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Abstract

Amidst surging drug costs and high clinical trial failure rates, the successful
development of new therapeutics demands drug testing platforms having high accuracy
to human physiology. Changes in regulatory oversight, such as the FDA Modernization
Act 2.0, echo the desperate need for better models. The fields of tissue engineering and
bioanalytical chemistry have innovated for decades toward meeting this need, resulting
in organ-on-chip technology. As immunomodulating agents are among the most
expensive and failure prone areas of medicine, models of the human adaptive immune

response and the lymph node are desperately needed.

Despite major advances in this space, the human immune system poses inherent
challenges for advanced models. While organ-on-chip technology has enabled effective
modeling of tissue-properties, a major gap in the field is a lack of established immune
models in the context of organ-on-chip models. In particular few models exist for

modeling the complex processes that lead to the response to infection or vaccine.

Chapter 2 of this thesis describes effective modeling of T-cell-dependent B cell
activation in an organ-on-chip platform. This adaptive immune process was exploited by
enabling TCR/BCR independent and dependent cross-talk. Cell-cell interactions were
then inhibited with a clinically available JAK inhibitor. Chapter 3 describes efforts to
construct this immune modeling platform from materials suitable for manufacturing at

scale.

Chapters 4 and 5 focus on more fundamental advancements in tissue

engineering and analytical chemistry. First, technological advancements regarding



mimicking tissue at the microscale is discussed. Next, analytical developments for
characterizing photopolymerizable biomaterials are described. Lastly, a novel method
for assessing crosslinking density within light-curing materials is described, and then

demonstrated for predicting the stability of biomaterials in physiological settings.

In summary, the advancements described herein have met the need for more
human relevant models of adaptive immunity, and improved analytical methods for
characterizing complex biomaterials. Future applications of this work will enable more
accurate models of the vaccine response. In addition, applications toward modeling
complex immune signaling environments such as neuroimmunity and autoimmunity are
discussed. Finally, an application of the novel crosslinking density measurement is

described.
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1. Introduction

1.1 Societal impact of costly and unpredictive clinical trials

The high failure rate and correlated cost of producing novel therapies is a major burden
on healthcare, insurance, and all people who need medicine. To elaborate, a comprehensive
metanalysis off all clinical groups in 2021 estimated the cost to produce a new, clinically-
approved drug ranged from $161 million to $4.5 billion. With that, the clinical trial success rate
was estimated to range from 3% to 33%.! Two drug categories, antineoplastic (chemotherapy)
and immunomodulating agents, are tied for the highest cost ($4.5B) and lowest success rate
(0.3%).2 While the high cost of drugs is a problem society has grown accustom to, its upward
trend is perplexing. Contrary to Moore’s law, which broadly states that efficiency improves
exponentially with technological improvements, the cost-efficiency of drug development has
decreased exponentially for the last sixty years®. This cost impacts consumers directly. The
American Hospital Association reported an increase of 38.7% in drug spendings per admitted
patient from 2013 to 2015, as well as an increase in overall admissions from patients not being
able to afford essential medications.* The major concern is that these problems form a positive-
feedback loop where patient admissions and staffing cuts increase simultaneously as a result of
higher drug prices. Breaking this trend is therefore essential to improving drug availability and

healthcare.

There are generally thought to be three main culprits:® (1) The first is increased
regulatory scrutiny, which began promptly following the thalidomide birth-defect disaster in the
mid 1960’s. (2) The second root cause is the “Better-than-the-Beatles” phenomenon, which
refers to the ever-growing library of effective generic medicines. Drugs are less likely to be
purchased after clinical trials if their efficacy is only slightly better than a free generic, thus

decreasing drug-development efficiency. (3) The third and most significant contributing factor



(~60% of price increases) is high failure rate during preclinical and clinical trials.® This results
from traditional in vitro and/or animal model tests that provide false-positives. Regulatory costs
and competition against past generics are economic problems that are challenging to improve
upon with scientific intervention. In contrast, the high preclinical failure rate can be alleviated by
engineering better predictive models. Therefore, further development of predictive drug-testing

models is key to alleviating the societal burden of drug costs.

Pharmacy is broadly placing a renewed spotlight on improved preclinical models. R&D
strategies from pharma leaders such as Pfizer and AstraZeneca have echoed this, having
recently reported an overall refocus away from increasing the volume of drug candidates and
toward improving the early-phase drug efficacy models. AstraZeneca attributed success to a
new strategy with tissue-specific activity as a central focus, and Pfizer credited an “immune-Al”
computational model when describing industry-leading phase Il success.®’” While these
advancements point toward a hopeful shift, there remains a major lack of effective preclinical
testing models, especially within the immune-modulating class. The lack of predictive models at
preclinical stages causes vaccine development in particular to be slow and failure-prone, but
fundamental advances in immune engineering are needed in order to construct predictive

models.

The underlying mechanisms of several issues, such as vaccine inefficacy due to
treatment of disease (i.e. chemotherapy) or aging, are poorly understood and challenging to
detect with current preclinical testing regimes.8 A rare issue, vaccine associated disease
enhancement, was recently observed in a subset of Denvaxia recipients during a phase Il
clinical trial. This went unnoticed in preclinical tests, but it is now estimated that within five
years, 28% of all severe dengue cases will be attributable to the vaccine.® The Denvaxia failure

highlights the need for more predictive, human-relevant models.



One of the key, underlying reasons that preclinical models, both animal and classic in
vitro, fail to accurately demonstrate efficacy, is that they do not represent human tissue. Mouse
and human responses, though broadly conserved, differ in numerous ways that directly impact
vaccine responses, including the response to certain microbial stimuli used as adjuvants
TLR7/9/11,%1! the expression of lymphocyte-attractive chemokines,'?!2 as well as different
mechanistic roles for some cytokines, such as IL4.* Thus, studies of human immunology are
critical for progress.*® The FDA recognizes this more broadly, acknowledging that a fundamental
cause for the high termination rate of phase | and Il clinical trials is the lack of genetic diversity
among animal models when compared to the human population. The drug development pipeline
is indeed constricted due to the general fact that experiments, in the traditional sense, cannot be
performed in humans. Toward alleviating this burden, the Biden Administration signed the FDA
Modernization Act 2.0 (2022) into law, which enables the use of specific alternatives to animal
testing during preclinical tests. These include stem cells, organoids, organs-on-chips, and Al

models.®

Therefore, fundamental advancements in tissue engineering, toward predictive model
building, are needed to alleviate problem of high drug failure rate, rising drug costs, and human
health in general. In particular, tissue engineering developments that progress toward predicting
immune-modulation (vaccines, immunosuppressants, etc.) is where the greatest need currently

exists.

1.2 Capacity of tissue engineered models to model human physiology and
assess drug efficacy.

Traditional in vitro and in vivo models for predicting efficacy and safety are essential, but
have limitations that generate a gap in understanding. In vitro models effectively optimize
analytical readouts at the cost of tissue-level physiology. Cells in a dish are easy to characterize

and drug, but this advantage comes at the loss of the extracellular matrix (ECM), cell



heterogeneity, interstitial fluid flow, and inter-organ communication. On the contrary, in vivo
models retain all tissue-level properties, but are more challenging to precisely analyze.'’” Of
course, the most fundamental disadvantage of in vivo animal models is their subtle dissimilarity

to human physiology, which is a burden that scientists have accepted for centuries.*®4

Bioanalytical tools that arise from tissue engineering advancements have the potential to
blaze a new path for predicting drug efficacy.'®-!® On a basic level, resuspending cells within an
ECM mimic such as a collagen hydrogel enables cells to move and grow in three dimensions
along fibers that resemble tissue. Cells in this system will exhibit a morphology more like that
seen in tissue, having cytoplasm extensions and star-like shapes in gel, as opposed to round
balls in a dish. This basic advancement in biomimicry is fundamental to organoid and artificial
tissue technology that has contributed to both fundamental science and regenerative medicine
over the past four decades. To further increase biomimicry, perfusive fluid flow has been

incorporated into 3D cell cultures to mimic blood, cerebral-spinal, or lymphatic flow.2°

Early organ-on-chip (OOC) models emerged by combining 3D culture with microfluidic
channels, enabling perfusion.?* Mimicking tissue in this way enables fluidic control, which
increases both biomimicry and analytical precision. Beyond that, multiple different organ-on-chip
models have been connected in a fluidic sequence to build multi-organ-models or “human-on-a-
chip (HOC).”?2-24 This emerging technology enables assessment of systems level physiology,
which has direct applications for drug-efficacy and safety testing. The goal of these models is to
gain human-relevant insight on adsorption, distribution, metabolism, and excretion of drug

candidates prior to clinical trials, and enable human mechanistic translational research.



Table 1-1. 2D in vitro and in vivo systems leave gaps that tissue engineered systems can fill.

Tissue engineered models
it i Ya e X = %

@ v .
2D Cell iy In vivo
culture | 3D cell culture | Organ-on-chip | Human-on-chip /Patient

Spatially Organized cells v
Extracellular matrix v v v v
Blood, lymphatic flow v v v
Multi-organ v v
communication

Defined chemical v v v v

stimulation (per cell)

Quantifiable secretion v v v

(per cell)

Simple imaging v v v

Simple fabrication v

Downstream analysis v v v

Advancements are needed at each level (3D culture, OOC, and HOC) to better mimic
human tissue and physiology, but a major gap in the field is a lack of immune-organ models.
Considering that immune modulating agents are among the most expensive drugs to develop
and the least likely to pass clinical trials, developments in immune-tissue engineering are
urgently needed. As such, this dissertation will focus primarily on developments at the 3D
culture and organ-on-chip level, with future applications related to connecting immune

models to multi-organ models discussed at its conclusion.

1.3Challenges of modeling the human immune response

At homeostasis, the adaptive immune processes in the human lymph node enable the
body to respond to infection and fight cancer, among other things.?>% In the diseased state, the
lymph node enables autoimmunity (as in Systemic lupus erythematosus), harbors viral-infected

cells, becomes cancerous (as in Lymphoma) and can enable cancer metastasis.?’~2° Of the



numerous processes that compose the adaptive immune response, a key regulatory process is
the T-cell-dependent B cell activation that occurs in the lymph node.*° As such, the lymph node
is a central focus when designing immunomodulators like immunosuppressants and vaccines.

Despite this, there are few tissue-engineered models of the human lymph node.

A major challenging when modeling the lymph node is accurately recapitulating the
balance between its spatial organization and related physiology. This is because the lymph
node anatomy is highly complex.?® Antigen-containing lymph fluid enters through afferent
lymphatics into an outer sinus that envelopes a cortex. Fluid flows from the sinus into a cortex,
and then leaves through the efferent lymphatics. In the cortex, B cells are arranged in follicles

that surround a central T cell zone.

The cell signaling processes that underly the response to infection (or vaccine) are
dependent on this organization (Fig. 1-1). After vaccination, antigen drains to the LN through the
lymphatics and conduits to cognate dendritic and B cells. Through high endothelial venules, T
cells enter the T cell zone, where they become activated by dendritic cells. They then skew to
TFH cells and upregulate CXCRS5, which enables their migration to the B zone and subsequent

T cell help for B cell activation. Activated B cells mature and proliferate as antibody-secreting

e
:zucxp o

2
Figure 1-1. Steps of a vaccine response are linked to the LN spatial organization. (a) antigen
(black) drainage. (b) Dendritic cell (yellow) and B cell (blue) uptake. (c) T cell (green) homing to the
LN. (d) Antigen presentation between DC and T cell, and Tfh skewing (pink). () Tfh homing to the
follicle border. (f) T-cell-dependent B cell activation (T cell help). (g) Plasmablast differentiation
(purple) and antibody secretion. (h) egress from the LN.




plasmablasts, and finally egress the lymph node. The cells that orchestrate this process are

essential, but also transient and rare.

Inherent properties of immune cells create numerous challenges for modeling. The
transient cell types involved are often sensitive, which demands a highly biocompatible system.
In addition, an appropriate source for cells in their unperturbed, naive state is not easily
accessible. Cell lines like Jurkat T cells, for example, are not compatible for many immune
modeling approaches, as they are isolated from a leukemia patient and cannot recapitulate
some wild-type T cell behaviors. The most appropriate source would be to isolate lymphocytes
from human lymph node tissue. Surgically-removed tonsillar lymphoid tissue has been studied
to meet this need. However, that tissue often already inflamed and responding to a challenge.
The next best source, and what was utilized for the majority of the work described within this
dissertation, is human peripheral blood mononucleocytes (PBMCs), from which T and B
lymphocytes were isolated. Adding to the challenge, T cells and B cells specific to any one
antigen (“precursor frequency”), often on the order of 1 in 10° - 10° cells in a naive population,

which means that a microscale culture have only 0 or 1 of such cells.

Other challenges relate to the necessity for autologous cells in certain models. If an

OOC contains an epithelial cell layer, the immune cells may need to be derived from the same
human donor. This can be difficult when OOCs contain primary cells, or impossible when OOCs
utilize immortalized cell lines. In addition, donor-to-donor variability can produce irreproducible
results on chip. For example, T and B cell percentages in both tonsils and peripheral blood, as
well as their respective naive and memory populations, vary significantly with age and ancestral
background®'*2 These inconsistencies can be viewed as a positive or negative, depending on
the approach. To illustrate, a model might include the heterogenous population to reflect human
variability. On the other hand, if attempting to use purified lymphocyte populations, the model

could be irreproducible with certain donors.



A final, broader challenge is that nearly all our knowledge of immunity is benchmarked

against murine models, which increases the likelihood of unexplainable failures.'314

Other challenges are at the tissue level. Chemotaxis around the B cell follicle border, for
example, often occurs across ~100-micron distances. Problematically, most transwell-based
chemotaxis assays work across greater distances. Fluid flow within the lymph node is also
challenging to model, as the flow profile is non-uniform. Upon entering at the afferent
lymphatics, fluid flow is constrained to the sinus and the transport inward toward the cortex is
dependent on diffusion and flow. This creates unique shear profiles, of which entire models
have been constructed toward recreating.?° Lastly, the extracellular matrix used affects
lymphocyte behavior on multiple levels including cell viability, state, and motility.**-2° In general,
effective tissue engineered models of the lymph node demand control and monitoring of cell

phenotype as well as the ability to recreate the local signaling environment.

1.4 Advanced organ-on-chip designs can address the challenges of
modeling human immunity

The field of tissue-engineering has devised numerous approaches to meet the need for
modeling the multifaceted nature of tissue. Over the past decade, several design elements have
emerged as being especially useful for modeling microscale tissue functions. | have
comprehensively reviewed these design elements within the context of immunoengineering,
both with the aim of supporting my own work as well as coauthoring a textbook chapter that is

currently under revision (Fig. 1-2).

The ECM and flow profile in human tissue varies greatly and, as such, no single design
element can be used to culture every tissue scenario. The most widely adopted and arguably
simplest design approach is a membrane-barrier chip, in which two or more channels oriented
parallel to one another are separated by a membrane (Fig. 1-2a). This enables cells to be

cultured separate and adjacent to other cell cultures, flowing media channels, or air-interfaces.
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Figure 1-2 Reoccurring design elements within organ-on-chip
systems. (a) Membrane-barrier chip for modular interfaces (media-media,
media-air, media-hydrogel). (b) Surface-tension chips, having microposts for
guiding fluids. (c) Hollow tube cultures for modeling tube-structures, most
often vasculature. (d) Free-standing modular cultures, either for modeling
multiple features within a single tissue, or for modeling multiple organs

This design element has been used
to model a lung,*® the intestinal
lining,®” the lymph node,* and
numerous other models. In a similar
approach, surface-tension chips
feature parallel microfluidic lanes
fabricated with partial walls or
posts, which enables the use of
surface tension to pattern distinct
culture regions. For example, one
or more cell-laden gels may be
loaded into the channel(s), and cell
migration and network growth is
possible across the borders (Fig. 1-
2b).*® This approach has been used

to establish chemokine gradients,

building tissue interfaces such as
the blood-brain-barrier, or allowing

angiogenic growth across gel

lanes. In hollow tube cultures, endothelial cells are cultured in a tubular channel through which

fluid is driven (Fig. 1-2c).*® The structure is most commonly produced using a sacrificial

element, such as a rod that is embedded and later removed, or a sacrificial material that is

patterned or 3D printed and later dissolved, after which endothelial cells are seeded to form a

layer along the tube. This element is often used to mimic vascular or lymphatic lining, or the

blood-brain barrier, and sometimes the surrounding tissue. Finally, in free-standing modular



cultures, multiple culture regions may be abutting or strung together. For example, nonlinear
culture configurations may be enveloped in perfusing media (Fig. 1-2di) to enable the
mechanistic study of the spatial organization of microscale tissue;*! this approach is nascent
and various fabrication strategies are being investigated. A multiorgan chip composed of
connected modular cultures can be made by connecting multiple free-standing cultures with

microfluidic channels (Fig. 1-2dii), to provide powerful predictions of multiorgan interactions.*?-4

Organ-on-chip models have been adapted to study immunity and in principle can be
used to model primary immune tissues such as the lymph node, spleen, thymus, or bone
marrow.* These immune-centric systems may enable mechanistic studies of how adaptive
immune processes occur in tissue, as well as provide platforms to test vaccines and
immunotherapies in the next decade. For example, one of the first lymph node organ-on-chips
was introduced in 2010 termed, “Human artificial lymph node” (HUALN) and adopted the
membrane-barrier design element, where culture chambers of mixed human B and T
lymphocytes were cultured beside an oxygen-permeable membrane.*® The recall formation of
IgG in response to a common antigen (flu, tetanus) indicated success. Overall, however, little
progress has been made toward mimicking adaptive immune responses (e.g. responses to
novel vaccination or infection) or development of the immune system (e.g. B cell and T cell

development in the bone marrow and thymus), despite repeated attempts.

In addition to modeling immune organs, models of other organs such as the gut, skin,
lung, brain, vasculature, and even tumors have been modeled with immunity in mind. Typically,
immune components are introduced into a pre-established model of the organ of interest. The
simplest case includes addition of molecular cues such as cytokines (e.g. TNF to induce
inflammation in a vascular model) or microbial signals (e.g. LPS). More complex models include
the addition of one or more immune cells. To study tissue-resident immunity, innate immune

cells such as macrophages or bone-marrow derived dendritic cells are a common starting point.
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Integration of circulating lymphocytes such as neutrophils or monocytes is a further step up in
complexity, often requiring the inclusion of an endothelial barrier as well as the tissue of interest.
Finally, integration of adaptive immunity, e.g., by adding circulating T cells or B cells, is still in its
infancy. Immune-competent organ-on-chip models offer promising insight into the mechanisms

of autoimmune disorders and inflammation.

Advanced organ-on-chip designs have overcome some of the numerous obstacles for
modeling human immunity, especially those related to tissue-level properties such as the ECM,
chemotaxis, and modeling fluidics. Other obstacles, especially those related to cell-intrinsic
properties such as the necessity for autology or the problem of low-precursor frequency, must

be accounted for when designing the immune model.

A major unmet need that hinders growth in this exciting scientific space is an accurate,
tissue-engineered model of the T and B cell-cell interactions that occur within the human
lymph node. On a fundamental level, a tissue-engineered human lymph node model is
needed to further our understanding of the immunity that leads to plasmablast formation,
and ultimately the response to infection or vaccine. In parallel, this is needed at the
translational and pharmaceutical level to advance drug and vaccine efficacy, as the high
failure rate of immunomodulating agents is linked to a lack of appropriate models. The
need is long overdue, as the skyrocketing cost of drugs, which takes root in clinical trial

failure, jeopardizes healthcare at the patient and infrastructural level.

1.5 Meeting the need

My attempts to meet this need are described in this dissertation. First, the chapter,
“Building a microphysiological model of the human lymph node B cell follicle border zone”
describes the application of well-established tissue engineering methods toward modeling the
lymph node. Having developed a successful model in chapter 2, chapter 3 describes

advancements made in collaboration with leaders in the microfluidics industry to construct the
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lymph node model in alternative materials that are more suitable for manufacturing at large
scale. The second half of the dissertation (chapters 4-5) describes fundamental advancements
toward generating spatially-organized organ-on-chip models, with the broader goal of creating
technology for mimicking the lymph node’s spatial organization. This broad goal has been
chased by numerous scientists in the Pompano Lab, so Chapter 4 begins with a prelude that
describes my specific focus on developing analytical techniques to characterize biomaterials
that cure in the presence of light (photopolymerization). To that end, Chapter 4 describes the
development of colorimetric and nuclear magnetic resonance (NMR) techniques toward
guantifying the extent of chemical modification of gelatin hydrogels. Chapter 5 expands upon
those concepts, with a focus on modifying the NMR technique described in chapter 4 to
measure the extent of crosslinking. Returning to the initial goal of generating spatially complex
tissue, the crosslinking density measurement was used to predict the stability of light-cured gels
under physiological fluid flow. Following this, Chapter 6 describes potential future directions of
this work, divided between applications of the lymph node microphysiological system and

applications of generating spatially complex organ-on-chip systems.
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2 Building a microphysiological model of the human lymph node
B cell follicle border zone

2.1 Abstract
There is a need for human-centric models of human immune processes that

occur within the lymph node. Here, we configured a microphysiological system to
facilitate monitoring and skewing of human T and B lymphocytes. We then combined T
and B lymphocytes and established an artificial model of T cell help that enabled
prediction of B cell maturation. Having engineered the system to enable live-cell motility
imaging of 3D culture, we investigated the effect of synergistic T/B activation on cell
motility in the presence of an artificial antigen. Finally, we utilized the model to test a

clinically available immunosuppressant on bystander lymphocyte activation.

2.2 Introduction
Emergent models of human microphysiological systems (MPS) have ushered an

era of unparalleled experimental control and predictive drug testing.>? Composed of
tissue-specific human cells in microfluidic housing, MPSs have been demonstrated to
accurately model numerous human organs. A lymph node MPS (LN-MPS) is urgently
needed for both fundamental and translational study, because our basic knowledge of
immunology is derived from animal models, and immunomodulating agents remain the

least-likely to pass clinical stages (0.1%).3

As the site of numerous essential immune processes, the homeostatic LN is
responsible for the antibody response to infection, vaccines and cancer. In disarray, the
LN is central to autoimmunity and cancer metastasis. Underlying these processes are

numerous, highly-regulated and spatially organized cell-cell interactions that occur at
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the edge of a B cell follicle.* One such interaction that is key to the infection and vaccine

response is T cell help for B cell activation.®

Several LN-MPS models have made advancements by demonstrating recall
responses to common antigens such as the flu vaccine in the presence of mixed
immune cells.5-8 While a recall response is a useful benchmark for validating B cell
activity, the response alone does not provide insight to the mechanism of cell-signaling
or drug activity. Instead, an effective LN-MPS requires mechanistic control over the
transient cellular states, from naive T and B lymphocytes to t follicular helper and

plasmablast formation.

Other models have enabled mechanistic study of fundamental LN tissue
processes, such as the effect of chemokines, shear stress, or hydrogel chemistry on
immune cell activity.®-16 While these models do provide insight into underlying immune
cell behavior, their use has not been extended toward modeling translationally relevant
lymph node immune processes such as T cell help. Therefore, a lymph node MPS (LN-
MPS) having the capability to manipulate and monitor sensitive transient cell states as

well as the cell-cell interactions is needed.

Herein, we developed a LN-MPS capable of simultaneously modeling
fundamental such as chemotaxis, and then extended the utility of the model for
predicting T cell dependent plasmablast formation. We validated both T and B cell
activation within the chamber, while simultaneously monitoring chemotaxis and secreted
factors in response to stimuli. To mimic T cell help, we first skewed T cells from the

naive to follicular-helper state, and then cocultured with B cells to initiate synergistic
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activation. Using a superantigen to crosslink the T- and B-cell receptors, we tuned T cell
help within the LN-MPS and characterized changes in motility and cluster formation.
Finally, to further modulate T/B crosstalk and predict inmunosuppressant efficacy, we
added a clinically available JAK inhibitor to disrupt T/B engagement. The advancements
described within this LN-MPS are key to both advancing our human experimental

toolkit.

2.3 Results

2.3.1 The LN-MPS design was effective at mimicking lymphoid tissue spatial
organization.

To benchmark the LN-MPS design against human tissue, we first performed
immunofluorescence staining to label human T and B cells on a human lymphoid tonsil
slice (Fig 1a.). We chose this approach for benchmarking, as LN slices are well-
established as an acute model of adaptive immunity.1” As expected, the tissue was
highly spatially organized, and T and B lymphocytes are generally isolated from one
another. It is well-established that the B cell follicle border zone, where T and B

lymphocytes mix, are the site of T cell help for plasmablast formation (Fig. 1b).

Considering this, we designed the LN-MPS using a well-established'® microfluidic
chip design having parallel arrays of posts that enabled surface-tension filling (Fig. 1c).
As an initial test of the posts’ ability to maintain separate, fluidically-connected lanes, we
resuspended naive T and B lymphocytes in separate collagen-based hydrogels and
injected them into the outer lanes (Figure 1cii). After allowing the gel to thermally set at

37 C for 30 minutes, we filled the central lane with non-cell-laden gel and cultured for 1
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hour. From this we concluded that the cells were effectively patterned with spatial

control over their initial positions.
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Figure 2-1 Modeling approach for the human TB-MPS. (a) (i) Image of a human tonsil slice
with (ii) zoom on a T/B border zone. (b) (i) illustration and (ii) signaling diagram of t/b border
processes. (c) (i) Schematic and (ii) image of the T/B border chip, where microposts enable
surface-tension barriers between cell-laden hydrogels.

2.3.2 The LN-MPS was biocompatible for naive T cells, enabled effector T cell
formation and control over cell migration.

After validating the spatial control of the LN-MPS, we proceeded to study T cell
behavior within the chip. First, to assess the biocompatibility of the LN-MPS, we
cultured highly sensitive primary, naive CD4+T cells on chip for five days. Using a
fluorescent Live/Dead stain, we observed a minor loss in viability (< 20%) from 2D
plated controls (Fig. 2a). This decrease was acceptable considering the high-sensitivity
of primary human lymphocytes, as well as the ability for dead cells to become trapped in

3D cultures.
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Next, to assess the responsiveness of naive CD4+T cells within the chamber, we
mimicked dendritic cell priming by injecting a polymeric a-CD3/CD28 (STEMCELL)
solution into the media lane (Fig. 2b). Within 48 hours, CD69 was upregulated and
imaged with immunofluorescence staining. In addition, IFN-y was detectable within the
media lanes after 24 hours, and increased daily for five days. From this, we concluded

that naive T cells were responsive to activation stimuli on chip.

Then, to assessed if naive CD4+ T cells were capable of responding to
chemokine gradients on chip, we added CCL21 to the left media lane and assessed cell
migration. Within an hour, cells in chips that contained CCL21 migrated toward out of
their initial lane and toward the gradient. In addition, mean cell velocity was significantly
higher when measured just 30 minutes following the addition of CCL21. We concluded

then, that we could both control and monitor lymphocyte motility in the LN-MPS.

These results collectively demonstrate that this LN-MPS enables culture,
stimulation, and monitoring of primary T cells. While anti-CD3/CD28 stimulation for
activating CD4 T cells is well established, the biomaterials innovations surrounding T
cell modulation is a rapidly developing field of study.1*-?! As such, the need for human-
relevant models for assessing the efficacy of novel T cell stimulants is clear, and the LN

MPS was demonstrated here to meet that need.
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Figure 2-2 Naive, CD4+ T cells were viable, responded to stimuli, and responded to
chemokine CCL21 on chip. (a) (i) Naive T cells were cultured with IL-7 on chip to maintain
viability for four days. (ii) Images and (ii) quantification of T cell viability (Calcein/Live/green,
Dapi/Dead/blue). (b) (i) Naive T cells were activated on chip with a-CD3/CD28 (StemCelll). (ii)
Images and (iii) quantification of activated T cells on chip staining CD69+ (green) after 48 hours
(Unpaired T test, **:p<0.005). (iv) IFN-y secretion by CD4+T cells activated quantified with
ELISA, compared to naive cells on chip and (v) plated controls (d) (i) A CCL21 gradient was
established on chip. (ii) Images and (iii) quantification of naive CD4+ T cells after migrating
toward CCL21 (left) for 1 hr and staining with CalceinAM (green). (iii) quantification of cell
velocity 30 min after gradient set up. All scale bars: 100 um. (b iv, ¢ analyzed with ordinary two-
way ANOVA with Sidak’s multiple comparisons test w/single pooled variance, ns: p>0.05,
*:p,0.05, ****:p<0.00005).
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2.3.3 Naive B cells responded to activation stimuli on chip.

Having established the conditions for T cells on the LN chip, we sought to
determine if B cells could be manipulated in a similar manner. To determine if B cells
would respond to activation stimuli, we added a cocktail of CD40L, R848, and a-
lgG/IgM. We first examined the effect of the activation cocktail on B cell viability, and
saw that both naive and activated B cells remained viable after 48 hours (Fig. 3a).
Indicative of activation, we saw B cells cultured with the cocktail were more blast-like
and took up more CalceinAM stain (Fig. 3a ii-v). To further characterize the B cell state,
we immunostained the cells for CD69 and CXCRS5. As expected, B cells cultured with

the cocktail exhibited increased expression of both markers (Fig. 3b ii-v).
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Figure 2-3. B cell receptor, toll-like-receptor, and CD40L stimulation enables effector B
cell formation on chip. (a) i. Schematic for B cell culture on chip. Composite (fluorescence
overlayed over brightfield) microscope images of (i) activated and (ii) naive B cells on chip with
viability stain (Calcein/Live/green, Dapi/Dead/blue) after 48 hour culture. Scale bar: 100 pm. (iii)
Quantification of % viability. (iv) Quantification of calceinAM brightness. (b) I. Schematic for
activating naive B cells on chip. Images of (ii) activated and (iii) naive B cells on chip with
stained with anti-CXCR5 (magenta) and anti-CD69 (green). Quantification of (iv) CXCR5+ area
and (v) CD69+ area after varying culture times (unpaired T test, **:p<0.005, ****:p<0.00005.).
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2.3.3 Naive T cells were skewed to T follicular helper cells on chip when cultured
with IL12 and activin A.

Having established culture conditions for maintaining T and B lymphocytes in
their naive and activated states, we next sought to model the early stages of T cell help
by generating T follicular helper (Tfh) cells on chip. Before a T cell provides help for B
cell activation, it first becomes primed by antigen specific dendritic cells via a-
CD3/CD28 stimulation, as well as secretion of a variety of cytokines. Numerous
cytokines have been shown to be involved in Tfh skewing, and several inconsistencies
have been identified between mouse and humans. Its been demonstrated that cytokines
IL12 and activin A are capable of driving naive T cells to TFHs in a dish. Upon
engagement with skewing cytokines, T cells are known to upregulate CXCR5, BCLS6,

and PD-1.

As we sought to mimic this process on chip, we loaded the LN MPS with naive T
cells, and then added a-CD3/CD28, IL12, and activin-A to the media lanes. After five
days culture, we observed small, CXCR5+ clusters form on chip in the presence of the
skewing cocktail, compared to no clusters in the plain media. To further characterize the
T cell state, we recovered the cells from the chip and analyzed the cells via flow
cytometry. We did this by adding a solution of collagenase D to the media lanes for
fifteen minutes, massaging the elastic PDMS housing, and then rinsing across the
media lanes with an ice-cold solution of dilute FBS. In order to recover enough cells for
a confident analysis, we pooled cells from twenty chips, and then repeated this analysis

across three human donors.
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The resulting flow plots showed a significant increase in CXCR5, PD-1, and

BCLS6, indicating successful Tfth skewing from naive T cells on chip across multiple

human donors.

The utility of PD-1 expression on TFHs is apparent in the context of T cell

dependent B cell activation, were PD-1 is a key regulator.?? As such, it was essential to

validate the presence of these markers prior to using the LN-MPS for predicting

plasmablast formation.
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Figure 2-4 IL-12 and Activin A were sufficient for skewing naive CD4 T cells to TFHs on
chip. a. i. Schematic of Tfh skewing at the T/B border zone. ii. Schematic of culture conditions
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on chip. b. Image overlays of fluorescence (AF647-antiCXCR5, magenta) and brightfield for (i)
naive and (ii) Tth skewed CD4 T cells after 3 days culture. (iii) Quantification. Scale bar: 100
pum. c. Flow cytometry characterization of TFH markers from cells recovered from chips. (Pooled
20 chips/donor). (i) 2D plots of CXCR5 vs PD-1. (ii) Quantified results from three donors. (iii) 2D
plots of CXCR5 vs BCL-6. (iv) Quantification from three donors. One tailed t-test. P<0.05.

2.3.5 Tfh skewed cells provided help to B cell activation in 2D culture and on chip.
A central checkpoint during the infection/vaccine response is T cell help, as the

production of plasmablasts is dependent on antigen-mediated TCR/BCR engagement.
Having successfully skewed Tfhs and effector B cells in the LN MPS, we next sought to
combine the two cells to create a model of this decisive step. One well-established tool
for bypassing antigen-specificity is the superantigen Staphylococcus enterotoxin B
(SEB), which crosslinks the TCR and BCR.?3?* To confirm the ability for SEB to trigger
plasmablast formation, we added SEB to a T/B coculture in a round-bottom well for
seven days, and phenotyped the cells via flow cytometry. We observed the formation of
plastmablasts (CD38hi, CD20lo) and detected increased IgG concentration in the media

when SEB was present, verifying the anticipated effect of SEB (Fig. 5).
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Figure 2-5. SEB mediated plasmablast formation in a round-bottom dish. (a) Schematic for
experiment. (b) 2D flow plots (CD20 vs CD38), gated on B cells, of cells after 7 days culture. (c).
Quantification of 1IgG secretion via ELISA

Next, we configured the LN MPS to be a tractable model of T cell help. We did
this by first activating naive B cells and skewing naive T to TFHs in 2D culture for four
days, and then cultured on chip with or without SEB for five days (Fig. 6a). While
TCR/BCR engagement is critical to T cell help, another influential process is bystander
activation, where local effector T and B lymphocytes influence T/B interactions through
antigen-independent interactions.?>26 To test the effect of bystander effect on T cell
help, we compared the effect of pre-activating T and B lymphocytes mixed versus in
separate culture wells.

Regardless of the lymphocytes being mixed or separated during the initial
activation steps, SEB enabled the formation of CD38+ clusters on chip (Fig. 6b,c). As

evidence of synergistic bystander activation, we did occasionally see non-SEB-
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mediated CD38 signal when cells were pre-mixed (Fig 6e, Donor 33F). In conclusion,

the LN MPS enabled the prediction of bystander effect on CD38+ B cell formation when

configured as a model of T cell help.
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Figure 2-6 Skewed Tfh cells provided help for SEB-mediated B cell activation on chip. (a)
schematic of experiment. (b) Fluorescence (CD38, cyan) brightfield overlay images of Tfh/actB
cocultures in each condition. Scale bar: 100 um. (c) Histograms of CD38 signal from premixed
Tfh/actB cocultures. (d) Histograms of CD38 signal from pre-seperated Tfh/actB cocultures. (e)
Quantification of CD38+ area from two donors. (* p<0.05, ** p<0.005, Ordinary two-way
ANOVA. Multiple comparisons with uncorrected Fishers LSD, with a single pooled variance.)

2.3.6 SEB-mediated T cell help on chip resulted in high-velocity lymphocyte clusters.

Having confirmed SEB-mediated T-cell-help and CD38+ B cell formation, we next
investigated how T-cell-help affected lymphocyte clustering and motility. As T cell help

is primarily dependent on long-term (>24 hour) TCR/BCR engagement, we

27



hypothesized that CD38+ B cells would be surrounded by clusters of lymphocytes, and
that cell motility would be localized CD38+ areas (Fig 7a). Of the conditions tested
premixed, non-SEB condition and pre-separated, +SEB conditions exhibited an
appropriate minimal cell-motility and mean CD38 signal to test this hypothesis. In
contrast, we observed too few moving cells in the pre-separated, non-SEB negative
control, and too high CD38 signal in the Premixed, +SEB positive control to test assess
our hypothesis. Confirming our hypothesis, we saw random lymphocyte motility in the
non-SEB condition, and clusters of motile cells surrounding CD38+ regions in the +SEB

conditions (Fig. 7b).

Extending this observation further, we hypothesized that T-cell-help conditions
would exhibit higher mean cell velocity due to the high-number of CD38+ clusters seen
in +SEB conditions, and this was certainly the case (Fig. 7c). In both +SEB conditions,
the mean cell velocity was significantly higher than the non-SEB conditions. Also, the
premixed T/B coculture exhibited significantly higher velocity than the pre-separated.
This data, combined with the overall increase in CD38 signal shown in Fig. 6, confirmed
that synergistic bystander T/B activation prior TCR/BCR engagement enhanced T/B

interactions.

A current gap in knowledge is the relationship between bytstander activation,
lymphocyte state, and cell maotility in the lymph node, and the few attempts to
investigate this have generally relied upon intravital imaging of the LN T/B border
zone.?’ Our results suggest, that antigen-independent cell-cell interactions prior to an

artificial antigen (SEB) enhanced motility. While these results are not sufficient for

28



exhaustively characterizing the relationship between motility and bystander effects, they

do reflect the utility of the LN-MPS for enabling new discovery in this area.
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Figure 2-7 Cell motility was enhanced by SEB and synergistic T/B pre-activation. (a)
Schematic of SEB mediated cluster formation. (b) Images of T/B cocultures on chip. (i)
Composite fluorescence (CD38, cyan) brightfield overlay, (ii) brightfield and cell motility tracks
(multicolor lines) overlay, (iii) CD38 and cell motility tracks overlay. Scale bar: 20 um. (c)
Truncated violin plots illustrating mean cell velocity of cells in various culture conditions.
Ordinary one-way ANOVA with turkey’s multiple comparisons, with a single pooled variance.
(****=p<0.00005, ns=p>0.05).

2.3.7 Synergistic T/B interactions were suppressed via JAK inhibition

Having observed that a pre-activation coculture of T and B lymphocytes
enhanced the subsequent T-cell-help, we next modulated the underlying signaling that
supported the interactions. As it is known that T-cell-help occurs by both TCR/BCR
engagement and supportive cytokine signaling®, we hypothesized that synergistic T/B

bystander activation could be suppressed via JAK-inhibition.
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To enable bystander T/B interactions on chip, we premixed and cultured naive T
and B cells having Tfh skewing and B cell activation signals. After a four-day preculture,
the coculture was injected onto the LN MPS, and then cultured for an additional 7 days.
This was compared to a coculture having only the B cell activation ingredients (Fig. 8a).
As expected, the Tfh/actB coculture on chip resulted in both increased CD69 and CD38
signal compared to the naiveT/actB coculture (Fig. 8b,c). To test the effect of JAK-
inhibition on the Tfh/actB coculture, we added the clinically available
immunosuppressant, Tofacitinib, to the chip media lanes.?® Confirming our hypothesis,

we observed decreased CD38 signal in the tofacitinib-treated condition. (Fig. 8b,d).

While tofacitinib has been heralded as a the first JAK-inhibitor for the treatment of
autoimmune disorders such as rheumatoid arthritis and inflammatory bowel disease, its
effect on immune cell-cell interactions is still being investigated.?® In addition to using
Tofacitinib as an effective cytokine blocker for this experimental design, we

simultaneously demonstrated the utility of the LN MPS as an instrument for observing

drug-efficacy on lymphocyte cell-cell interactions.
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Figure 2-8 Tofactinib as a modulator of bystander T/B interactions. (a) Schematic for
modulating T/B interactions on chip. (b) Fluorescence overlay images (FITC-CD69 and AF546-
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CD38) of T/B cocultures in various conditions. Scale bar: 100 um. (c) Histogram of CD38 signal
from images. (d) % CD38 area quantified from each condition. Ordinary one-way ANOVA, with
turkey’s multiple comparisons test with single pooled variance. (**=p<0.005, ***=p<0.0005).

2.4 Conclusion

We successfully used the LN MPS to enact spatial control over lymphocyte motility
via chemotactic cues. Then, we modeled naive-to-effector-T and B cell differentiation in
isolation. Using the LN MPS as a lens into in vivo like motility and clustering, we
modulated T and B coculture to predict B cell maturation. Finally, we modeled a drug
test and inhibited T/B crosstalk through the use of a clinically available

immunosuppressant, tofacitinib.

2.5 Method

The methods described here are abbreviated for clarity, as this manuscript is currently
in progress.

Cell sourcing and culture media (activation, skewing)

Naive, human CD4+ T cells and naive B cells were purified from TRIMA collars,
a derivative product of platelet apheresis. Donors were healthy and deidentified,
although age and gender information was retained (STEM CELL, Crimson Core,
Brigham and Women's Hospital, Boston, MA and INOVA Laboratories, Sterling, VA).
Cells were cultured in AIM V media with streptomycin sulfate and gentamicin (Gibco,
P/N 12055083). In 2D culture, T and B lymphocytes were cultured at 1-3 x 10° cells/mL.
For maintaining viable naive CD4+ T cells, IL-7 was added at a concentration of 4
ng/mL. To activate naive CD4+ T cells in 2D and 3D culture, ImmunoCult™ Human
CD3/CD28 T Cell Activator (StemCell Technologies) was added to the media at the

recommended concentration. For Tfh skewing, naive, CD4+T cells were activated with
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ImmunoCult™ and cultured with IL-12 (5 ng/mL) and activin A (100 ng/mL). To activate
B cells in monoculture, a cocktail of human a IgG/IgM (10 pg/mL), R848 (500 ug/mL),
and CD40 ligand (100 ug/mL) was added to the culture media. When B cells were
activated in coculture with T cells, CD40 ligand was not added to the cocktail.
Staphylococcus enterotoxin B (SEB) was added at a concentration of 0.25 ng/mL.

Tofacitinib was used at a dose 0.1 uM.

Tonsil lymphoid tissue sourcing
Tonsils were provided by the UVa hospital and then processed, sliced, and

immunostained by Parris Anabaei

Hydrogel

Collagen/fibrinogen hydrogel was prepared by diluting 5 mg/mL rat tail | collagen
(Ibidi) and 2 mg/mL fibrinogen (Sigma Aldrich) to a final concentration of 1.5 mg/mL
collagen and 1 mg/mL fibrinogen. Experiments shown involving T or B lymphocytes in
isolation on chip, cells were resuspended in hydrogel at 10x10° cells/mL. Experiments
shown with T/B cocultures, cells were resuspended in hydrogel at 25x108 cells/mL per

cell type, (total cell density 50x108 cells/mL).

Microfluidic chip

The LN MPS described here is a microfluidic chip with comprised of five parallel
channels separated by arrays of hexagonal micropillars (100 um in diameter, with 50
pnm spacing between pillars). The outer channels each had 8-mm diameter inlets and
outlets that served as media reservoirs, while the inner gel channels had 0.75-mm inlets

and outlets. The inlet/outlet diameters of the outer media channels and inner gel
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channels were 8 and 0.75 mm respectively. Excluding the converging, angled channel
regions, the media lanes were 2.05 x 0.13 x 3.5 mm3 and the gel lanes were 0.3 x 0.13

X3.5 mma3.

Viability staining

Viability staining was performed by adding a solution of CalceinAM/DAPI (10
uM/1 uM) in PBS to the media resvoirs, and then incubating the chip for 1 hr. The media
resvoirs were then rinsed with excess (500 uL) PBS once every thirty minutes for 1 hr,

and them imaged.

Chemotaxis

For assessing chemotactic activity of naive CD4+ T cells on chip, a solution of
CCL21 in AIMV media (0.1 uM) was added to the left media reservoir and then
incubated for 30 min for assessing live-cell motility or 1 hr for assessing total cell
displacement. Cells were imaged with no labeling for live-cell imaging, and cells were

labeled with 10 uM CalceinAM prior to imaging for total cell displacement.

Cell Motility imaging
To perform live-cell motility imaging, chips were imaged on a stage-top incubator
set to 37 C at 30 sec intervals for 5 min. For calculating mean cell velocity, individual

cells were tracked using CellTracker with semi-automated tracking.

Immunofluorescence microscopy staining

For immunofluorescence staining on chip, the media in the chips resvoirs was
replaced with the appropriate antibody cocktail prepared in HBSS (gibco). Chips were
stained for 1.5 hours, while incubated at 37 C, and then the media resvoirs were rinsed
with AIM V media every 20 minutes for one hour.
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Antibody Fluorophore Vender/PN/Lot dilution in
HBSS
CD69 FITC BioLegend/310904/B372054 100
CXCR5 AF647 BD Pharmingen/558113/ 100
Santa Cruz Biotechnology
CD38 AF546 /sc-7325 AF546/A0924 100

Cytokine and antibody secretion Detection

IFN- y and antibody secretions were quantified with ELISA kits (Biolegend).
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3  Comparing soft lithography and micromilling approaches for
fabricating immune-competent microphysiological systems
with high-aspect ratio feature.

3.1 Introduction
We investigated the process of converting from conventional fabrication of immune-

competent microphysiological organs-on-chip in PDMS and glass to a scalable design

using thermoplastics that can be micromilled and hot embossed or injection molded.

Identifying a thermoplastic as a PDMS alternative remains challenging because few
materials rival the gas-permeability and optical clarity of PDMS. It is likely that no single
material would be able to replicate the properties of PDMS sufficiently to enable
microfabrication, and combinations of materials may need to be applied to harness
advantageous properties congruently.1’-** One common need in MPS design is to
generate separate zones that remain fluidically connected for analytical and/or
biomimicry purposes, such as studies of chemotaxis.?%?* Here, we directly compared
fabrication approaches and materials by constructing a well-established four-lane
chemotaxis chip via micromilled polycarbonate (PC) combined with various other
materials and molded PDMS. We examined filling strategies, gas exchange, and optical

clarity. Finally, we compared cell viability and chemotactic responses on both platforms.

3.2 Results
To meet the need for PDMS alternatives and streamline the prototype-to-product

transition for immune-competent organs-on-chip, we developed a scalable fabrication
approach (micromilling polycarbonate) and tested the resulting chips against those
produced by the more traditional PDMS/soft-lithography in terms of cell patterning and

ability to perform chemotaxis experiments (Scheme 1a). As a case study, we focused
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on a well-established multi-lane design,?° in which microposts between lanes enable
surface-tension pinning of thermally-setting hydrogels (e.g. collagen/fibrinogen) that are
flowed into the lane in the liquid state. After thermal gelation and phase conversion, the
second gel lane is filled and set, and finally the media lanes are filled. We have
previously fabricated this chip design in PDMS bonded to a glass bottom. This design
was interesting for conversion because it enables spatial localization of cell populations
in parallel lanes and the generation of chemokine gradients through the media lanes,

which are common needs in more advanced organ-on-chip platforms.

First, we considered how to adapt this geometry from soft lithograph to micromilling and
future hot embossing. The microposts generated via soft lithography typically contain
sharp corners and a high aspect ratio (Scheme 1b), but these features are challenging
to produce with modern micromilling. Therefore, after several iterations, we produced an
alternative geometry that contained trenches rather than microposts (Scheme 1c), for
compatibility with micromilling of polycarbonate (PC). In the new design, the trenches
did not make contact with the ceiling, which provided surface-tension pinning in the z-

plane, and contact between lanes allowed for fluidic connectivity across the lanes.
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Figure 3-1 Approach for designing a chemotaxis chip out of micromilled
polycarbonate to pivot from PDMS a. Schematic of the key biological function that the
chips were designed to mimic: T cells in tissue responding chemotactically to a CCL21
gradient. (b,c) Schematic of (b) a PDMS chemotaxis chip designed with microposts and
(c) a polycarbonate chemotaxis chip designed with trenches and a track-etched
polycarbonate-membrane top (not shown to scale).

permeability for maintaining oxygen in 3D on chip cultures. We designed the chip to
have an open-top PC chamber that was sealed with a lid via pressure sealed adhesive.
Preliminary viability assessments in PDMS indicated that gas exchange for maintaining
viable cell cultures primarily occurred through the media resvoirs, and not through the
PDMS (data not shown), which led us to an initial micromilled chip design having a gas-
impermeable, PC lid. Unexpectedly, we observed that thermally-setting collagen
fibrinogen hydrogel degasses during gelation, resulting in bubble formation in the
chamber (Fig 1a,ii). We had never considered this effect when using PDMS, as the gas
released during gelation was likely absorbed into the PDMS (Fig 1a,i). To address this,
we tried using track-etched polycarbonate (PCTE) membrane, but a single layer of
PCTE was too delicate to resist the force of injection (data not shown). In contrast,

laminating two PCTE layers with silicone-based pressure sealed adhesive in between
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resulted in a sufficiently rigid layer for injecting. To assess the gas-permeability of each
lid material, we filled the gel lanes with O °C collagen/fibrinogen gel followed by 4 °C
PBS, imaged any initial bubble nucleation at 1 hr, and incubated the chips in a 37 °C
cell-culture incubator overnight before final imaging. We observed that PC chips
configured with PDMS and PCTE roofs were sufficiently degassed after overnight
incubation to avoid major disruption of cell cultures, whereas PC chips with a PC roof

did not.

a
i. PDMS top
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iii. PCTE/PSA/PCTE top b
P R R e L E s

# Bubbles

Figure 3-2 Laminated track-etched polycarbonate membranes enabled gas
exchange. (a) Brightfield images of micromilled polycarbonate chips enclosed with a (i)
PDMS, (ii) PC, and (iii) PCTE top that were filled with hydrogel and media, and then
incubated overnight. Scale bar is 1 mm. (b) Quantification of bubbles remaining within
the chips.

Next, we compared the micromilled “trench” against the soft-lithography micropost for
their ability to maintain separation between cell populations during loading. Pre-labeled
CD4+ T cells were resuspended in a thermally-setting, collagen-fibrinogen hydrogel,

then injected into a gel lane. After allowing gelation to occur in a 37 °C incubator, the
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second lane was filled with CD4+ T cells that were labeled using a different color
fluorescent dye. We observed both the PDMS micropost and PC trench geometries
effectively maintained separation of cell populations prior to gelation, resulting in
adjacent and abutting 3D cultures. The resulting spatial arrangements were
complementary. In the PDMS chip, neighboring cell populations could interact freely in
the x/y plane between posts, whereas neighbors in the PC chip were connected at a

higher plane, meeting atop the central trench (Fig 3 a,b iii).
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Figure 3-3 PDMS and PC chemotaxis chips enable patterning of adjacent and
abutting, fluidically connected cell populations. Fluorescence images of (a) PDMS
chip and (b) PC chip loaded wit h separate populations of CD4+ T cells labeled with
Celltrace FarRed (magenta) and CFSE (green). (i) Scale Bar: 500 pum. (ii) Zoom on
border. Scale Bar: 100 pm. (iii) Line scan measurements of fluorescent channels.

To determine if the PC and PDMS chips were functionally equivalent MPSs for
lymphocyte culture, we cultured primary, human naive CD4+ T cells on chip for 72 hr,
then assessed the cells’ viability and chemotactic responsiveness (Fig 3). We observed
no difference in viability between the off-chip controls (2D culture), PC, and PDMS chips

at 72 hr (Fig 3a,b). To assess cell migration, we set up a CCL21 gradient on chip, which
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is a well-established gradient that naive CD4+ T cells migrate toward in vivo via CCR?7,

by flowing CCL21 into the media opposite to the lane in which cells were cultured, then

assessed cell migration into the adjacent lane after 1 hr. We observed a chemotaxis

response in the PDMS chip, measured by % cell area in the entire width of the adjacent

lane, but saw a different response in the PC chip (Fig 3c,d). There, we observed cells

migrated to the right side of the trench top (Fig 3e), and saw a significant difference

when measuring in that area specifically. The difference in chemotaxis responses in the

PC chip when compared to the PDMS chip may be caused by cells moving in the z-

plane to overcome the trench prior to entering the right lane.
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Figure 3-4 PDMS and PC chemotaxis chips enable 72 hr cell viability and
chemotaxis response across gel lanes. (a) Images from viability assessment
(calceinAM/Live/Green, DAPI/dead/Blue) of the (i) 2D control, (i) PDMS chip, (iii) PC
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chip. (b) Quantification of viability of CD4+ T cells cultured on PDMS and PC chips,
versus a “live” off-chip control held in standard 2D culture. (c) (i) schematic of
chemotaxis assay. Fluorescence images of before (ii. PDMS, iii, PC) and after (iv.
PDMS, v. PC) images of calceinAM labeled CD4+ T cells on PDMS and PC chips
following 60 minutes of culture with a CCL21 gradient. (d) quantification of chemotaxis
response determined by calculating % cell area on the right side of the yellow dotted
line. (e) alternative analysis of PC chips by calculating % cell area on the right side of
the trench only. Scale bar: 100 pm.

3.3 Discussion
The results presented herein indicate successful production two complementary

MPSs with orthogonal fabrication approaches. The process of fabricating and using the
micromilled PC chip led to our observation that the collagen/fibrinogen matrix off-gasses
during gelation, which we had not previously appreciated due to PDMS’s high gas-
permeability (Fig 2). Overcoming this problem required a multi-layer approach with
track-etched PC membranes and pressure sealed adhesive to both seal the chamber

and allow gas-exchange.

In addition to gas-permeability, we had not previously appreciated the rigidity of
PDMS when used at 2-3 mm thickness for microfluidic devices. PDMS of this thickness
does not expand significantly when a 100-150 um high channel is filled with fluid, and
this undervalued property is convenient when using a micropost-enabled surface
tension barrier system. When switching to a PCTE/PSA/PCTE chamber roof, which was
<100 um thick, we discovered a surface tension barrier could not form because the roof
would expand slightly under fluid pressure. This problem was addressed by holding a
rigid glass slide on top of the chip during filling. Lastly, the elasticity of PDMS is
considerably useful when producing inlets for pipetting or making larger punches to
produce cell-culture reservoirs as the elasticity seals to the injecting port and prevents

backflow. This simple feature of every microfluidic chip can be challenging to replicate in
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hard plastic. We found that hard-plastic pipette tip adaptors aided in filling only when an

additional rubber adaptor was used to “squeeze” the pipette tip into the inlet.

While these problems may seem inconsequential for operating a single chip, small
adaptor requirements (glass slides, pipette tip adaptors, etc.) increase the time/chip
requirement. Longer replicates can significantly increase the labor requirement for
setting up an experiment. For example in this work, the PDMS chip was filled in ~10
seconds, whereas a single PC chip was filled in 5 minutes. Therefore, an experiment
with four conditions (n=3 chips/condition) would require two minutes of labor when

operating the PDMS chips compared to one hour of labor with the PC chips.

3.4 Conclusion
We successfully converted a microfluidic chemotaxis chip from molded PDMS to

micromilled polycarbonate, while learning that some materials properties such
degassing and rigidity were more important than anticipated. We optimized the device
layout to have a gas-permeable roof, and validated that separation of cell populations,
cell viability, and a chemotaxis response was nearly equivalent on the PDMS and PC
chips. Some work would remain for this design to be made more user friendly, and

these lessons should be taken into account in future conversions.

3.5 Method

3.5.1 Fabrication of chemotaxis chips

The PDMS/glass chip was designed in AutoCAD LT 2023 to have four parallel channels
separated by arrays of hexagonal microposts. The outer media channels each had 8-
mm diameter inlets and outlets that served as media reservoirs. The inner gel channels

had 0.75-mm inlets and outlets. Excluding the converging, angled channel regions, the
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media lanes were (WxHXxL) 2.45x0.130x14.81 mm and the gel lanes were

1.4x0.130x15.4 mm.

Master molds for the single-layer PDMS/glass chips were prepared using standard
photolithography methods as previously described.?? Drawings were printed on
transparency sheets at 20,000 DPI (CAD/Art Services, Inc, Brandon, Oregon). SU8 was
spin-coated onto 3” silicon wafers (University Wafer, South Boston MA, USA) to reach a
thickness of 115-130 um. Wafers were exposed to ozone and vapor silanized with
Trichloro (1H,1H,2H,2H-perfluorooctyl) silane (Sigma Aldrich) for 2 h. PDMS was
combined with crosslinker (Sylgard 184 Silicone Elastomer, Ellsworth Adhesives,
Germantown WI, USA) at 10:1, degassed, poured over SU8 molds, then degassed
again to ensure air was not trapped in the recessed micropost area. Finally, PDMS was

cured at 70 °C for a minimum of 2 h.

Once prepared, PDMS layers were punched to form 8 mm cell culture media resvoirs
and 0.75 mm gel lane inlets. Layers were exposed to ozone for 90 sec followed by
bonding to a standard (1 mm) glass slide. Ozone cleaning followed by bonding at 120

°C for two hours was sufficient for sterilization.

Micromachining the polycarbonate chips was performed by ALINE (California). The
micromachined chip chamber dimensions were identical to the PDMS design, with

continuous trenches rather than microposts.

Once polycarbonate bottom layers were prepared, top layers (PC and PDMS) were cut
to shape. The PCTE-PSA-PCTE layer was prepared by taping a 10 cm diameter

hydrophobic 10 um pore PCTE membrane (Lynntech) to a hard surface. A larger piece
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of silicone-based pressure-sealed adhesive (Lynntech) was layered over the PCTE, and
finally a second PCTE membrane was layered on the PSA. The layer was then cut to
the appropriate size. After bonding, chips were sterilized by UV light in a biosafety

cabinet for 10 min prior to cell work.

3.5.2 Collagen/Fibrinogen Hydrogel Loading

Collagen (IBIDI) was prepared to 1.5 mg/mL via diluting and pH adjustment according to
manufacturer’s protocol. Fibrinogen (sigma) was diluted into the gel to a final
concentration of 1 mg/mL. Once mixed, cells were resuspended in the collagen gel at
1x107 cells/mL, or neat gel was injected directly into the channel inlet. 5 uL were
injected with a standard 10 uL pipette tip into each end of a gel lane so that the gels
would meet in the middle. For the polycarbonate chip, an 8 mm PDMS round with a
0.75 mm punch was used as a pipette tip adapter to prevent backflow while injecting.
After filling one gel lane, the chips were incubated for 30 min in a 37 °C cell culture
incubator in a petridish containing PBS-soaked sponges (sponges prevented chips from
dehydrating and remained for the remainder of the experiment). Immediately after, the
second gel lane was filled followed by repeated incubation. Cell-laden gel could be
loaded during the first or second step. After both lanes were filled, 100-200 pL of AIM V
media (ThermoFisher) was added to each of the four media reservoirs. Media lanes
were filled by pipetting at an angle so that the tip made contact with the lane inlet. When
cells were used, chips were incubated for at least two hours prior to initiating further

experiments.

3.5.3 Cell sourcing

47



As described previously,?? human naive CD4+ T lymphocytes were isolated using
immunomagnetic separation from TRIMA collars obtained from healthy donors following
platelet apheresis (StemCell Technologies). Purity of naive CD4+ T cells was
determined via flow cytometry (CD4+, CD45RA+, CD45R0-). Cells were used
immediately or plated at 1.5-3x10° cells/mL in AIM V media with 10 ng/mL IL-7 (R&D
Systems; Bio-techne, Inc.).
3.5.4 Microscopy

Images were taken on either the Zeiss AxioZoom or AxioObserver microscopes.
The AxioZoom was fitted with an HXP 200C metal halide lamp, PlanNeoFluor Z 1x
objective (0.25 NA FWD 56 mm), and Axiocam 506 mono camera. The Zeiss Filter
Sets, 38 HE (Ex: 470/40, Em: 525/50), 43 HE (Ex: 550/25, Em: 605/70); 64 HE (Ex:
587/25, Em: 647/70); and 49 HE (Ex: 365, Em: 445/50) were used. Brightfiled images
were acquired as transmitted light. Zen 3 Blue software was used during acquisition.

Images were analyzed in ImageJ v1.53t.

The AxioObserver 7 inverted microscope was fitted with the Colibri.7 LED light
source, EC Plan-Neofluar 5% objective (N.A. = 0.16, WD = 18.5 mm), and ORCA-
Flash4.0 LT + sCMOS camera (Hamamatsu). For fluorescence imaging, the filter used
was a Zeiss 112 HE LED penta-band.

3.5.5 Patterning separate populations of T cells

When demonstrating separation of cells on chip, cells were prelabeled with 10
MM Calcein AM or 1 uM NHS rhodamine and then loaded onto PDMS/glass or
PC/PCTE chips in separate lanes. Rhodamine dye was added to the media lane and

the chip was imaged after 15 minutes to both show separation of cell populations and
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demonstrate fluidic connectivity via rhodamine dye diffusion across lanes. Images were

analyzed with ImageJ by performing linescan quantification for each channel.

3.5.6 Cell viability assessment

Viability of T cells was assessed by loading PC/PCTE and PDMS/glass chips
with cell-laden gel, culturing for 72 hr, and then replacing media with a viability stain (10
UM CalceinAM and 1 uM DAPI in HBSS). Chips were then incubated for 2 hours and
imaged. Cells were also plated at 1x10° cells/mL as an off-chip live control. For killed
controls, cells were incubated with 70% EtOH for 10 minutes and resuspended in
viability stain. Images were analyzed with ImageJ using the particle analyzer, with
circularity set to 0.5-1 and size 12.5-500 um?. Viability was calculated as #CalceinAM+

cells/(#CalceinAM+ cells + DAPI+ cells).

3.5.7 Chemotaxis assay

To assess chemotaxis response on chip, PC/PCTE and PDMS/glass chips were
loaded as described. After allowing cells to rest overnight, chips were imaged, then 0.1
MM CCL21 in AIM V media was injected into the left media lane of the chip. Chips were
incubated with the CCL21 gradient for 1 hour, then stained by flowing 5 uM calceinAM
stain, incubating for 1 hour, and imaged. Images were analyzed with ImageJ by using
the particle analyzer and finding cells within each gel lane. Chemotactic responsive cells
were identified by measuring % calceinAM+ area within the gel lane closest to the
CCL21 gradient, and subtracting from the image taken before the gradient was

established to account for random T cell migration.
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4. Quantification of fractional and absolute functionalization of
gelatin hydrogels by optimized ninhydrin assay and 1H NMR

4.0 Prelude to Chapters 4 and 5:
With the goal of making fundamental advancements toward accurately mimicking

the spatial organization of tissue, efforts in the Pompano Lab have enabled the
photopatterning of cell-laden hydrogels within a microfluidic chamber. A summary of
published work from a prior graduate student regarding this effort is included here to
illustrate this method:

4.0.1 Summary of in situ photopatterning of cell-laden hydrogels

From “Photopatterning cell-laden thiol-ene and methacryloyl hydrogels in a microfluidic
device.” By Jennifer Ortiz-Cardenas, Jon Zatorski, Abhinav Arneja, Alyssa Montalbine,

Jennifer Munson, Chance John Luckey, & Rebecca Pompano, R. R. (2022). Organs-on-
a-Chip, 4, 100018:

The development of biomimetic organ models offers the potential to replicate
human biology in a controlled in vitro system. Standard technologies to micropattern 3D
cultures on-chip are limited in their ability to create complex spatial structures, and thus
cannot fully replicate the intricate spatial organization of native tissues or allow full
freedom of high-throughput array design. Integration of 3D cultures with microfluidics is
often accomplished by direct micropatterning inside a microfluidic chip, usually through
the use of laminar flow and/or physical support structures (as shown in Chapter 2 and 3
of this dissertation). These patterning strategies struggle to generate free-standing

islands, concentric features, or non-linear, abutting cultures.

A potential strategy to overcome these limitations is photolithography, in which
light passes through a photomask to pattern a photo-crosslinkable culture matrix (Fig. 4-
0-1). Patterning 3D cultures on-chip with the goal of recapitulating complex organ

architecture requires crosslinking cell-laden hydrogels without cytotoxicity, while still
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achieving biomimetic mechanical properties and stability under fluid flow. In Ortiz-
Cérdenas et al., (2022), cell-laden hydrogels were patterned into customizable, free-

standing structures on a microfluidic chip by in situ photolithography.
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Figure 4-0-1 (From Ortiz-Céardenas et al., (2022)). Photocrosslinkable hydrogels and
photolithography enable complex tissue designs within a microfluidic chamber.

(a) Gelatin hydrogels were chemically modified to have methacryloyl or thiol functionalizations. (b) In the
presence of a photoinitiator and blue light, functional groups crosslink. (c) Photopatterning approach: A
microfluidic chamber was 1. injected with PBS (grey), then 2. displaced with hydrogel precursor (green).
3. A photomask was overlaid prior to exposure, and 4. the uncrosslinked hydrogel was rinsed away. (d)
Exposure schematic with hydrogel-filled chip, photomask, and light source. (e) Repeated exposures
enabled complex, cell-laden architecture.

In situ photopatterning of cell-laden hydrogels fundamentally advanced

biofabrication methodology by enabling complex, microscale tissue mimics. However,
this effort also revealed a challenging inverse relationship between cell viability and the
need for mechanically stable gels. We observed that stable photopatterned gels required a
high gel-density such that cells could no longer move, and viability was adversely affected.
Adding to this, we struggled to screen patterning conditions due to a lack of methods for

predicting the stability of photopatterned hydrogels under physiological conditions. Toward
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solving this problem, we committed to a two-pronged approach: One approach was to tune
hydrogel composition, with the goal of improving cell motility and viability. The other was to

develop analytical methods to characterize photocuring hydrogels.

4.0.2 A three-lane surface-tension chip enabled identification of a more
biocompatible photocrosslinking gel formula.

While | did not lead the effort to tune gel composition for improving biocompatibility, 1 did
develop the strategy to test cell motility within mechanically unstable gels. Using the microfluidic
chamber described in Chapter 2 of this dissertation, we were able to screen gels which were not
mechanically stable enough to be photopatterned. Extending this further, we utilized the
adjacent lanes to assess the motility of multiple cell types simultaneously within various gel
formulas. In doing so, fibroblast-T cell crosstalk was modelled in which primary T cells were
loaded in the outer lanes and crosslinked before human lymphatic fibroblasts (HLFs) were
loaded in the center lane and crosslinked. This produced a spatial organized co-culture (Figure
4-0-2a). Unlike monitoring random cell maotility, this test assessed a more biomimetic motility

process, where T cells were chemoattracted towards the lymphoid fibroblasts.

We saw HLFs spread in collagen gel, but did not spread at all in the photocuring GelSH
gel, where T cells remained round and immobile (Figure 4-0-2b). In collagen gel, some of the T
cells migrated into the center lane, and a small number were observed to co-localize with HLFs
there when imaged after 2 days. Interestingly, co-cultures in a hydrogel blend, GelSH + 60%
collagen, yielded HLF spreading and redistribution of the T cells in some regions but not others.
Stromal cell morphology in the gelSH/collagen blend was distinct and more variable than the
other groups. In two out of six chips, HLFs spread and formed tighter, more contractile networks
than were seen in collagen gels. CD4+ T cells appeared to have moved and clustered within

their lanes, unlike in neat GelSH, and migrated T cells were frequently visible within the center
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lane when imaged after 2 days, though with more variability than in collagen gels (Figure Fig. 4-

0-2¢). Also, there was less co-localization of T cells with HLFs than was seen in collagen gels.

Thus, the surface-tension chip enabled screening for tissue-level properties, such as
cell-cell colocalization, which advanced our progress toward identifying more biocompatible gel

formulas.
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Figure 4-0-2. GeISH + 60% coIIagen hydrogel enabled Iymphocyte -stromal colocalization in a
microphysiological system.

(a) Schematic showing the establishment of CD4+ T cell and HLF co-cultures on a microfluidic chip. (i) A
T cell-laden gel precursor was loaded, then cured (thermal and/or photo-exposed, depending on the
hydrogel formulation). (ii) A stromal cell-laden gel precursor was loaded, then cured. (iii) Media was
added to outer lanes. (b) Representative images of CD4+ T cells and HLFs in each gel after 2-day
culture. Cells were labelled with anti-CD4 (red) and Calcein AM (green) (n = 2 donors, each dot is a chip).
Overlays of brightfield and fluorescence images are shown; three representative images shown for each
condition. Scale bar is 100 pm. (c) Quantification of CD4+ area in center lane, for two human donors.
Each dot represents one chip (mean of three regions imaged per chip). Data were analyzed using two-
way ANOVA with Sidak’s multiple comparisons, ns p > 0.05. Brightfield images showed that no
lymphocytes were detected in center lanes for GelSH cultures; these were omitted from the plot due to
poor immunofluorescence staining in that gel.
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4.0.3 Multiple analytical techniques were established for characterizing
photopolymerizing hydrogels.

The other, more fundamental approach toward advancing tissue engineering was to
develop analytical techniques for characterizing light-curing gel chemistries. Toward this goal, |
led the development of the analytical techniques described in the remainder of Chapter 4 and

Chapter 5.
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4.1 Abstract

3D cell culture in protein-based hydrogels

. . . . I R : X . % -NH
often begins with chemical functionalization of Ny o 2
NH,

proteins with cross-linking agents such as

methacryloyl or norbornene. An important and HzN
variable characteristic of these materials is the N,RL

degree of functionalization (DoF), which aRaah-8

controls the reactivity of the protein for i

crosslinking and therefore impacts the mechanical properties and stability of the hydrogel.
Although *H-NMR has emerged as the most accurate technique for quantifying absolute DoF of
chemically modified proteins, colorimetric techniques still dominate in actual use and may be
more useful for quantifying fractional or percent DoF. In this work, we sought to develop an
optimized colorimetric assay for DoF of common gelatin-based biomaterials and validate it
versus NMR; along the way, we developed a set of best practices for both methods and
considerations for their most appropriate use. First, the amine-reactive ninhydrin assay was
optimized in terms of solvent properties, temperature, ninhydrin concentration, and range of
gelatin standards. The optimized assay produced a linear response to protein concentration in a
convenient, 96-well plate format, and yielded a fractional DoF similar to NMR in most cases. In
comparing to NMR, we identified that DoF can be expressed as fractional or absolute, and that
fractional DoF can be inaccurate if the amino acid content of the parent protein is not properly
accounted for. In summary, the fractional DoF of methacryloyl- and norbornene-functionalized
gelatins was quantified by an optimized colorimetric ninhydrin assay and orthogonally by *H-
NMR. These methods will be valuable for quality control analysis of protein-based hydrogels

and 3D cell culture biomaterials.

Keywords

gelatin methacryloyl, GelMA, gelatin norbornene, GeIlNB, assay development, protein NMR,
biomaterials

4.2 Introduction
Hydrogels composed of functionalized, protein-based polymers have been used

increasingly in regenerative medicine and tissue engineering 23-25. Applications such as

controlled release and tunable 3D cell culture require precisely controlled cross-linking
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density, which mediates stiffness, extrudability, and shear-thinning properties. Naturally
derived hydrogel materials such as gelatin are a mainstay of the field due to their low
toxicity, cell-adhesion motifs, and biodegradability 2426, Thus, much recent work
focuses on adding chemically defined and tunable functionality to these materials 27-2°.

While natural gelatin offers thermal control over gelation, inclusion of
photoreactive functional groups, such as methacryloyl (GelMA) or norbornene (GelNB),
provides on-demand gelation with tunable stiffness (Fig. 1a,b) 2722, ClaalRen et al.
(2018) showed that for methacryloyl-modified gelatin, functionalization occurs primarily
at lysine and hydroxylysine residues initially. As the ratio of methacryloyl (MA) to amines
is increased and 100% of amines are reacted, functionalization also occurs at other
residues such as threonine, serine, and tyrosine, though at low frequency compared to
lysines 3031, These hydrogel chemistries are rapidly gaining popularity, and studies have
recently focused on improved processability and larger batch sizes 2°32. As interest
grows in scaled-up production and novel chemical modifications of gelatin, so does the
need for reproducible and simple assays for quality control and prototyping 2.

During the synthesis of modified gelatin, the degree of functionalization (DoF) --
defined as the quantity or fraction of functional groups reacted -- varies with both the
gelatin starting material and the reaction conditions. Both the exact amino acid content
and the availability of reactive functional groups can vary between batches and sources
of gelatin (Table 4-1), a natural product that is sourced from animal-derived collagen
and extensively processed in acidic or basic conditions. This variation extends to other
proteins used for chemical functionalization as well, e.g. tropoelastin 3!, as well as to

antibodies, in which amine content may be unknown. Beyond this variability in reactive
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sites, the degree of functionalization also depends strongly on reaction conditions
28,29,3334  Quantification of the DoF is necessary for quality control of functionalized
gelatin materials, because DoF influences the rate of polymerization, resulting stiffness,
and mechanical stability of the hydrogel 27:28:35,

Table 4-1. Reported lysine and amine content of bovine and porcine gelatin.

Lysine

(sptch?leas,t,iType) Gelattiigsizurce (mmo[/g (mm(flr/n;nge:Iatin) Reference
gelatin)
Bovine, type B Skin Not Reported 0.35 32
Bovine, type B Skin 0.28 0.385 29,36
Bovine, type B Skin 0.1002 Not reported® 87
Porcine, type A Skin 0.2452 Not reported® 37
Porcine, type A Skin 0.259 0.325¢ 30
Porcine, type A Not Reported 0.2452 0.3002¢ 38

2 These data were reported as “residue / 1000 amino acids.” The values were converted to “mmol / g
gelatin” by assuming an average amino acid molecular weight of 110 g/mole of amino acid.

b Neither the hydroxylysine nor the total amine content was reported.

¢ This value was determined by adding reported data for lysine and hydroxylysine.

'H-NMR and colorimetric assays have become standard methods for assessing
the DoF of functionalized proteins. *H-NMR offers direct quantification of the DoF,
because the spectral peak(s) corresponding to the functional group can be easily
identified and integrated. Furthermore, using an internal standard has allowed for
precise determination of absolute DoF in units of moles of functional group (e.g. MA)
per gram of protein %. However, unless the amine content is known precisely, e.g. from
sequencing, the fraction of amines functionalized cannot be quantified by NMR.
Furthermore, despite the accuracy of NMR methods, many biomedical researchers
prefer a rapid, plate-based assay whenever possible. The continued use of colorimetric
DoF assays by many research groups 313940 indicates that there is a need for accurate

and precise assays of this type, and an understanding of their limitations. A promising
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colorimetric approach to measuring DoF is the ninhydrin assay, which reacts primary
amines with a small molecule, ninhydrin, to form Ruhemann’s Purple (Fig. 1c). This
assay was developed originally for use with solutions of free amino acids or short
peptides, and has been adapted to characterize collagen content within heterogenous
biomaterials 4* and functionalized gelatin methacryloyl 354, By comparing to a
calibration curve, the assay provides a measure of the fraction of free amines remaining
after conjugation, from which a fractional DoF is determined. These protocols vary
widely and often yield non-quantitative results when applied to proteins. The typical
solvents and temperatures used for the ninhydrin reaction lead to protein precipitation or
poor sensitivity, thus decreasing the accuracy and precision of DoF measurement. The
development of a standardized ninhydrin assay for DoF of protein-based samples,
particularly gelatins, would significantly advance the development of tunable
biomaterials and hydrogels. While this method can detect only amine functionalization,
not functionalization of other residues, amines are the primary site of functionalization
by MA under typical reaction conditions 3032,

Here we present two advancements. First, the ninhydrin assay was optimized for
work with functionalized gelatin materials using unmodified gelatin for the standard
curve (Fig. 1d,e). Second, the ambiguity of the DoF expression was clarified by defining
absolute and fractional DoF. With this in mind, we identified the advantages and
limitations of several previously published approaches for analyzing the H-NMR
spectrum of functionalized gelatin. Finally, the optimized ninhydrin assay was validated

for accuracy against protein NMR as an effective, plate-based alternative.
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Figure 4-1 Detecting protein functionalization by loss of free amines via the colorimetric
ninhydrin assay. (a) Reaction scheme for chemical functionalization of a protein by
anhydrides or succinimidyl esters, which occurs primarily at free amines. (b) Structures of
reaction products of amine sidechains with methacryloyl or norbornene groups. (c) Reaction
scheme for the ninhydrin assay. Ninhydrin reacts with free primary amines to generate
Ruhemann’s Purple, a purple-colored soluble product. (d) Photo of well-plate after running the
optimized assay with a gelatin standard curve. Solutions remained clear, free of precipitation,
yielded a visible color change that corresponded to free amine content in the solution. (e) Photo
of well plate after analyzing functionalized gelatin samples (here, GelMA). Samples yielded
color changes that inversely correlate with their respective DoF values.

4.3 Results and Discussion
4.3.1 Optimization of ninhydrin assay conditions

In optimizing the ninhydrin assay for use with functionalized gelatins, we
considered several factors based on our initial experience testing out a variety of
reported procedures: choice of standards, prevention of precipitation via solvent

selection, and optimization of ninhydrin concentration and temperature.

4.3.1.1 Selecting Standards: Standards used for the ninhydrin assay with functionalized

gelatins range from purified amino acids (e.g. glycine 4?) to gelatin itself 3°, and the
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selection is not inconsequential. A glycine standard curve has the advantage of
providing precisely known amine concentration, but does not account for absorbance by
the protein itself (some modified proteins are yellow-tinged), nor for side reactions
between ninhydrin and other amino acids present in the protein sample. In contrast, a
gelatin standard curve more directly provides information of the fraction of amines
reacted, which is useful when optimizing reaction conditions to obtain a desired DoF.
Here, we chose to use the parent Type A porcine gelatin as the standard primarily
because of the potential for side reactions between ninhydrin and the protein. The
same lot and type of gelatin is used for the standards and the functionalized gelatin,

which allows for direct determination of fractional functionalization.

4.3.1.2 Preventing precipitation. The solvent conditions described in published protocols
for the ninhydrin assay vary widely depending on their application. Examples include (a)
dissolving amino acids in PBS and ninhydrin in ethanol #* and (b) dissolving gelatin in
water and ninhydrin in a sodium citrate / glycerol mixture 3. Initially, we tested these
and similar protocols but found that the ethanol content in (a) caused protein
precipitation, and the glycerol in (b) resulted in density gradients and irreproducible
color development in our hands. Other protocols for free amino acid analysis, conducted
in concentrated acids, were not tested here due to their potential to hydrolyze the
protein 42, Because of the simplicity of the components of the PBS/ethanol approach,
we selected this method for further optimization with gelatin. To eliminate precipitation
while achieving a measurable color change, we sought to minimize the ethanol content
of the mixture while maintaining a sufficient concentration of ninhydrin. For these initial

tests, the mixture was heated in polypropylene tubes in a water bath at 50 °C and
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observed for about 15 minutes. We found that a 1:8 v/v ratio of 20 mg/mL ninhydrin
solution (2.2 mg/mL final ninhydrin concentration) to 20 mg/mL gelatin solution both
eliminated precipitation and yielded distinct purple color development (Table 2).

Table 4-2 The concentrations and volumetric ratio of ethanolic ninhydrin solution to

aqueous gelatin solution were initially adjusted to eliminate precipitation while achieving
a measurable purple color change

memang, - pms, i ), | absenceot  Pune
mg/mL? mg/mL? mg/mL ' )
35 35 20:1° 3.3 No No
3.5 3.5 9:1 3.2 No No
35 35 1:8 0.4 Yes No
3.5 20 1:8 0.4 Yes No
20 20 1:8 2.2 Yes Yes

a|nitial concentrations
b The conditions in this row were from Ma et al., (2003)
© VetoH : Vess is the volumetric ratio of ethanol to PBS after combining reagents

4.3.1.3 Ninhydrin Concentration Optimization. Using the optimal solvent ratio (1:8 viv
EtOH:PBS), we sought to optimize the linear range of the assay by varying the
concentration of ninhydrin in the final mixture. Serial dilutions of gelatin from 1-10
mg/mL were reacted in a 96-well plate at 70 °C for 30 minutes with ninhydrin at 2.2
mg/mL (12.3 mM), 4.4 mg/mL (24.7 mM), or 6.6 mg/mL (37.0 mM) (Figure 2a). We
found that 2.2 mg/mL ninhydrin produced the widest linear range of absorbance. Higher
ninhydrin concentrations resulted in saturated absorbance at moderate gelatin

concentrations.

4.3.1.4 Reaction Temperature Optimization. The ninhydrin reaction requires elevated
temperatures, and the assay is frequently conducted at temperatures between 50-100
°C 3541 To determine the optimal temperature for a reaction conducted in a 96-well

plate format, standards (2-8 mg/mL gelatin) were prepared in the plate with 2.2 mg/mL
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ninhydrin, sealed, and incubated in an oven. Color development was allowed to occur

for 30 minutes at temperatures ranging from 50-80 °C (Figure 2b). A reproducible linear

absorbance curve was achieved at 70 °C. Temperatures lower than 70 °C resulted in

larger variability, and temperatures greater than 70 °C resulted in evaporation of the

samples. Similar results were observed when standards were prepared in test tubes

and allowed to incubate at 70 °C for 12 minutes.
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Figure 4-2 Optimization of ninhydrin assay conditions for use with functionalized gelatin
in 96-well plate format. (a) Calibration curves (absorbance versus gelatin concentration) under

varied ninhydrin concentrations; legend shows the final ninhydrin concentration in the reaction
solution. Temperature 70 °C. (b) Calibration curves at varied reaction temperature. 2.2 mg/mL
ninhydrin. (c) Expanded calibration curve, fit with a sigmoidal curve or fit in part with a linear
regression. Temperature 70 °C; 2.2 mg/mL ninhydrin. (d) Determination of degree of
functionalization for a representative sample of functionalized gelatin (red square). In this

example, GelMA prepared at 10 mg/mL exhibited an apparent concentration of 7.3 mg/mL (DoF

27 %).
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4.3.1.5 Standard Curve and Application to Functionalized Gelatin. Finally, we applied
the optimized reaction conditions and tested the dynamic range of the assay in the 96-
well plate assay format. As expected, no precipitation was observed, and the reaction
became visibly purple at higher gelatin concentrations. A sigmoidal absorbance curve
was obtained from 0-10 mg/mL gelatin, with a linear region from 2-8 mg/mL (R? =
0.9988) (Fig. 1d, Fig. 2c¢).

Functionalized gelatin samples, e.g. GelMA or GelNB, develop less purple color
because fewer free amines are present. To determine the fraction of amines remaining
in a sample of GelMA or GelNB, the “apparent” gelatin concentration was determined
from the standard curve and normalized to the nominal concentration of the sample (Eq.
1, Materials and Methods). DoF was defined as the difference of this value from unity
(Eq. 2). For example, a GelMA sample prepared at 10 mg/mL was reacted with
ninhydrin and yielded an apparent concentration of 7.3 mg/mL, for a calculated DoF of
27 % (Figure 2d).

Optimizing the ninhydrin assay for intact proteins may be useful in other settings,
as ninhydrin is used broadly in fields such as forensics, food science, biomedical and
clinical research, and biochemistry*3. For example, Nayuni et al., (2013) 4 showed that
a clinical ninhydrin protocol was far more sensitive to free amino acids than to lysines
among intact proteins, demonstrating a need for conditions that allow for color
development with intact proteins.

4.3.2 Validation of ninhydrin assay versus 'H NMR
Having established a robust method for colorimetric analysis, we sought to

validate its accuracy and limitations in comparison to *H-NMR, the gold standard for
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guantification. We tested the ninhydrin assay with both GeINB and GelMA, as these are
commonly used for photopatterned cell cultures 2%3% and compared the results to DoF
determined from *H-NMR.

Interestingly, multiple methods have been demonstrated for quantifying the
functional group density from 'H-NMR spectra, and there is no consensus in the
literature on a single method of quantification. One elegant approach involves
determining the molar concentration of a functional group (e.g. MA or NB) per gram of
gelatin by integrating the functional group peak and normalizing to an internal standard
30, This method provides an accurate measure of the absolute quantity of functional
group present on gelatin (mmol -R / g gelatin), but does not provide a measure of
fractional reaction completeness, or fraction of available sites functionalized.
Alternatively, the concentration of the functional group may be normalized to the
concentration of lysine or total amines to determine percent functionalization (fractional
functionalization) 2°; the amino acid composition of the protein may be determined by
sequencing or by reference to the literature 2. Here, we adopted the latter approach to
enable a comparison with the ninhydrin assay. By using literature values rather than
sequencing each lot of gelatin, some bias is introduced into the fractional DoF due to
slight variations in the amino acid composition (Table 1). Thus, the fractional NMR-DoF
reported here may be slightly shifted from their true values.

First, we determined the DoF of six different batches of GelNB by both ninhydrin
assay and NMR. Five batches of GelNB were synthesized as described by Mlnoz et al.,
(2014) 28, using varied feed ratios of the norbornene reagent, carbic anhydride (CA), to

yield varying DoFs. The single peak at 6.04 ppm (Fig. 3a,b, “GelNB-CA”) was attributed
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to the two identical vinyl protons of norbornene, and is similar to what has been reported
previously 42. Full spectra of all GeINB-CA samples are provided in Fig. S1. To test the
versatility of the method, we also synthesized a batch of GelINB-NHS, by using the
EDC/NHS conjugation approach described in detail by Hoorick et al., (2018) 2°. For
GelNB-NHS, four peaks were observed in 5.8 — 6.3 ppm (Fig. 3a,b) and were attributed
to norbornene stereoisomers, confirming previously reported observations 2°. The
results of the optimized ninhydrin assay and 'H NMR were linearly correlated with an R?
of 0.87 (Fig. 3c; Table S1). As the ninhydrin assay detects functionalization only at
amines, its close concordance with the NMR data suggested that norbornene
functionalization occurred primarily at the amines under these conditions. In the future,

2D NMR could be used to quantify the extent

66



a

GelNB - CA
M A . N L
GelNB - NHS
_M -\ L
Gelatin
S =
1 1 1 1 1 1 1 || 1 | 1 1 1 1 1
70 65 60 55 50 45 4.0 ( 3.5) 30 25 20 15 10 05 00
ppm
b N\ /7 c
K@ ﬂ X i \
W H ¥
H ~
o ~ 80m =-==-y=009770x-4.847 ¢
/ R2= 0.87
| | )
Gel. Gel. = _
\Norborneneamide) Endo-norborneneamide £ 40
14
. =
@ W (i) 5 204
A o s 3
(]
"\(");(i) / — ¥ 2 0 60 80
Y
A N . .
20— DoF 'H-NMR (%)
07 "NH
T T T 1 |
64 62 60 58 56 Gel.

(ppm)

Qo-norborneneamiy

Figure 4-3 Validation of ninhydrin assay versus *H NMR using GelNB. (a) Full NMR spectra
of GelNB synthesized with carbic anhydride (GelNB-CA), GelNB synthesized via NHS
conjugation (GelNB-NHS), and non-functionalized gelatin. Integration ranges for the functional
group peak and internal standard are highlighted in gray and pink, respectively. (b) Structures
and peak assignments for protons in the norbornene functional group in GelNB-CA and GelNB-
NHS 2°. (c) Fractional DoF values determined by *H NMR versus the optimized ninhydrin assay
for five GelNB-CA samples (black dots) and one GelNB-NHS sample (open circle). Mean + std
dev of n = 3 technical replicates of ninhydrin assay; some error bars too small to see. Dotted
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of norborneneamide and possibly norborneneate functionalization under various
reaction conditions 3.

Next, we determined the DoF of one batch of GelMA synthesized in-house and
three commercial preparations of GelMA, which nominally had DoF of 32 %, 63 %, and
70 % according to the vendor. The peaks for GelMA appeared at the expected chemical
shifts for the acrylic groups of methacrylamide and methacrylate 3 (Fig. 4a,b). An
upfield peak for the additional proton from methacrylate was not observed in these
samples. While the two analysis methods yielded similar results for the medium and
high-functionalized commercial GelMA (Fig. 4c) and the GelMA that was synthesized in
house, they produced conflicting values for the low- functionalized commercial GelMA.
Furthermore, the ninhydrin-DoF and the NMR-DoF each differed oppositely from the
nominal, vendor-provided, value (Table S1).

We note that the amine content and species of the original gelatin from which the
commercial GelMA was manufactured are unknown. Based on these data, we
speculate that the amine concentration may have been lower than the 0.300 mmol/g
gelatin that was assumed for this analysis, which would cause the fractional DoF
calculated by NMR to underestimate the true value. These results highlight the
importance of knowing the amine content of each batch of gelatin when analyzing with
NMR. Similarly, the ninhydrin assay was of necessity calibrated using a different lot of
gelatin than the commercial GeIMA was made from, which could potentially lead to

over- or under-estimation of fractional DoF.
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Figure 4-4. Validation of ninhydrin assay versus NMR using GelMA. (a) Full NMR spectra
of non-functionalized gelatin and four GelMA samples with varying DoF. GelMA samples S32,
S63, & S70 were purchased from Sigma. Integration ranges for the functional group peak and
internal standard are shown in gray and pink, respectively. (b) Expanded functional group range
displaying methacrylamide and methacrylate structures and peak assignments *°. One proton of
methacrylamide and of methacrylate contributes to the pair of peaks labeled as “*”. This pair of
peaks was integrated (tan region) for total methacryloylation. Protons from methacrylamide
(blue) and modified hydroxyproline (not shown) contribute to the pair of peaks labeled as “#”. (c)
DoF values determined by *H NMR versus the optimized ninhydrin assay. Red circles indicate
samples from Sigma; black squares indicate samples prepared in house. Mean + std dev of n =
3 technical replicates of ninhydrin assay; some error bars too small to see. Grey line shows the
ideal scenario, y=x.
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4.3.3 A comment on absolute versus fractional DoF

When chemically modifying proteins, two complementary metrics describe the
extent of functionalization: the quantity of functional group (-R) bound to the protein
(mmol -R / g protein; absolute functionalization), and the fraction of available binding
sites that were functionalized (fractional or % functionalization). These metrics are used
frequently and interchangeably in the literature under the general header DoF, but they
provide different information. We briefly discuss each below.

A fractional DoF is essential for assessing reaction completeness while
optimizing functionalization conditions. For example, as fractional DoF approaches
100%, no amount of additional reaction optimization will increase the functionalization of
the protein; measuring solely the absolute mmol -R / g gelatin would not indicate this so
clearly. However, to measure fractional DoF, one must either have an independent
measurement of the available reaction sites on the parent protein, or the parent protein
must be analyzed in parallel with the functionalized version. To this end, the ninhydrin
assay described in this paper allows the user to prepare calibration standards from the
parent protein; this strategy normalizes by the available reaction sites between the
standards and the sample, producing an accurate fractional DoF value. Such internal
normalization is not possible with 'H NMR, as the lysine peak partially overlaps with
other peaks in the spectrum, so amino acid analysis or literature estimates must be
used. Therefore, the ninhydrin assay may be a simpler strategy for fractional DoF. Of
course, the ninhydrin assay is limited to functionalization and conjugation schemes
where amines are the primary target.

Absolute functionalization, in mmol -R / g protein, may better correlate with

function than fractional functionalization. For example, for GelMA and GelNB, this metric
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describes the number of available crosslinking sites per gram of gel and thus correlates
with rheological properties 4°. A minimum absolute functionalization may be desired for
the material to gel at a desired rate, while over-functionalization may sterically impede
physical gelation 4°. This consideration is similar to well established guidelines for
protein conjugation in other fields; e.g., antibody conjugation with fluorophores or drugs
is usually best limited to a narrow range of label ratios, to optimize the function of the
label without obstructing the binding epitope 4%47. While a ninhydrin assay with a
traditional glycine standard curve could quantify absolute DoF by comparing amine
content in the parent protein and the derivatized product, this analysis is limited to
reactions that occur only at amines. 'H-NMR with an internal standard is best suited to
measure absolute DoF, as it quantifies signature functional groups regardless of which
combination of amino acids are functionalized . Of course, for protein functionalization,
'H-NMR is limited to functional groups displaying peaks that are not buried within the
protein’s amino acid peaks (0.5 — 5.0 ppm). For example, it is possible to measure the
DoF of thiol-functionalized gelatin with the optimized ninhydrin assay but not with H-

NMR.

4.4 Conclusion
The ninhydrin assay was optimized for use with protein-based materials to avoid

precipitation and generate a quantitative and user-friendly measurement of fractional
degree of functionalization. By using a gelatin standard curve, this colorimetric assay
provides a fractional DoF without the need for prior knowledge of the amine content of
the protein. The optimized assay was fast, inexpensive, and produced results similar to
'H-NMR for both norbornene functionalized gelatin and for most samples of

methacryloyl functionalized gelatin. The assay may be suitable for other proteins as
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well. Considering the advantages and limitations of available methods for quantifying
DoF, we recommend performing *H-NMR with an internal standard to assess the
absolute molar quantity of a functional group and performing the ninhydrin assay to

quantify fractional functionalization as an indicator of reaction completeness.

4.5 Method

4.5.1 Reagents and solvents

Ethanol (190 proof) was obtained from Decon Labs, Inc. Phosphate-buffered
saline (PBS) was prepared in house by adding 2.7 mM KCI, 13.7 mM NaCl, 10 mM
NazHPO4, and 1.8 mM KH2PO4 to 18 MQ Millipore water. Methacrylic anhydride, carbic
anhydride, 5-Norbornene-2-carboxylic acid (endo/exo mixture), N-hydroxysuccinimide,
N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (EDC), anhydrous DMSO, ninhydrin,
and Sodium trimethylsilylpropanesulfonate (DSS) were obtained from Sigma. Ninhydrin
was dissolved in ethanol to the stated concentration and used within two days. DSS
was used as the internal standard (& 0.0 ppm), and D20 (Cambridge Isotope
Laboratories, Inc.) was used as the solvent in tH-NMR experiments. DSS was dissolved
in D20 to at 0.25 mg/mL to make the internal standard solution.

4.5.2 Functionalization of gelatin

Gelatin from porcine skin, Gel Strength 300, Type A (Sigma-Aldrich) was used as
the starting material for all reactions. Gelatin methacroyl (GelMA) was prepared in-
house as described by Loessner et al. (2016) 3%, including reaction, dialysis, and
lyophilization. The ratio of methacrylic anhydride to gelatin was 13 mmol / g. Separately,
three samples of GelMA were also purchased from Sigma. The Sigma GelMA was

nominally 32 %, 63 %, and 70 % functionalized according to H-NMR validation by the
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manufacturer. The methods by which Sigma performed H-NMR analysis were
proprietary.

Gelatin norbornene (GelNB) was prepared from gelatin as described by Miinoz et
al. (2014) 28 with the following exceptions: The carbic anhydride (Acros Organics) was
varied from 0.4 mM — 3.7 mM to produce GelNB samples having a range of DoFs.
Additional sodium hydroxide (50 % w/v) (30 — 50 mL) was needed to reach and
maintain the reaction at pH 8 as the concentration of carbic anhydride was increased.
The resulting product was centrifuged at 3500 x g for 3 minutes and the supernatant
was dialyzed in 4 L of ultrapure water for 10 days at 40 °C with daily water changes
before freezing and lyophilization.

One batch of GelNB (GelNB-NHS) was prepared using EDC/NHS conjugation
chemistry as described by Hoorick et al., (2018) 2°. Briefly, norbornene carboxylic acid
(1.5 equivalents) was dissolved in 500 mL of dry DMSO, followed by the addition of
EDC (1 equivalent) and NHS (1.25 equivalents), degassed 3 times and left to react for
24 hours under Nz conditions. The next day, 10 g of gelatin were dissolved in 150 mL of
dry DMSO under N2 and reflux conditions. Once dissolved, the 5-norborene-2succimidyl
ester mixture was transferred into the gelatin flask using a transfer syringe and left to
react at 50 °C for 18 hours. The solution was precipitated using 10x excess acetone,
then filtered through a Buchner filter. The obtained solids were dried under vacuum for
20 hours. The product was dissolved at 2.5 % in ultrapure water by stirring overnight,
pH adjusted to 7 using NaOH, and dialyzed in 4 L of ultrapure water for 24 hours at 40
°C before freezing and lyophilization.

4.5.3 Ninhydrin assay and DoF calculation
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Lyophilized gelatin and functionalized GelMA or GelNB samples were each
dissolved at 10 mg/mL in 1x PBS. To generate a standard curve, unmodified gelatin
was serially-diluted in PBS from 0 - 10 mg/mL in increments of 1 mg/mL in triplicate in a
96-well plate. The functionalized gelatin samples were plated in triplicate without
dilution. A 12 mM (2.2 mg/mL) solution of ninhydrin in ethanol was added to each plated
sample in a 1:8 v/v ratio of ninhydrin to gelatin solution, unless otherwise noted (total
volume 100 uL per well). The plate was sealed with optical sealing tape (ThermoFisher)
and incubated in an oven at 70°C until a linear pattern of color development was
observed (about 20 to 30 minutes). Absorbance was measured at 570 nm using a multi-
modal plate reader (Clariostar). The mean absorbance for each gelatin standard was
plotted to form a standard curve.

For each functionalized sample, the fraction of amines available was determined

by

Apparent sample conc. (1)

Fraction of amines available = ,
Nominal sample conc.

where the apparent concentration was obtained by comparison to the standard curve,
and the nominal concentration was defined as the concentration at which the protein

sample solution was prepared. The (percent) DoF was determined by

DoF (%) = 100 x (1 __ Apparent sample conc_) @

Nominal sample conc.

4.5.4 *H NMR assay and DoF calculation

Quantification of DoF in mmol -R / g gelatin was performed according to the
method described by ClaaRen et al. 3°. Samples were prepared for H-NMR by

dissolving lyophilized gelatin, GelMA, or GelNB, in the internal standard solution at 20
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mg/mL gelatin. This produced a known DSS to gel ratio of 0.0573 mmol DSS / g gelatin.
The H-NMR spectra were obtained at room temperature using 5 mm diameter NMR
tubes and a standard Bruker Avance 1l 600 MHz spectrometer for solution samples
operated at 14.1 tesla. Spectra were analyzed using Mestranova software (v14.0.0). All
spectra were phase adjusted and baseline corrected.

Total degree of norbornene functionalization (mmol NB) of the 5 GelNB samples
was assessed by integrating the single peak at 6.0 ppm for 2 protons, corresponding to
two vinyl protons of norbornene, and normalizing to the DSS peak (9 protons). The
GelNB-NHS sample was assessed by integrating the four peaks appearing from 5.8 —
6.3 ppm for 4 protons, corresponding to 2 vinyl protons of endo-norbornene and 2 vinyl
protons of exo-norbornene 2°, and normalizing to the DSS peak (9 protons). This value
was multiplied by the mmol DSS / g gel ratio to determine DoF in units of (mmol NB / g
gelatin). For GelMA, total degree of methacryloylation (mmol MA) was assessed
according to the method from ClaaRen et al. . Briefly, the two peaks at 5.5 — 5.7 ppm,
corresponding to a single acrylic proton of methacrylate and a single acrylic proton of
methacrylamide (Fig 4a), were integrated. The sum of both peaks was integrated for 1
proton and normalized to the DSS peak (9 protons) to determine mmol MA. This value
was multiplied by the (mmol DSS / g gel) ratio to determine DoF in units of (mmol MA /
g gelatin). To estimate the fractional functionalization for comparison to the ninhydrin
assay, (mmol -R / g gelatin) was divided by the reported density of amines on gelatin

(0.300 mmol amines / g gelatin) (see Table 1) .
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5. Crosslinking density measurement via H NMR to predict
biomaterial stability under physiological fluid flow

5.1 Abstract

Photocrosslinked  hydrogels  have
become a mainstay in the tissue engineering
field, but analytical methods to characterize
their reactivity and internal crosslinks are
underdeveloped. Additionally, the stability of
crosslinked gels under fluid flow is
challenging to predict. We optimized an NMR

measurement to assess crosslinking density

568
1 (ppm)

within two classes of photocuring hydrogels, methacryloyl-modified gelatin and a semi-synthetic

blend of thiol-modified gelatin and norbornene-terminated polyethylene glycol. The

measurement was validated by controlling the polymerization rate with light exposure, and

observing predictable changes in crosslinking formation. This technique was then applied to

predict material stability under physiological fluid flow. DoC correlated with stability, and more

intricate, smaller patterns required a higher DoC for stability. We concluded that DoC is a useful

metric for predicting the stability of architecturally complex features when photopatterning.
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5.2 Introduction.
Nearly every branch of tissue engineering, spanning from the production of 3D cultured

microphysiological models (organs-on-chip) to fabrication of implantable organs, is dependent
on well controlled biomaterial chemistry. Modern applications require that biomaterials platforms
be formed and stable at the desired location and/or time, plus be tunable in terms stiffness,
porosity, and chemical content to meet the needs of each particular use case. These properties
arise out of the chemistry of the base polymer as well as the chemistry used to cross-link it.
Many tissue engineering projects progress sluggishly through early materials- and chemistry-
optimization stages to strike a balance between fabricating stable, high-resolution structures
and the desired “soft-tissue” characteristics.*

An essential criterion for successful use of biomaterials in many microphysiological
systems, bioreactors, and implantable materials is stability in the context of warm perfusion.
Each of these contexts requires that the material maintain its integrity at physiological
temperatures while immersed in culture media or body fluids, either of which may be flowing.? A
major barrier when applying biomaterials is their unpredictable mechanical stability. That barrier
is further heightened by the need to maintain tissue-specific mechanical properties such as
stiffness and porosity, which can be in conflict with achieving stability under flow. Therefore,
there is a need to precisely tune biomaterials to balance stability under flow and tissue stiffness.
Toward this aim, radical-induced polymerization has found widespread use within biomaterials,
where the stiffness and stability of the material is tuned by adjusting the crosslinking conditions.

While the tunability of radical-induced polymerization is useful for mimicking tissue
stiffness, the methods for measuring the stability of the cured material are lacking. Material
stiffness has been linked to stability in air,® but it is often improperly interpreted as a proxy for
stability in warm, submerged tissue engineering settings.* Rather than stiffness, insufficient
crosslinking may be correlated with material dissolution. We hypothesized that a method to

assess the absolute degree of crosslinking (DoC) would be most predictive of hydrogel stability.
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To test this hypothesis, we focused on photocrosslinkable hydrogels, particularly those
based on gelatin, which are widely used to produce features of varied sizes within applications
such as organs-on-chip, wound-healing applications, and 3D cell-culture.>® When combined
with a photointiator such as lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and
exposed to blue or violet light, the reactive pendant groups crosslink (Scheme 1a,b), creating an
interconnected polymeric network. These materials readily mimic tissue properties and enable
necessary cellular functions, but a major obstacle for progress is their unpredictable stability.'%1!

Current materials characterization assays do not provide a direct measurement of the
extent of crosslinking in photo-crosslinked hydrogels, making it challenging to predict their
stability. H NMR and colorimetric methods have been extensively developed for characterizing
the absolute methacryloyl- or thiol monomer content!2*3, referred to as the degree of
functionalization (DoF). Protein H NMR is well-suited for this analysis because vinyl protons on
methacryloyl groups are clearly distinguishable from amino acid protons. Yet, this metric only
describes the upper limit of crosslinking, which may be unrelated to the crosslinking density
required for a stable material. A major obstacle for using H NMR to assess the degree of
crosslinking (DoC) is the decrease in spectral resolution that occurs as the material solidifies*
17" More importantly, the metrics’ usefulness for predicting mechanical stability in the intended
environment needs to be investigated.

Herein, we screened various H NMR approaches for assessing absolute DoC and
demonstrated that an enzyme digestion following photopolymerization can enable excellent
spectral resolution of cured biomaterials. We then used this approach to test the extent to which
DoC directly correlates with material stability in photocrosslinked gelatin hydrogels. To
demonstrate the versatility of this approach, we performed the same analysis toward a more
complex hydrogel blend of thiol-modified gelatin and norbornene-functionalized polyethylene

glycol (gelSH-pegNB). Finally, after observing the positive correlation between stability and size,
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we demonstrated that a higher DoC threshold must be met for features that are relatively

smaller (Scheme 1c,c).

a Functionalization

 GelMA: 3
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 GelSH:
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Scheme 5-1. Natural ECM materials are chemically functionalized for photocrosslinking, and may
require a minimum crosslinking density to be stable.

(a) Functionalization: Amino and hydroxyl terminated amino acids on gelatin (black lines) are
functionalized with methacryloyl (gelMA) or thiol (gelSH) groups. (b) GelMA Crosslinking:
Photopolymerization by blue-violet light and a photointiator results in formation of crosslinks and
loss of methacryloyl vinyl groups. Bound radicals from the initiator are abbreviated as I; growing
polymer chains could also bind at that location instead. (c) Instability: An insufficient degree of
crosslinking (DoC) may result in material dissolution in presence of warm media flow. (d)
Stability: Sufficient crosslinking may result in a stable gel.

5.3 Results.

5.3.1 Digestion of hydrogel provided high-resolution H NMR spectra after photo-

crosslinking
Prior studies have demonstrated quantification of crosslinking extents by using magic

angle spinning solid-state (MAS) NMR, but this specialized technique may also not provide

81



sufficient resolution for highly crosslinked gels.'*17 A development in rheology instrumentation
enabled simultaneous stiffness and IR measurements during photocuring, but the low resolution
afforded by IR prevented quantification of absolute DoC.'® These studies collectively drove the
field closer to enabling a precise DoC measurement, but there still remains a need to further
improve spectral resolution.

We and others have previously described H NMR methods to quantify the number of
functional groups on gelatin, or degree of functionalization (DoF), based on the appearance of
methacroyl groups (Fig. 1a).1>*® During crosslinking, those groups are consumed (Scheme 1b),
which leads to the loss of signal in the vinyl range and enable quantification of DoC. Indeed, by
standard H NMR of the photocrosslinked gel, we observed a decrease in peak height in the
vinylic range when gelMA was exposed to 405 nm light for various lengths of time (Fig. 1b).
However, we also observed peak broadening that pre-empted quantification, as expected due to
loss of molecular motion and increase in intermolecular interactions within the crosslinked
hydrogel.'® Therefore, we screened multiple analysis strategies with the goal of obtaining an H
NMR spectrum from the crosslinked gels with sufficient resolution to quantify the vinylic

methacryloyl peaks against an internal standard.

We reasoned that one could mitigate the anisotropic interactions present in solids, while
retaining the information on the number of functional groups, by selectively digesting the
hydrogel at points other than the photocrosslinking site. The enzyme collagenase D cleaves at
esters present in the gelatin peptide backbone, but does not cleave remaining methacryloyl
pendant groups (Fig 1¢).?° Therefore, we tested the extent to which collagenase digestion would
convert the solid cured gel into a liquid without affecting the analysis. We observed narrower
peaks than an undigested gel, and a shorter peak height than an unexposed gel (Fig 1d). We

compared this method to the gold standard for analysis of solids, magic angle spinning (MAS) H
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NMR. Digestion of the gel yielded a sharper peak than MAS NMR, and the peak width was the

same as unexposed gelMA (Fig 1d).
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Figure 5-1 Digestion with collagenase D of gels produced quality H NMR spectra.

(a) Full H NMR spectrum of unexposed, liquid methacrylate functionalized gelatin (gelMA).
Methacryloyl peaks highlighted in yellow. (b) H NMR spectra of undigested gelMA. unexposed,
exposed for 15 seconds (red), and 30 seconds (green). Formation of a solid gel with light
exposure caused an increase in anisotropic interactions leading to low resolution H NMR
spectra that are insufficient for measuring DoC at higher exposure times. (c) Digestion
schematic of cured gel. Collagenase D digested the gelatin backbone, leaving synthetic
crosslinks formed during photopolymerization in an aqueous solution. (d) MAS H NMR spectra
of unexposed gel (blue) compared to liquid state H NMR following enzyme digestion (magenta).
Digestion provides higher resolution peaks in comparison to using MAS H NMR.

5.3.2 Enzyme digestion enabled gelMA photocrosslinking reaction monitoring.

Having shown that digesting an exposed gel improved spectral resolution, we
investigated whether digestion would enable monitoring the photocrosslinking reaction of
gelMA. To calculate crosslinking density (DoC) for GelMA, we reasoned that we could quantify
the loss of apparent DoF to calculate the number of crosslinks formed. We first measured the
apparent DoF of the sample by comparing the methacryloyl peak (5.56-5.95 ppm) integral to the
internal standard integral, using sodium trimethylsilylpropanesulfonate (DSS) as an internal

standard, as previously reported.'® The unit conversion is shown in Eq. 1.
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mmol MA] _ [ methacryloyl _ 9 DSS protons _ mmol DSS

= X X Eq. 1

DoF
[ g gelMA [ Dss 1MA protons g gelMA

DoC was estimated at each timepoint by subtracting the apparent DoF at time n (Tn)
from the initial DoF (To), then dividing by a factor equal to the number of functional groups
consumed per crosslink (f). For gelMA, we assumed f=2, accounting for two methacryloyl
groups per GelMA linkage (Eq 2) (Fig. 2c).

mmol crosslinks 1
Dot s = 7 (DoFr,) =~ DoFir,)) Eq. 2

Similarly, we reasoned that the maximum possible DoC would be reached once every
functional group was consumed, which for GelMA would occur if every methacryloyl group

reacted with one other (Eq. 3).
1
Max DoC = f(DOF(To)) Eq. 3

We note that the use of f=2 for GelMA provides a lower limit of the max DoC, as some
crosslinks may include three or more methacrylates due to the chain growth mechanism. We
reasoned that the distance between methacrylate functionalizations on the protein would favor
dimeric crosslinks over than longer chains.

To test the effectiveness of this approach for calculating DoC, we exposed gelMA with
385 or 405 nm light in five second increments and analyzed the resulting gels after enzymatic
digestion. We observed a clear decrease in peak area with exposure time, consistent with a loss
of methacryloyl vinyl groups due to covalent bond formation (Fig 2a,b). The DoC vs time
conversion resulted in sigmoidal growth curve with a 405 nm exposure, and an accelerated,
exponential growth curve from a 385 nm exposure. This was expected as the initiator, LAP has
an absorbance maximum at 375 nm (Fig. 2a-c).?! Interestingly, both conditions levelled off at
less than the predicted Max DoC, suggesting steric hindrance from the crosslinks prevented all

the methacryloyl groups from reacting.'*
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Finally, as stiffness is often used as a proxy for extent of crosslinking, we tested the
extent to which stiffness correlated with DoC as the reaction progressed. We observed that the
DoC plateaued within the first 10 — 20 seconds (DoCuags tgeo: 20.0 sec, DoCgssgs tgo: 10.8 sec),
whereas the stiffness plateaued at least sixty seconds later (S. Modags teo: 147 sec, S. Modass
teo: 103 sec), for both wavelengths of light (Fig. 2d). The stiffness increased beyond when the
methacryloyl peaks disappeared, which we interpreted as a physical gelation process such as

phase transition or solvent evaporation.
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Figure 5-2. Quantification of degree of crosslinking (DoC) in GelMA using collagenase D prior to
liquid state H NMR.

(a) H NMR spectra of gelMA exposed to 405 nm 25 mW cm? light. Digestion with enzyme
followed by H NMR enables tracking of DoC with 5 second exposure intervals. Methacrylate
peak height decreases visibly over 0 s to 25 s time course. (b) H NMR spectra of gelMA
exposed to 385 nm 25 mW cm? light. Methcrylate peaks decrease faster compared to 405 nm
light at the same intensity. (c) Quantification of DoC from spectra shown in Fig. 2a,b. Plot of
10% GelMA DoC (mmol/g) versus exposure time with 405 nm and 385 nm light. Max DoC
represented by red line. n=3. (d) Time dependent rheological characterization of gelMA. Plot of
gelMA storage modulus (PA) versus exposure time with 405 nm and 385 nm light, 25 mW/cm?
intensity. Increased rate of crosslinking initially with 385 nm light compared to 405 nm light.
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5.3.3 Stability of GelMA features was related sigmoidally to DoC at short photoexposure
times.
Next, we tested the relationship between DoC and the physical stability of photocured

gels. Knowing that in general, more crosslinking is associated with greater stability, we
hypothesized that the relationship could be either linear or sigmoidal. To test this hypothesis, we
challenged regions of photocrosslinked gels with conditions of steady-state flow at physiological
temperature, as is found in many organ-on-chip experiments.

Freestanding islands of gel were photopatterned inside a simple microfluidic flow cell
(Fig 3a), following procedures previously described by us and others.®?? The chip was filled with
fluorescently labeled precursor solution, a photomask laid over the chip, and then the gel was
exposed through a 800 um diameter pinhole. This strategy allowed us to easily evaluate
multiple exposure times on a single chip by exposing one region, re-positioning the mask, re-
exposing, and so on. After exposure of four regions (e.g. for 2, 4, 6, and 8 seconds), the
uncrosslinked gel was rinsed away (Fig. 3b). Finally, the chips were perfused with warm PBS
for two hours.

Under these conditions, both fluorescent intensity as well as the % stable area of the gel
increased with exposure time (Fig. 3c-e). GelMA areas that were photo-exposed for at least 6
seconds were stable, and areas exposed for 2 seconds were nearly always unstable and
washed away completely (Fig. 3c). The 4-second exposure was semi-stable, as some fraction of
the pattern was always present after rinsing, but it was never complete. Tto account for the
increased shear stress on patterns closer to the inlet of the flow cell, we also rotated the
exposure order and observed no difference in stability.

When plotted against DoC obtained from NMR measurements at the same exposure
times (from Figure 2), both fluorescent intensity and % stable area were well fit by a sigmoidal

curve with a DoC at half-max of 0.060 mmol/g (Fig 3f). This result suggested that physical
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stability of the photocrosslinked gel patterns required that the crosslinking density surpass a

critical DoC threshold (Fig 3f).
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Figure 5-3 GelMA patterning stability under physiological fluid flow correlates with DoC.

(a) Schematic of in situ photopatterning process® (i) Chip filled with gel precursor. (i)
Photomask aligned with chip, clamped (not shown for clarity), and exposed. (iii) Unexposed gel
precursor rinsed away with PBS. (b) Schematic of creating a pattern to test multiple exposure
points on a single chip by shifting the photomask and preforming sequential exposures. (c)
Circular 10% gelMA features stained with NHS rhodamine on a chip exposed at differing time
points with 385 nm 25 mW cm2. (i) Position of each exposure time point. (i) Composite
(fluorescence overlayed over brightfield) microscope image of chip following PBS rinse (10 min,
5 yL/min, 50 pL) and physiological fluid flow (2 hours, 5 puL/min, 600 pL). Scale bar = 500 um.
(d) Quantification of fluorescence intensity (measured in mean grey value) of circular gelMA
features from Fig. 3c. (e) Quantification of % stable area of circles, defined as the area of the
resulting pattern divided by the area of feature in the photomask. (f) Plot of mean grey value and
% stability versus DoC (mmol/g) of GelMA features. Data fit to a sigmoidal curve. n=5 chips.
Statistical analysis performed by ordinary one-way ANOVA.

DoC measurement related exponentially to a hydrogel with a step-growth crosslinking
mechaniam.

To determine the extent to which the sigmoidal relationship between DoC and stability
was generalizable to other crosslinking mechanisms, we assessed the same metrics using a
semi-synthetic polymer blend composed of thiol-modified gelatin and an 8-arm norbornene-

functionalized PEG linker (gelSH-pegNB). (Fig. 4a). This hydrogel formula was chosen because
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of the recent widespread use of thiol-norbornene hydrogels and their compatibility with in situ
photopatterning,®°23 as well as its different crosslinking mechanism. Unlike gelMA, which
crosslinks via a chain-growth mechanism, gelSH-pegNB crosslinks via step-growth mechanism.

Using enzymatic digestion prior to H NMR, the decrease in peak area of the vinyl
norbornene protons upon photocrosslinking was easily observable (Fig. 4b).132 We calculated
DoC as described above (Fig 4c), using n=1 because we assumed each crosslink was between
a single NB and SH (Eg. 3). For calculating DoF of the gelSH-pegNB, the ratio of NB protons

per DSS protons is 2:9.

mmol NB 1= I NB _ 9DSSprotons mmol DSS

DoF =
[ [ DSS*" 2NBprotons = g gelSH-pegNB

Eq. 4
g gelSH—pegNB q

Interestingly, unlike GelMA, the gelSH-pegNB hydrogel did reach the DoC max, which
can be seen in the spectra (5.98 to 6.25 ppm), where peak-heights from exposures beyond 8
sec meet the baseline (Fig. 4b,c). We speculate that steric hindrance may have prevented some
of the -MA groups from crosslinking, whereas the step-growth SH-NB linkages were able to fully

consume all or nearly all of the norbornene groups.

To determine if DoC was related to stability, we then performed in situ photopatterning
with gelSH-pegNB using the same mask-based lithography approach as above (Fig. 4d),
crosslinking the gel using 405 nm light. Both the fluorescence intensity and % stable area
increased sigmoidally with exposure time (Fig. 4e,f). Unlike gelMA, where fluorescence intensity
and stable area leveled off together, the gelSH-pegNB intensity continued to increase
exponentially after a stable gel was formed, resulting in an exponential trend (Fig. 4g). We
speculate this means NMR measurement specifically showed the loss of norbornene groups as
they became radicals. Conversion from radicals to thiol-norbornene crosslinks may occur after

the NB peaks disappear (Fig 2c,d).
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Figure 5-4 Versatility of the method demonstrated through gelSH with a 20 kDa 8-arm PEG-NB
linker.

(a) Schematic illustrating semi-synthetic hydrogel blend, gelSH 8-arm PEG-NB, crosslinking
reaction. (b) Full H NMR spectrum of uncured, unexposed gelSH-pegNB. NB peaks highlighted
in blue and green, decreasing in height as exposure time increases. (c) Quantification of DoC
from spectra shown in Fig. 4b. versus exposure time with 405 nm and 385 nm light. Increased
rate of crosslinking initially with 385 nm light compared to 405 nm light. Max DoC represented
by red line. (d) Circular 5% gelSH 10 mM PEG-NB features stained with NHS rhodamine on a
chip exposed at differing time points with 405 nm light. (i) Position of each exposure time point.
(i) Composite (fluorescence overlaid over brightfield) microscope image of chip following PBS
rinse (10 mins, 5 pL/min, 50 uL) and physiological fluid flow (2 hours, 5 uL/min, 600 uL). Scale
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bar = 500 um (e) Quantification of fluorescence intensity (measured in mean grey value) of
circular gelSH features from Fig 4d. (f) Quantification of % stable area (area of circular
feature/area of circular photomask) of circular gelSH features from Fig 4d. (g) Plot of MGV and
% stable area versus DoC (mmol/g) of gelSH features. Red dotted line indicates DOCmax. N=5
chips. Statistical analysis performed by ordinary one-way ANOVA.

5.3.4 Higher DoC is required to stabilize smaller features.
Given the need for producing gel features of various sizes, and our prior observations

that smaller gels are generally less stable than larger ones®, we investigated the relationship
between DoC and feature size. Toward this, we hypothesized that smaller patterned features,
which would be more susceptible to erosion from fluid flow, would require a higher DoC for
stability than a larger patterned feature. We tested this by photopatterning gelSH-pegNB
through a size-array photomask with varied exposure times, followed by perfusion for two hours
with warm PBS. The mask was comprised of three circles that were 200, 400, and 600 um
diameter (Fig 5a), in triplicate. We combined these results with the 800 um diameter patterns

produced in Fig 4d.

At each exposure time, % stable area was dependent on feature size (Fig. 5b.) The
minimum DoC for a 35% stable feature was inversely proportional to feature size (400 um:
DoC354=0.099, 600 pm: D0C3zs50,=0.091, 800 um: DoC3s:=0.086 mmol-crosslinks/g gel) (Fig. 5c).
This relationship suggested that smaller hydrogel features are more susceptible to erosion due
to fluid flow than larger features, and required more crosslinks to become stable. At each
exposure time, the MGV was largely independent of feature size (Fig. 5d,e), This uniform
brightness among feature sizes suggests that, while gel features were eroding at the edges, the

thickness of the gels remained the same regardless of their size.

Together, these data supported our hypothesis. We concluded that a higher DoC is

required for smaller, free-standing features to resist eroding at the edges under flow.
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Figure 5-5 The stability of photopatterned features was related to DoC and size.

(@) (i) Schematic and (ii) Image of 5% GelSH with 20 kDa 8-arm PEG-NB photopatterned as an
array of 200, 400, and 600 pm circles with 405 nm light 25 mW cm2 intensity at varying time
points. Scale bar = 500 um. (iii) Zoom on 400 and 600 um patterns for each timepoint. Scale bar
=250 um. (b) Quantification of % stable area (area of circular feature/area of circular
photomask) of circular gelSH features from Fig. 4d and 5a. (c) Plot of % stability versus DoC
(mmol/g) of gelSH features. 35% stability represented by black, green, and light blue dotted
lines. Max DoC represented by red line. (d) Quantification of fluorescence intensity (measured
in mean grey value) of circular gelSH features from Fig. 4d and 5a. (e) Plot of mean grey value
versus DoC (mmol/g) of gelSH features. n= 5 chips. Statistical analysis performed by ordinary
one-way ANOVA.
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5.3.5 The stability of photopatterned features with complex architecture was predicted
using DoC.
Finally, we tested the extent to which the concept of a size-dependent critical DoC could

be applied to predict the cross-linking conditions required for complex features. We selected a
pattern having features of various size and connectivity to neighboring structures: the Atlantic
face of Earth (Fig. 6a-e). This intricate pattern was exposed and then perfused for two hours as
in prior experiments. We hypothesized that the relationship we observed between DoC and
feature size (Fig. 5¢) could be used to predict the DoC at which various island features would
become stable. For example, we predicted that a larger island such as Greenland, would have
become stable (DoCsse) at 0.09 mmol-crosslinks / g gel, and a smaller island such as Panama

would have a DoCssy at 0.10 mmol / g.

To test this hypothesis, we measured the % stability of various Earth features, and then
overlaid those values on the growth curves from Fig. 5¢. Overall, we observed that % stability of
island features generally trended as expected relative to the 400, 600, and 800 um patterned
features (Fig 6f), which supported our hypothesis. We saw that the larger continents (Asia,
Africa, North and South America) were crosslinked sufficiently to resist flow at 0.08 mmol
crosslinks/g gel (Fig. 6b). Slightly smaller features like Greenland and Spain were stable at 0.09
mmol crosslinks/g gel (Fig. 6c¢). Isle nations like Great Britian and the Caribbean islands, as well
as land that directly obstructed flow paths, such as Panama, were not sufficiently crosslinked to
resist flow until 0.10 mmol crosslinks/g gel were formed (Fig. 6d). South America was
unexpectedly more stable at lower DoC than the larger 800 and 600 um features, and we
speculate that this resulted from it being shielded from the force of perfusion by other

surrounding features.

Next, to assess whether diffusion or fluid flow was the dominate cause of instability, we
characterized the relationship between features size and the DoCssy. We saw that features up

to 200,000 um? were best fit to an exponential growth curve, and features above 200,000 pm?
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were best fit to an exponential plateau curve (Fig. 6g). Using those exponential fits from Fig 6g,
we plotted the DoCsse for each feature. We hypothesized that, if diffusion was impacting stability
in addition to fluid flow, it would be noticeable in smaller feature sizes, resulting in an
exponential dissociation relationship. If diffusion did not impact stability, we should see an linear
inverse relationship between feature size and DoC3sy. We observed a linear relationship (Fig.
6h), and concluded that diffusion of uncrosslinked polymer did not have a significant effect on

instability.

Additionally, we demonstrated that the critical DoC for stability was independent of
wavelength, as we used the features patterned with 405 nm light (Fig 5) to predict island
features patterned with 385 nm light (Fig 6). DoC was predictive of pattern stability when
feature size was accounted for. We conclude from this that crosslinking density is a useful

metric for producing patterns having complex features of varied size and flow paths.
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Figure 5-6 The stability of complex features was predicted using DoC and size. GelSH-pegNB was
exposed with 385 nm light 25 mW cm2 intensity through a photomask of the Earth.

(a-e) Composite fluorescence microscopy images of gelSH-pegNB features following exposure
through an Earth photomask at various doses. The corresponding DoC values (+ 0.01 mmol-
bonds/g gel) are shown in the top right of each image. Scale bar is 500 um. Blue squares show
zoomed in views of island features, with scale bar of 250 um. (f) Plot of DoC vs % Stable area
for Earth continents and islands. 400, 600, and 800 um features from Fig 5e were used as
standards to predict the stability of island features. (g) Plot of DoC vs % Stable area for the
same features, fitted with exponential growth or plateau curves. (h) Plot of DoCsse vs feature
size, determined from exponential curves shown in (g).
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5.4 Conclusion
In summary, we optimized an NMR measurement to directly quantify crosslinking density

within photocrosslinking hydrogels for the first time. By digesting the crosslinked gels with
collagenase, we achieved higher resolution than solid-state MAS NMR. When performing in situ
photopatterning with both gelIMA and gelSH-pegNB hydrogels, we observed that pattern stability
was correlated with DoC. To further our understanding of DoC and gel stability, we
demonstrated that smaller photopatterned features require higher DoC to resist erosion in
solution. Finally, we used the DoC analysis to enable efficient prediction of patterning conditions
for a feature with complex shapes and flow paths. Thus, these findings support the hypothesis
that absolute DoC quantification is useful for predicting the stability of photopatterned hydrogel
features. We anticipate this analysis will be useful for biofabrication techniques that require soft
materials to meet architecturally demanding designs, such as photopatterning and bioprinting.

5.5 Methods

Hydrogels Material and preparation

The hydrogel formulas used herein were the same as described previously.® Briefly,
precursor was prepared by combining 60% functionalized gelatin methacryloyl (bloom 300,
Sigma Aldrich Lot: MKCQ6360) and the photoinitiator, Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, Sigma Aldrich), to a final concentration of 10% w/v gel and
0.01% wi/v LAP. Thiol-modified gelatin and PEG-norbornene hydrogel precursor was prepared
by combining thiol-modified gelatin (Sigma Aldrich, Lot: MKCJ5413, 0.223 mmol —SH/g gelatin)
with 8-arm PEG-NB 20 kDa (Creative PegWorks) and LAP for a final concentration of 5% w/v

gelSH, 10 mM PEG-NB and 0.01% wi/v LAP.

For H NMR analysis, the internal standard, sodium trimethylsilylpropanesulfonate (DSS,
Sigma Aldrich) was added at 0.15 mM concentration and the precursor solvent was D>O. For in

situ photopatterning the precursor solvent was phosphate buffered saline (PBS, gibco). After
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combining hydrogel ingredients, the gel solution was incubated at 40 C for two hours and then

used within a day. All other chemicals were provided by Thermofisher.

Photopolymerization and H NMR measurements

Enzyme digestion method

Precursor was polymerized in a 12 well plate by exposing at 405 or 385 nm collimated
LEDs wavelegnths at 25 mW/cm? for various times. Specifically, a Prizmatix LED (UHP-F-405 or
UHP-F-385) fitted with liquid light guide and 90° reflector attachment with collimating optics was
aligned to expose an area the size of a typical 12.7x8.5 cm microwell plate. Following exposure,
0.3 mL of 0.7 mg/mL collagenase D and 5.5 mg/mL CaCl; solution (Sigma Aldrich) was added
to each well, then incubated at 37 C for at least 12 hr. Following the digestion, the solution was
analyzed with a Bruker Avance Il 800mHz instrument. Total volume of solution was 600 uL.
Methacrylate peaks were resolved with 8 scans. Norbornene peaks were resolved with 32
scans. Samples that were analyzed without digesting were exposed within the transparent,
glass NMR sample tube.

Solid-state MAS NMR
Precursor solution was added to the rotor, and the uncapped rotor was placed upright

underneath the LED light path. After, the rotor was capped and spectra was obtained

immediately. The spectrum was obtained using a 500 MHz solid-state NMR spectrometer.

Spectral processing
Mestranova (v14.3.0-30573) was used to analyze all spectra. Baseline correction was

performed using polynomial correction. Baseline correction was performed using polynomial
correction. Zero (ph0) and first-order (phl) phase correction was used to minimize phase error.
The internal standard was identified and set to O ppm. Methacryloyl peaks were identified and
integrated at 5.62 to 5.72 ppm, or norbornene peaks were integrated at 5.92 to 5.95 ppm and

6.17 to 6.27 ppm and added together to give final norbornene peak area.

96



Rheological characterization

Rheological characterization was performed on a MCT302 Anton Parr Rheometer. Thirty
pL of Precursor solution was pipetted onto a light-transmitting stage and the LEDs (described
above) were positioned underneath the stage. Hydrogel storage modulus was measured by
equipping the stage with a 20 mm parallel plate and using time sweep mode at 5% strain with a
0.1 mm gap and 1 Hz frequency. Baseline shear storage modulus as measured, followed by

irradiation at 25 mW/cm?.

In situ photopatterning

In situ photopatterning was performed exactly as described in our previous work,® with
one key exception. When assessing pattern stability by shifting the photomask on chip to test
multiple timepoints, the photomask was shifted prior to each sequential exposure, then
uncrosslinked gel was rinsed out after all four patterns were produced. Photomasks for
preparing master molds and in situ photopatterning were drawn in AutoCAD LT 2019 and

printed by ArtNet Pro Inc at 20,000 DPI.

Microscopy

Microscopic imaging was performed using an upright Zeiss AxioZoom microscope
equipped with an Axiocam 506 mono camera, HXP 200C metal halide lamp, and PlanNeoFluor
Z 1x objective (0.25 NA, FWD 56 mm). NHS-rhodamine fluorescence microscopy was
performed using Zeiss Filter Set 43 HE (Ex: 550/25, Em: 605/70). Brightfield images were
collected using transmitted light. Zen Blue software was used for image collection, and images
were analyzed in ImageJ v1.53t.

Image analysis

To detect patterns, a threshold was set and fluorescence channel images were
converted to binary. The particle detection tool was used to detect and outline NHS rhodamine-

labeled patterned features. This was then used to assess both mean fluorescence and size of
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the patterned features. % fractional area was determined by dividing the measured area of the
pattern by the area of the pattern in the photomask.

Statistical analysis
Data was prepared and statistical analysis was performed using GraphPad Prism 8.4.2.
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6. Conclusion and Future Directions

6.1Conclusions
Within this dissertation, | illustrated advancements in tissue engineering, biomaterials

science, and analytical chemistry toward the goal of modeling human immunity. As was stated
in chapter 1, there exists a dire need to better model human tissue to enable future research
and drug efficacy testing. In particular, human immunity remains among the most challenging
systems to model, and the largest gap in current tissue engineering modeling capability is of the
immune system. Despite the challenges, the past two decades of pioneering advancements in

the organ-on-chip field are enabling for change in the near future.

In Chapter 2, | led the design prototyping, validation, and application of a tissue
engineered model of the human T/B border zone. The system was demonstrated as being
capable of naive-to-effector lymphocyte differentiation, monitoring cell motility in real time, and
facilitating T cell help for b cell activation, which is an essential process for understanding the
response to infection and vaccine. As an example of drug-efficacy testing, an

immunosuppressant drug was used to predictively inhibit T/B interactions.

To facilitate broader impact of the lymph node microphysiological system, chapter 3
describes how the device was fabricated in an alternative material more suitable for

manufacturing at scale and preventing small molecule absorption.

In a shift toward making fundamental advancements, chapter 4 begins with a prelude
that outlines prior work to enable in situ photopatterning. This advanced biofabrication approach
enables precise control over the spatial organization within organ-on-chip models, but also
adversely affected lymphocyte viability. My involvement in testing cell viability within photocured
gels is discussed briefly. The dissertation shifts at this point toward the development of
analytical methods to characterize photopolymerizing biomaterials. The main body of chapter 4

describes the assays for the quantification chemical modification on gelatin hydrogels. The DoF
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measurement described here has been used to measure the functionalization of

photopolymerizing gels within numerous laboratories around the world.

Chapter 5 expands upon methods for characterizing photopolymerizable biomaterials by
further modifying the method to enable hydrogel reaction monitoring. This novel method for
analyzing crosslinking density within hydrogels was applied toward predicting biomaterial

stability.

Overall, the work described herein enables the Pompano lab to continue the
development of advanced analytical tools toward modeling immunity for years to come. On a
broader level, the impact of this work is evident in that (a) the need for more human-relevant
models of adaptive immunity was met, and (b) analytical methods for characterizing complex

biomaterials have been developed.

6.2 Future Directions

6.2.1 Future applications of the T/B border model
Modeling the Vaccine Response

As the T/B border model was successfully demonstrated to model Tth skewing, T cell
help, and plasmablast formation, an obvious next direction is to expand the platform toward
modeling additional steps of the vaccine response, such as antigen drainage or T/DC crosstalk,
for example. Expanding the LN MPS in this way will require overcoming new obstacles, such as
accounting for low lymphocyte precursor frequency, for example (See Intro 1.3). This grand
vision is currently unfolding within in the Pompano Lab, as plans to convert the LN MPS into a
device capable of viewing a vaccine response have been officially proposed. While | have
contributed to those ideas, they are not entirely my own. As such, they will not be discussed at
length here. However, in reference to this aim, it is worth stating that the tools validated in

chapter 2 will be vital to the success of the next stage of this project. | feel confident in the lab’s
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future success. Next, | will describe a proposal for enhancing the LN MPS to allow for culture of
neurons with immune cells.

Proposal for modeling Neuroimmunity-on-a-chip
In the early response to infection, the immune system communicates with the nervous

system.>? In areas susceptible to infection (ex. the skin), immune cells cluster around the axon
terminals of pain receptors known as nociceptive neurons, which communicate via
neuropeptides. Remarkably, most lymphocytes both produce and express receptors for almost
all known neuropeptides, suggesting that they communicate with neurons. The environment
where immune cells and axon terminals communicate is unique and not reproducible by
conventional cell culture methods. Axons extend from the spinal cord into a peripheral organ so
that immune cells only interact with the receptive field of the neuron. Studying this interaction by
in vivo models is challenging due to the numerous cell types present. This may explain why the
neuropeptides calcitonin gene-related peptide (CGRP), vasoactive intestinal peptide (VIP), and
somatostatin have been characterized as both pro- and anti-inflammatory*>4. Because of the
ambiguity regarding the role of neuropeptides and a lack of appropriate experimental models,
our understanding of the fundamental cell-cell communication that drives immunity is

incomplete.

The spatial and temporal features of neuron-immune cell signaling can be sustained by

combining microfluidic design elements used for observing cortical-striatal neuron networks®

(Figure 1) with the chip used Neuron
cell culture o urc:)deitide
for the LN MPS (Chapter 2). . ¢ cytolcine;etc.’
Depolarization

have been optimized to | x\' ﬂ ' \ Axon testial
| y

Microfluidic ladder designs control
ans - : \.4

Real-time — immune cell
‘ Immune signal interaction
encourage neuronal axon = cell culture :
collection

projection through channels Figure 6-1 A microfluidic device for producing a neuron-immune cell
’ signaling environment. Axon projection channels allow for immune cells to
interact with the axon terminals only. The depolarization of neurons, levels of
neuropeptides, and levels of cytokines can be controlled and interactions
could be easily imaged with a microscope.



and these chips have been mainly utilized to study neuron-neuron interactions. In this
application, nociceptive neurons and immune cells could be grown in separate culture chambers

connected fluidically with the ladder design.

After establishing baseline neural growth, for example with MAP2 staining, as well as
inflammatory cytokine and neuropeptide secretion, the effect of neuronal coculture on

inflammation could be easily investigated.

Effect of nociceptive neuron depolarization on inflammation. When a neuron depolarizes, ion
channels allow for sodium, potassium, and calcium ions to be transported in such a way that an
electrical pulse travels from the cell body toward the axon terminal resulting in the release of
neurotransmitters at the axon terminal. Neurons could be depolarized by adding potassium ions
to the neuron cell culture. A fluorescent calcium indicator (fluor-4) could validate this. Changes

in calcium levels, indicating depolarization, could then be measured with live-cell imaging.

A key link between the innate and adaptive immune responses occurs when dendritic cells
travel to the lymph node after exposure to antigen. To investigate how nociceptive neurons are
involved in this process, neurons could be deliberately depolarized by adding potassium to the
neuron cell body culture chamber. The effect of depolarization on cell motility and secreted
inflammatory cytokines could be monitored, as was demonstrated in the T cell stimulation

experiments shown in chapter 2.

A neuro-immune cell signaling chip would clarify our understanding of the interactions
between the two complex living systems: immunity and the central nervous system. Examining
the interactions of axon terminals with immune cells on a microfluidic chip is entirely novel.
Clarifying the specific roles of neuropeptides as well as the general role of nociceptive neurons

in the innate immune response would expand our understanding of the immune response.
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6.1.2 Future applications of in situ photopatterning system
Our initial attempt to model lymph node physiology with in situ photopatterning was

stalled when we observed low lymphocyte viability within photopatterned gels. This critical
failure required us to pivot away from photocrosslinking gel chemistry, and efforts to improve
viability by tuning the gel chemistry have been challenging. Despite this, there are still aspects
of photopatterning, such as the ability to generate follicle-like structures and non-linear flow
paths, that are uniquely enabling for modeling tissue. Here, | will describe an application of the
photopatterning method that aligns with what we now know about maintaining viable lymphocyte

cultures.

Photopatterning biomimetic chemokine gradients to model Systemic Lupus Erythematosus
(SLE).

Autoimmune disorders such as Systemic Lupus Erythematosus (SLE) are most often
characterized by an overactive immune system. SLE, in particular, is due to dysregulation in B
cell activity that results in rashes, inflammation, and kidney disease.®” One underlying hallmark
of SLE is that B cells become spatially dysregulated. Specifically, B cells over-express CXCR4,
similar to when plasmablasts upregulate CXCR4 in response to acute infection, resulting in
chronic disruption of the CXCR4/CXCL12 chemokine axis®. This constant B cell “response”
causes chronic inflammation. Despite immunosuppressants being available as an effective
treatment, there is no cure and the treatment leaves patients immunocompromised.”?

Having tested immunosuppressant efficacy and modeled chemotaxis in the LN MPS in
chapter 2 of this dissertation, one might assume the same system could be used to the test the
effect of JAK inhibition on chemotactic responsiveness of cells. By generating human lupus B
cells with CRISPR®, or adding SLE patient cells directly to the chip, a SLE-LN model, capable of

predicting therapeutic efficacy, would be generally straightforward to make. An SLE-LN model

would provide mechanistic insight into a key feature of SLE, in particular with regard to how SLE

105



B cell motility toward a CXCL12 gradient might differ from homeostatic B cells. Toward this aim,
| attempted to model CXCL12 and CXCL13 chemotaxis of T and B lymphocytes on the LN MPS

(data not shown).

However, these attempts were generally
unsuccessful. This is likely because in vivo,
chemokine gradients are more complex than the

linear gradient generated within the LN MPS

(Fig 6-2). Some gradients, such as CCL21, act

as attractants for cells across great distances Figure 6-2. Chemokine gradients in tissue are not
linear. Many (CXCL13, 12, 9, 10) exist in follicle-like
(>1 cm) from the source. Other gradients, in features and act locally across small distances. Others

(CCL21) act across great lengths.
contrast, act as local stimulants across much smaller (20-100 um) distances. CXCL13 for

example, is involved in facilitating T/B interactions at the B cell follicle of the lymph node.
Plasmablasts and over-active SLE B cells respond to a CXCL12 gradient that encourages
egress. Linear chemokine gradient generators are not often designed with this level of spatial
control, both with regard to the high concentration of chemokine at the source, and the follicle-
shaped structures.!!

In situ photopatterning may enable more biomimetic chemokine gradients.
| serendipitously discovered a unique spectacle while photopatterning that should be explored
further: Chemokines, when mixed with gel precursor prior to photopatterning, become
immobilized (Fig 6-3). When photopatterning a circular feature containing fluorescently-tagged
CCL21, | saw an initial 40% decrease in signal within 24 hr, which then remained constant for 3
days. In addition, adding the chemokine-binding extracellular matrix component, heparin sulfate,
increased the amount of chemokine contained within the gel. More surprising was the
observation that photopatterned-immobilized chemokines retained their chemotactic
activity (Fig 6-3c). Fluorescently tagged CD4+ T cells were seen clustered around the
photopatterned chemokine source after 3 hr culture.

106



Pattern Dn‘fusmn Flow in cells /!
_> —l

0 hours 24 hours
b. 7000
26000 -« -GelSH+Heparin+cCcL21  No
2 N -« -GelSH+CCL21 CcCL21
$5000 9 ~_
E N
@ 4000 .
____________ -
§3000 -~ g -
] T B e e 3
S 2000 {
3
i 1000
0 T y T ccL21
0 24 48 72 96
Time (h)

Figure 6-3 Photopatterned chemokines become immobilized and retain their activity. (a) approach for
photopatterning chemokines. (b) AF488-labeled CCL21 was mixed with gelSH-pegNB hydrogel and
photopatterned with a circular photomask. The fluorescence intensity within the feature was measured for 96
hours. (c) NHS rhodamine labeled cells were flown into the chip, and were observed clustering near the
photopatterned chemokine source.

The utility of this phenomenon is clear when considering the need for more biomimetic
chemokine gradients, as in the case for modeling SLE. Having this tool, | propose an SLE-LN,
constructed as a hybrid between the surface-tension chip and in situ photopatterning method
(Fig. 6-4). The use of the surface-tension chip would enable the loading of thermally-setting

collagen/fibrinogen gel, which has already been demonstrated to be biocompatible (chapter 2).

This SLE model would be validated by recapitulating the phenomenon of overexpressing
CXCR4+ B cells migrating irregularly. This underlying SLE phenomenon could then be tested
with immunosuppressants or other therapeutics to assess efficacy. Alternatively, mechanistic
studies could be performed to study the phenomenon in a in vivo like system. One would expect
a CXCR4 KO cell'?, or the testing of a recently investigated CXCR4-blocker!?, to stop migration
to CXCL12. A SLE-LN, capable of both fundamental- and translationally-relevant readouts,

would enable deeper mechanistic study and more informative drug-readouts.
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Figure 6-4. Photopatterning chemokine sources to model SLE B cell dysregulation.

(a) (i) Approach. By photopatterning chemokine laden gel sequentially, multiple chemokines could be
photopatterned within a microfluidic chamber. (i) Schematic of chip after chemokine photopatterning with
CXCL12 and CXCL13. (b) (i) After chemokine patterning, cell-laden hydrogel could be loaded into the
lane, and should surround the patterned chemokine sources. (ii) As positive controls, one would predict
CXCR4+ plasmablasts to cluster near a CXCL12 source, and CXCR5+ effector B cells to cluster around a
CXCL13 source. (iii) As a model of SLE, one would expect over-expressing CXCR4+ B cells to cluster
around a CXCL12 source.

6.2.3 Future directions for characterizing photopolymerizing hydrogels

The DoF and DoC measurements described in chapter 4 and 5 were described for
characterizing hydrogels composed entirely of crosslinkable base-ingredients. For example,
gelMA only contains methacryl-modified gelatin, and gelSH-pegNB only contains monomers
capable of making SH-NB linkages. While these materials are widely used in the biomaterials
field today, another class of emerging biomaterials is hydrogel blends. The prelude in chapter 4,
for example, describes how adding collagen to gelSH-pegNB improved biocompatibility. Yet,
that hydrogel composition was not stable when used in photopatterning applications.

The crosslinking environment of these blended hydrogels is complex and should be
investigated with the DoC measurement described in chapter 5. In particular, | hypothesize that

adding collagen to a gelSH-pegNB hydrogel may sterically interfere with the crosslinking, and
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crosslinking may not approach the theoretical limit as shown in Fig. 5-4. If true, one may decide
to improve crosslinking by chemically modifying the collagen fibers.

Another approach to consider with this class of hydrogels is how the fibers thermally gel
in relation to the photocrosslinks. When developing the approach to use a collagen-gelSH-
pegNB gel within our lab, it was not clear to use if allowing thermal gelation prior to
photocrosslinking would affect the density of the resulting gel. The DoC measurement described
in chapter 5 would shed light on this complex system by showing if crosslinking rate or extent of
crosslinking was affected by thermal gelation. In conclusion, the knowledge gained from the
DoC measurement will impact the overall strategy for employing hydrogel blends in various

settings.
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