger than capsule-based ones,

with uncontrolled morphologies. As cells within these capsules may only grow within the

prescribed geometry of their polyelectrolyte shell, aggregate volume is constrained to match

the capsule. On the other hand, cells in L.O. aggregates are free to grow and proliferate

as much as they would like within their wells. Additionally, since MDA-MB-231 cells are

known to proliferate at a faster rate, this is likely the cause for their increased volume over

AU565 cultures for all fabrication techniques.

With regards to sphericity, not all culture conditions produced truly spherical aggre-

gates. Indeed, only MDA-MB-231 cells grown with Matrigel and all aggregates grown in

microcapsules exhibit sphericity su�ciently high for in vitro testing. For the MDA-MB-231

cell aggregates, due to the batch-to-batch variability and largely unknown growth factors

intrinsic to Matrigel, capsule-based spheroids are expected to provide a more controlled and

accurate tumor model than their equally spherical L.O. (+) Matrigel counterparts. There is

also an overall drop in sphericity for all AU565 aggregates produced with L.O. when com-

pared to the MDA-MB-231's, likely due to the fact that they are a non-aggregating cell line.

Notably, while AU565 cells are not able to aggregate su�ciently on their own or with the

addition of Matrigel, they are able to form highly spherical 3D aggregates when grown in

microcapsules. Overall, these results highlight the power of microcapsule-based techniques

for producing size- and shape-controlled spheroids, regardless of a cell type's inherent ability

to self-aggregate, and without requiring the addition of exogenous factors such as Matrigel.



CHAPTER 4

OCT/IMARIS AS A TOOL FOR NON-DESTRUCTIVE,

LABEL-FREE QUANTIFICATION OF CELL DENSITY IN

DEVELOPING AND DRUGGED TUMOR SPHEROIDS

4.1 Introduction

Biological function is an important parameter correlated with 3D tumor model mor-

phology, due to the in
uence of radial depth on the di�usion of oxygen and nutrients through-

out the spheroid. Obtaining information on cytotoxicity and cell viability is critical to char-

acterizing both metabolic activity and drug response [118]. This information is frequently

collected through 
uorescent imaging orex vivo immunohistological staining [118], [119].

While these methods can provide extensive information on tissue viability and properties,

they are often terminal and preclude longitudinal analyses within large 3D MCTS samples.

Such longitudinal analyses are desired as they can provide unique insights into the time

course of aggregate development and maturation, as well as temporal responses to drug.

However, extracting quantitative measurements with these characterization techniques is

still an ongoing challenge.

Despite this drive, non-destructive analysis of these mesoscopic samples has been no-

tably lacking. Bright-�eld and phase contrast microscopy are used to longitudinally assess

3D model growth, yet these modalities are limited to 2D projections, missing the critical 3D

structure of these models [8], [117], [120], [121]. Similarly, 
uorescence imaging is routinely

used to evaluate structure and cellular function of biological constructs [122]; however, there

are challenges associated with these modalities, speci�cally penetration depth with 
uores-

cent labeling, light attenuation, working distances (� 50 � m), limited �elds-of-view, and

relatively long acquisition times that can lead to destructive photobleaching [123]. Light-

Portions of this chapter previously appeared as: D. M. Kingsley, C. L. Roberge, A. Rudkouskaya, D. E.
Faulkner, M. Barroso, X. Intes, and D. T. Corr, \Laser-based 3D bioprinting for spatial and size control of
tumor spheroids and embryoid bodies,"Acta Biomater. , vol. 95, pp. 357� 370, Sep. 2019.
Portions of this chapter previously appeared as: C. L. Roberge, D. M. Kingsley, D. E. Faulkner, C. J. Sloat,
L. Wang, M. Barroso, X. Intes, and D. T. Corr, \Non-destructive tumor aggregate morphology and viability
quanti�cation at cellular resolution, during development and in response to drug," Acta Biomater. , vol. 117,
pp. 322� 334, Mar. 2020.
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sheet 
uorescence microscopy is a promising alternative for rapid imaging with improved

depth penetration and wider �elds-of-view to produce large, 3D, 
uorescent images. How-

ever, in addition to the di�culty in imaging the central part of large spheroids without

increased risk of photobleaching, this technique also requires extensive preparation and gel

embedding of the sample, which precludes longitudinal imaging [37].

Alternatively, Optical Coherence Tomography (OCT) is a well-established optical imag-

ing technique with great potential for 3D structural imaging of large cellular aggregates. It

operates on the principles of partial low coherence interferometry that uses infrared light

to non-destructively probe samples and generate 3D image reconstructions [124]. OCT's

few-micron axio-lateral resolution, up to several millimeters deep, enables 3D visualization

at the cellular resolution required for analysis of heterogeneous MCTSs [125], [126]. This

platform holds potential as a rapid, non-invasive imaging tool for evaluating developing

tissue-engineered samples in a label-free manner, eliminating the reliance on 
uorescent la-

bels or dyes. Indeed, a few recent studies have sought to utilize OCT's structural imaging

capabilities to analyze cell behavior within tumor spheroids. Huanget al. demonstrated

their OCT-based technique for non-destructive detection of necrotic regions within tumor

spheroids, relying on increased intrinsic optical attenuation to discriminate between live and

dead cell regions [117]. In 2021, Abd El-Sadeket al. sought to visualize and quantify regional

tissue viability of breast cancer tumor models using OCT [130]. They reported two OCT-

based methods for visualizing tissue dynamics: (1) logarithmic intensity variance, which is

sensitive to the magnitude of the temporal 
uctuations of the OCT signal, and (2) OCT

correlation decay speed analysis, a technique that quanti�es and visualizes slower tissue dy-

namics. The authors provide evidence showing moderate correlation between di�erences in

these two metrics and 
uorescent microscopy-identi�ed regions of live/dead cells.

However, all of these prior OCT-based approaches focused their analyses on whole

tumor models or large tumor regions, and thus were not able to appreciate critical events

occurring during drug treatment at the level of individual cells. One notable study by Leroux

et al. in 2016 used OCT to image cell-level events [133]. This study looked at actomyosin

contractility of cells within small tumor spheroids (100� m diameter) and correlated the

dynamic OCT signal with changing cell motility during cell aggregation. While this study

analyzed cell motility, the authors observed the cells for minutes, not days, and used optically-

favorable small spheroids, which may not be physiologically relevant as metastatic models.
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Additionally, the authors did not seek to track cell density within their small spheroids to

provide broader indications of aggregate growth.

Herein, we extend our OCT/Imaris-based approach to non-destructively measure cell

density during MCTS development and in response to anti-cancer drug treatment. These

�ndings reveal critical information on cell density changes during tumor model progression,

with direct implications on the physiological relevance and utility of MCTSs asin vitro tumor

models. This method is also applied to non-destructively measure cell viability in MCTSs

in response to anti-cancer drug treatment, revealing its potential for continuous assessment

of new drugs and/or the e�cacy of patient-tailored regimen.

4.2 Materials and Methods

4.2.1 Cell Culture

MDA-MB-231 GFP-tagged triple-negative human breast cancer cells (MDA-MB-231)

(ATCC, Manassas, VA) were grown in growth medium consisting of Dulbecco's Modi�ed

Eagle's Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 1%

penicillin/streptomycin, and 2 mM L-glutamine. AU565 human breast cancer cells (ATCC,

Manassas, VA) were grown in growth medium consisting of Roswell Park Memorial Institute

(RPMI) 1640 supplemented with 10% (v/v) FBS and 1% penicillin/streptomycin. All cells

were grown in standard cell culture conditions of 37� C, 5% CO2, and 95% Relative Humidity.

4.2.2 MCTS Fabrication

4.2.2.1 Core-Shelled Microcapsule Formation via Electrostatic Bead Generation

Electrostatic bead generation (EBG) is a popular, well-established technique for mi-

crocapsule fabrication. While it does not o�er control over capsule placement in the way

LDW bioprinting can, it does o�er high-throughput capabilities and good size and shape

control over resultant capsules. We utilized EBG to fabricate microcapsules for the stud-

ies within this chapter assessing drug viability in capsules. With this technique, we could

rapidly obtain large numbers of spheroids in this instance when placement was not critical.

Following established methods, cell-loaded microcapsules were prepared using electrostatic

bead generation (EBG) [61], [104]. Cell monolayers were detached from their culture 
asks

via standard trypsinization protocol. Cells were counted and re-suspended in 1.5% alginate

(Sigma, 9005-38-3) to a desired concentration of 5.0x106 cells/mL, after which they were
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were loaded into a 3mL syringe. A 6.5kV voltage was applied to the 24-gauge syringe needle

and the receiving dish containing 2% CaCl2 using a high-voltage power supply (Gamma High

Voltage Research, Ormond Beach, Florida). Driven by a syringe pump (New Era Syringe

Pump, Wantagh, NY) running at 5� L/hour, the cell-alginate suspension was then extruded

into the receiving dish to form cell-loaded alginate hydrogel microbeads.

The resultant gel beads were incubated with 0.5% w/v chitosan (Spectrum MFG,

C1569) to form alginate-chitosan membranes around each bead, and subsequently incubated

with 0.1% sodium citrate to chelate the alginate bead cores. This produced cell-loaded core-

shelled capsules 300-350� m in diameter. Capsules were cultured to the point of spheroid

maturity, which varied due to di�erences in proliferation rate for each cell type. We found

that MDA-MB-231 cells began to aggregate after 7 days in culture and formed spheroids

matching the capsule inner diameter by 14 days. AU565 cells began to aggregate after 14

days in culture and formed spheroids by 21-27 days.

4.2.2.2 Liquid Overlay

To prepare aggregates via liquid overlay (L.O.), cell monolayers were detached from

their culture 
ask via standard trypsinization protocol. Cells were counted and re-suspended

in media to the desired concentration of 2.5x105 cells/mL following previously established

methods [36]. Next, the cell suspension was dispensed into round bottom, non-adherent,

96 well-plates (CellStar, Greiner Bio-One, or Bio
oat, faCellitate) at a volume of 100� L

per well. These suspensions were cultured with (+) or without (-) a concentration of 2.5%

Matrigel (Corning, prod. #354263, Corning, NY). Plates were centrifuged at 1000 rpm for

10 min. immediately following seeding to ensure collection of the cell pellet at the bottom

of the well. Plates were then incubated, and cell aggregates were cultured over a four-day

maturation period, with OCT imaging performed on each day.

4.2.3 Tumor Aggregate Visualization via OCT

A commercial Spectral Domain Optical Coherence Tomography (SDOCT) system, op-

erating with a central wavelength of 1310 nm (TEL220C1, Thorlabs Inc. New Jersey, USA)

was utilized for all OCT-based imaging. The SDOCT system has axial resolution of 5.5 and

4.2 � m in air and water, respectively, and a lateral resolution of 5� m. Image collection for

this study was performed at a 5.5kHz A-scan rate with a sensitivity of 101dB. The index of
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refraction used in this study was 1.33 for samples in liquid medium. Lateral pixel size was

held constant at 1.1� m.

4.2.4 Processing of OCT Images to Obtain Cell Density Values

Cell counts were calculated using Imaris image analysis software (v9.8, Bitplane USA,

Concord, MA). Following intensity thresholding to isolate the sample region within the OCT

volume scan, aggregate outlines were traced slice-by-slice, then stitched together to obtain

a volume reconstruction of the sample. The \spots" function in Imaris was then used to

identify and count objects matching the input diameter with su�ciently high intensity, thus

providing a systematic estimation of cells present within the sample. A spot size of 10� m was

used as the input diameter for analysis based on the average diameter of both MDA-MB-231

and AU565 cells in 2D monolayers.

4.2.5 Validation of Cell Counts Obtained With Imaris

To validate the cell counts obtained from Imaris analysis, age-matched L.O. aggre-

gates grown under identical conditions to those undergoing OCT/Imaris analysis were dis-

aggregated at their terminal timepoint and the cells from each aggregate were counted via

hemocytometer. To dissociate the aggregates, 80� L of media was removed from each well

and replaced with 100� L of trypsin [145]. During trypsinization, care was taken to ensure

that cell exposure was limited to no more than 10 minutes to reduce the potential for cell

death. After 10 minutes, wells were mixed for approximately 30 seconds, and the resulting

cell suspensions were counted via hemocytometer using phase contrast microscopy. These

disaggregated reference cell counts were used to construct a 95% con�dence interval for cell

counts over the 4-day period.

4.2.6 Light-Sheet Microscopy of Tumor Spheroids

Additional imaging was performed to compare cell counts obtained from OCT volume

scans with those measured using state-of-the-art light sheet microscopy. After 4 days of

growth, spheroids were �rst imaged with OCT, then embedded in agarose gel within a

capillary tube, and imaged with light-sheet microscopy. All images were analyzed in Imaris

using the same aforementioned cell-counting method. Three separate aggregates from each

batch were dissociated and counted via hemocytometer to provide \ground truth" control
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cell counts for each given seeding density and growth condition. All light-sheet imaging

was performed using a Leica TCS SP8 DLS Microscope. GFP-expressing MDA-MB-231

aggregates were individually mounted into Leica capillary 2.5mm sample holders (Leica

Code No. 158007060) by embedding them in 1% low melting point agarose (IBI, Cat. No.

IB70050). The light sheet microscope utilized a 488nm laser for GFP excitation, and a

505-540nm �lter for emission.

4.2.7 Quanti�cation of Cell Viability in MCTSs Treated With a Chemothera-

peutic

We next sought to test the ability of our cell counting procedure to evaluate the cy-

totoxicity of a cancer drug, using live cell count as a metric. We began with a set of L.O.

studies designed to test and validate this approach. Doxorubicin, a well-known breast cancer

chemotherapeutic, was added on day 4, at a dose concentration of 20� M, to MDA-MB-231

L.O. samples created with and without Matrigel. This dose, much higher than the IC50

value (1.24� M) for this cell line in monolayer [146], was intentionally selected to guarantee

large amounts of cell death. Samples were continuously exposed to the drug for 24 hours,

and OCT imaging was performed immediately prior to addition of the drug (t = 0), and at

4 hours and 24 hours post addition. Imaris image analysis software was used to count the

number of cells at each time point, within each aggregate, throughout the drug time course.

Six separate treated samples from the same batch were trypsinized and counted via hemo-

cytometer at each time point. Prior to counting, trypan blue stain was added to each well

at a 1:1 ratio with media volume (per manufacturer's instructions) prior to hemocytometer

counting. This stain is only able to enter cells with damaged or missing membranes, staining

these cells blue while living cells appear as white and healthy. Longitudinally-tracked sam-

ples were benchmarked against these cell-dissociated results, where the dissociated results

were split into live and dead (necrotic) values, as observed via the trypan stain. Again, care

was taken to minimize cell exposure to trypsin, enabling accurate representation of drug

response.

To ensure results weren't exclusive to MDA-MB-231 drugging, we designed a similar

experiment for AU565 cells to explore this approach in a second cell line. Trastuzumab

(TZM), a clinically-used chemotherapeutic, was added on day 4, at a dose concentration

of 50 � g/mL, to AU565 L.O. samples created with and without Matrigel (Remnant clinical
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samples of TZM used for studies in this thesis kindly provided by Albany Medical Center

Pharmacy). This dose was selected to mirror a clinical therapeutic dose. As this drug works

on a slower timeline then doxorubicin, samples were continuously exposed to the drug for

5 days, and OCT imaging was performed immediately prior to addition of the drug (t =

0), and at 24 hours and 120 hours (5 days) post-addition. Imaris image analysis software

was used to count the number of cells at each time point throughout the drug timecourse.

Six separate treated samples from the same batch were trypsinized, trypan blue stained,

and counted via hemocytometer at each time point. Longitudinally-tracked samples were

benchmarked against these cell-dissociated results. Again, care was taken to minimize cell

exposure to trypsin, enabling accurate representation of drug e�cacy.

Lastly, we sought to quantify the viability of cells in response to drug within capsule-

based spheroids. As these samples are spherical and prepared without Matrigel, the results

of this study should provide an important step towards decoupling the e�ect of Matrigel

vs. morphology on drug response. With a focus on HER2+ cell viability quanti�cation,

AU565 spheroids were formed via EBG as described in Section 4.2.2.1. On day 27, matured

spheroids were drugged with 50� g/mL TZM and cultured for 5 days. 3D volume scans of

spheroids were collected via OCT at key time points of 0h, 24h, and 120h (5d) post-drug

addition. Again, Imaris image analysis software was used to count the number of cells at

each time point throughout the drug timecourse.

4.2.8 Statistical Analysis

Two distinct statistical analyses were employed in this study. Bland-Altman graphical

analysis was employed to assess agreement between two quantitative measurements for a sin-

gle sample. Brie
y, this method quanti�es the agreement between two di�erent measurement

techniques by plotting di�erences in measurements between the two techniques (e.g., OCT

and microscopy) against the average measurements of the techniques. Di�erences that fall

within one standard deviation of the mean measurement, also termed the \limits of agree-

ment," indicate statistical agreement between the two techniques [147], [148]. For all other

experiments in this study, statistical signi�cance was determined by Student`s t-test. Data

are shown as means� SD. In all cases, p< 0.05 was used to indicate statistical signi�cance,

unless otherwise indicated.
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4.3 Results

4.3.1 Validation of Approach for Longitudinal Cell Count Measurement in De-

veloping L.O. Tumor Aggregates

Our OCT-based Imaris technique provides measurements at cellular resolution and, in

the case of minimally scattering samples such as a MCTS, we hypothesized that the OCT

contrast obtained in the MCTS could correlate with overall cell population. Thus, we sought

to exploit this correlation to non-destructively quantify cell number in MCTSs over the time

course of aggregate development to provide valuable longitudinal 3D information on both

cell proliferation and overall model growth.

To assess our ability to accurately approximate cell density in large aggregates, we

�rst began by looking at MDA-MB-231 aggregates grown using L.O.. While it is desired

for the proposed studies to use spherical, capsule-based MCTSs, it is not feasible to ana-

lyze/trypsinize singular aggregates from within printed microcapsule arrays or within the

large batch of capsules that comes from EBG, on which our validation was based. Thus, the

proposed cell counting technique was validated in L.O. aggregates, where aggregates can be

analyzed and trypsinized individually within their respective wells, with the ultimate goal

of translating the technique to capsule-based MCTSs.

MDA-MB-231 aggregates were imaged daily via OCT over a 4-day growth period (lon-

gitudinal samples;Fig. 4.1 , red lines) and cell counts from these aggregates were compared

to a 95% con�dence interval for cell count established from dissociated aggregates, which

served as our ground truth (Fig. 4.1 , blue lines). Average Imaris counts (n = 6 per condi-

tion) were within the con�dence interval for all samples, on each of the 4 days (Fig. 4.1 );

the only exception being samples fabricated without Matrigel on Day 1, whose average fell

just above the 95% interval. Cell counts for samples grown with Matrigel exhibited larger

standard deviations, likely due to the increased thickness of the samples, which poses a chal-

lenge to the imaging modality. However, these counts still fell within the 95% con�dence

interval, demonstrating OCT's ability to longitudinally, and non-destructively count cells in

thick 3D aggregates.
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Figure 4.1: Longitudinal quanti�cation of cell number in developing tumor aggregates. (A)
Representative OCT image of L.O. aggregate grown with Matrigel, including zoomed-in

section highlighting OCT's cellular resolution. (B,C) Growth curves created from similarly
grown terminal samples are plotted in blue, with their associated 95 % con�dence interval for
cell counts in shaded light blue. Imaris-based cell counts for samples imaged longitudinally

over 4 day are shown in red, illustrating that the mean Imaris cell counts fell within the
con�dence interval at every time point, with the only exception being samples grown

without Matrigel at day 1, whose standard deviation falls inside the interval, but whose
average falls just outside. Insets show representative aggregates from the given conditions

that have been analyzed with the Imaris spots function (n=6) [139].

4.3.2 Benchmarking OCT-Based Cell Counting Against Light-Sheet

Microscopy

Light-sheet 
uorescent microscopy has been recently established as a powerful tool

to image 3D structures, with single- cell or sub-cellular resolution. Thus, we sought to

benchmark our OCT-based cell counting method against this state-of-the-art microscopy

technique, using Matrigel-positive MCTSs, selected for their spheroidal shape (i.e., similar

thickness in three dimensions), which makes them the most challenging of our samples to

image and assess using OCT. Two trials were performed with 3 spheroids each (Figure

4.2) and Bland-Altman statistical analyses revealed little discrepancy between methods,

and tight limit-of-agreement intervals, with no statistical di�erences noted between the cell

counts of light-sheet and OCT. Moreover, there were no statistical di�erences between cell




