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Immune Fate of Bone Marrow Niche 

Abstract 

Artificial systems of extracellular matrix (ECM) hydrogels with human cells were developed to 

study how the mechanical resistance of ECM directs the immune fate of bone marrow niche 

cells - mesenchymal stromal cells (MSCs) and monocytes. An artificial fibrillar ECM was 

fabricated with interpenetrating networks of type-I collagen and chemically-modified 

polysaccharides. Viscoelasticity was specifically tuned independent of other material properties 

across a physiologic range of bone marrow stiffness. First, the effect of ECM stiffness on MSCs 

was examined. MSCs reside in the hematopoietic niche and can produce immunomodulatory 

factors to restrain inflammation. Stiffness of more viscous, but not elastic, ECM upregulated 

their expression of immunomodulatory markers. Next, it was determined how bone marrow 

monocytes respond to mechanical cues of viscoelasticity of ECM. Slower stress-relaxing, more 

elastic ECM promoted monocytes to secrete inflammatory cytokines and differentiate into 

antigen-presenting cells, whereas cells in viscous hydrogels remained immature. 

Mechanistically, monocytes in elastic ECM upregulated their cortical F-actin cytoskeleton, in a 

manner dependent on PI3K-gamma signaling, and inhibition of PI3K-gamma blocked antigen-

presenting cell differentiation driven by mechanical cues. Further, the Jak-Stat signaling 

pathway that drives human diseases associated with myelofibrosis was upregulated by matrix 
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elasticity. Overt fibrosis in biopsies from patients with primary myelofibrosis was associated 

with upregulated cytokines, such as IL8 and IL6, which were also upregulated in donor 

monocytes by matrix elasticity and sensitive to inhibition of PI3K-gamma. Together, these 

data suggest that viscoelasticity of ECM directs immune fates of the bone marrow niche. 

More fluid-like, viscous matrix regulates immunmodulatory expression of MSCs and 

maintenance of immature monocytes, which is consistent with homeostasis in healthy bone 

marrow. Conversely, increased solid-like, elasticity of fibrotic ECM polarizes inflamed 

monocytes and directs their differentiation into antigen-presenting cells in a PI3K-gamma-

dependent manner. A major impact of this work is that PI3K-gamma was revealed as a 

promising therapeutic target in diseases associated with myelofibrosis, and potentially more 

broadly for fibrotic and inflammatory diseases in general.
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Introduction 

The immune system develops in the bone marrow, where immature immune cells are physically 

surrounded by an extracellular matrix (ECM) and maintained under homeostasis (Figure 1.1), 

ready to be released into the peripheral blood and activated to fight infection or disease. In 

diseases associated with bone marrow fibrosis, i.e., myelofibrosis, inflammation can result in 

bone marrow failure and poor patient survival (1). However, the direct impact of mechanical 

cues on immune cell fate remains poorly understood. The goal of my dissertation is to develop a 

biomaterial system that models the bone marrow niche, and investigate how mechanical cues 

could potentially impact bone marrow malignancies associated with myelofibrosis. 

Figure 1.1. The bone marrow niche contains mesenchymal stromal cells and monocytes, which 
physically interact with their surrounding ECM. 
Mesenchymal stromal cells can differentiate into pericytes and secrete immunomodulatory factors that 
regulate immune cells in the bone marrow niche. Monocytes and lymphocytes reside in the bone marrow 
following differentiation from hematopoietic stem and progenitor cells. Together, the ECM, immune cells, 
and stromal cells interact to regulate immunity in the bone marrow niche. 
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Mechanical properties of the bone marrow niche impact the osteogenic niche by directing 

lineage specification of differentiating stem cells. More rigid substrates in two-dimensional or 

three-dimensional biomaterials promote differentiation of mesenchymal stem cells into 

osteoblasts, whereas soft substrates promote differentiation into adipocytes (2, 3). Extracellular 

matrix stiffness also affects hematopoietic cells in the bone marrow niche. In hematopoietic 

stem and progenitor cells, intrinsic contractile forces by non-muscle myosin-II are required for 

maintenance and differentiation of hematopoietic stem and progenitor cells, depending on the 

matrix mechanics (4). Matrix stiffness also regulated the proliferation of some types of acute 

myeloid leukemia, and impacted their chemosensitivity (5). Bone marrow is also viscoelastic, 

exhibiting properties of both a solid and fluid, which can be measured by its stress relaxation; 

stress dissipates rapidly over-time while static deformation is applied (6, 7). Viscoelasticity, 

independent of stiffness, can promote osteogenic differentiation of mesenchymal stem cells (6). 

Together, viscoelasticity and stiffness regulate transcriptional programs of mammalian cells and 

diversely impact cell behavior (8), but the impact on immune fates remains poorly understood.  

Two-dimensional cell culture on polyacrylamide or poly(dimethylsulfoxide) substrates have 

been widely used in studies to tune the stiffness (3, 9) and stress relaxation (10, 11), but non-

spreading cells, like hematopoietic stem and progenitors or differentiated blood cells, interact in 

three-dimensions with ECM in the bone marrow niche. Two-dimensional systems could be 

relevant for cell trafficking on or through endothelium, but lack physiological relevance for 

investigating effects on hematopoiesis or immune fate of bone marrow-niche cells. An important 

aspect of three-dimensional studies is being able to manipulate mechanical cues interacting 

with cells, without altering the ECM adhesive ligand density, nutrient transport properties, or 

physical architecture of the artificial niche. In three-dimensional cell culture, naturally-derived 

and synthetic polymers are used with covalent crosslinking by photoinitiated- (12, 13), 
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free-radical- (14), click- (15-17), or dynamic (18, 19) mechanisms to form substrates with 

tunable stiffness and viscoelasticity. Appropriate crosslinking mechanisms should be used to 

form viscoelastic hydrogels with tunable mechanical properties, without affecting other material 

parameters (6). Changing the hydrogels' weight percent (% w/v) or degree of crosslinking may 

also affect the resulting polymer architecture and transport properties of macromolecules and 

nutrients. Further, typical polymeric systems do not feature the hierarchical architecture of 

native ECM, such as the fibrillar structure of collagen type I, which is secreted by cells as a 

procollagen triple helix non-fibrillar protein that physically and chemically crosslinks into 

collagen fibers (20). An artificial bone marrow niche system should retain fibrillar structure of 

ECM, while also tuning both stiffness and viscoelasticity. 

Mesenchymal stromal cells (MSCs) and monocytes reside in the hematopoietic niche, where 

they interact with surrounding ECM. MSCs and can produce immunomodulatory factors to 

restrain inflammation (21). Allogenic transplantation of MSCs has been used successfully to 

treat graft-versus-host disease (22, 23). Encapsulation of MSCs in programmable microgels 

sustains their residence-time in vivo to improve bone marrow engraftment in animal models 

(24). Monocytes can regulate inflammation by differentiating into pro-inflammatory antigen 

presenting cells, or by maintaining immature suppressive myeloid cells. Monocytes are sensitive 

to their mechanical environment. In pulmonary disease models, mechanosensation by cyclical 

force of hydrostatic pressure was essential to promote innate immunity (25). Spatial 

confinement of inflammatory macrophages suppressed their pro-inflammatory signaling (26).  

I hypothesized that viscoelasticity of ECM impacts the developing immune system in the bone 

marrow niche, and thus alterations in viscoelasticity could contribute to progression of diseases 

associated with myelofibrosis. 
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I examine this hypothesis by applying principles and techniques of mechanobiology to immunity, 

and then investigating how mechanics impacts bone marrow inflammation in myelofibrosis. In 

Chapter 2, I review basic concepts of mechanical properties of tissues, how mechanical forces 

direct stem cell behavior in development in regeneration, and how biomaterials can be used to 

control extrinsic and intrinsic forces experienced by cells, as well as applications in regenerative 

medicine. In Aim 1, I develop a material system that allows one to tune the viscoelastic 

properties and stiffness of ECM independently, while mimicking the fibrillar architecture of 

native ECM (Chapter 3 and Chapter 4). In Aim 2, I examine how these properties impact the 

immunomodulatory properties of bone marrow-derived human mesenchymal stromal cells 

(MSCs) (Chapter 5). In Aim 3, I determine how the differentiation and polarization of bone 

marrow-derived human monocytes are regulated by the viscoelasticity of the matrix (Chapter 

6). The major impact of this work was the discovery of a new physical mechanism that 

regulates developing bone marrow cells, and a targetable mechanical checkpoint for treating 

patients with diseases associated with myelofibrosis. Chapter 7 summarizes the conclusions of 

this dissertation and provides perspectives on how these findings could be relevant in the 

immune microenvironment of solid tumors.



Chapter 2
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Mechanical forces direct stem cell behavior in development and regeneration 

This chapter was previously published as a review in Kyle H. Vining1,2 and David J. Mooney.1,2* 

 Nature Reviews Molecular Cell Biology 18 (12), 728 (2017). 

*Corresponding author

1 John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge,

MA 02138, U.S.A.

2 Wyss Institute for Biologically Inspired Engineering, Harvard University, Cambridge, MA

02138, U.S.A.

Short summary for table of contents: 

Physical cues regulate stem cell fate and function during embryonic development and in adult 

tissues, which can be modeled and studied using synthetic niches. Mechanobiology with these 

artificial systems provides key insights into how mechanical stimuli regulate stem cell function 

and can be used to maintain and guide stem cells for regenerative therapies. 

Abstract – Stem cells and their local microenvironment, or niche, communicate through 

mechanical cues to regulate cell fate and cell behaviour, and to guide developmental processes. 

During embryonic development, mechanical forces are involved in patterning and 

organogenesis. The physical environment of pluripotent stem cells regulates their differentiation 

and self- renewal. Mechanical and physical cues are also important in adult tissues, where adult 

stem cells require physical interactions with the extracellular matrix to maintain their potency. In 

vitro, synthetic models of the stem cell niche can be used to precisely control and manipulate 

the biophysical and biochemical properties of the stem cell microenvironment and examine how 

the mode and magnitude of mechanical cues, such as matrix stiffness or applied forces, direct 
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stem cell differentiation and function. Fundamental insights on the mechanobiology of stem cells 

also inform the design of artificial niches to support stem cells for regenerative therapies. 
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1. Introduction 

 

Forces are generated and resisted across many magnitudes and length scales in biology, from 

a sub-cellular level, for example by actomyosin motors to an organismal level, such as in 

response to gravity. Similar to intrinsic and extrinsic biochemical factors, mechanical cues 

resulting from both intracellularly-generated and externally-applied forces have broad impact on 

stem cell function. Mechanical interactions mediated by adhesion to the extracellular matrix 

(ECM) and cell-cell junctions play a key part in transmitting forces to and between cells, which 

regulate intracellular signalling pathways (Figure 2.1). 

 

Figure 2.1. Stem cells exert forces and are subject to external forces, which regulate their 
intracellular signalling pathways.  
A) Intrinsic, or cell-generated forces, (Fi) are generated intracellularly and transferred to other cells 
through cell-cell junctions, like cadherin receptors, or via traction on extracellular matrix (ECM) adhesion 
ligands that are bound to integrin receptors. Cells are directly coupled by cell- cell junctions, which link the 
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(Continued) intrinsic forces of one cell to the cytoskeleton of another. Indirect mechanical coupling 
between cells occurs by intrinsic forces exerted on an ECM, to which two or more cells are adhered. 
Physical properties, e.g., elastic modulus, E, of the ECM, govern how mechanical cues are transduced. 
Extrinsic forces (Fe) are externally applied by shear or tension/compression on cells, and can be sensed 
by mechanically-gated ion channels, changes in receptor-ligand binding, deformation of the cytoskeleton, 
and the primary cilium. The cytoskeleton generates and transfers forces from membrane proteins to 
intracellular structures, like the nucleus. B) ECM and intracellular pathways are biochemically coupled by 
mechanotransduction pathways. Matrix mechanical resistance to intrinsic forces regulates the stability of 
focal adhesion complexes that contain focal adhesion kinase (FAK), which phosphorylates and activates 
mechano-responsive signaling elements, such as mitogen- associated protein kinase (MAPK) and Rho 
kinase (RhoA). RhoA regulates mechanical feedback by activating ROCK, which phosphorylates myosin 
light chain (MLP) to generate actomyosin forces. For example, RhoA phosphorylates ROCK, which 
activates non-muscle myosin II contractility by phosphorylation of myosin light chain (MLP), and 
upregulates mechano-transduction pathways, such as MAL, a G-actin-binding coactivator of serum 
response factor (SRF),(27, 28) Yes-associated protein (YAP), and transcriptional coactivator with PDZ-
binding motif (TAZ),(29) which induce nuclear transcription via activation and nuclear translocation. 
Nuclear signaling pathways, such as serum response factor (SRF) and myocardin-related transcription 
factor-A (MRFTA), regulate transcription of mechanoresponsive genes. For example, mechanics-
dependent expression of miR-21 regulates fibrogenic behavior. Wnt activation also promotes activation 
and nuclear translocation of YAP/TAZ and beta-catenin.(30) Mechanical forces are also physically directly 
coupled to the nucleus via lamina proteins, such as lamin A (LMNA), which can affect chromatin structure 
and epigenetic regulation of transcription. 

Cells exert intrinsic forces on their environment, that is, on the ECM and neighbouring cells, 

through various mechanisms, including actomyosin contractility and cytoskeletal assembly. 

Conversely, cell-extrinsic shear, tensile and compressive forces are applied on stem cells from 

an external load. Whether generated intrinsically or extrinsically, the impact that mechanical 

forces have on cell behaviour depends on the biological context of a cell, such as biochemical 

cues and epigenetic state, and on various aspects of its physical environment. The 

microenvironment may be composed of fluids, solids, gases, or other cells, and provides 

external resistance or compliance that may store or dissipate forces. Owing to the complexity of 

these mechanical interactions, it is important to develop systems in which each type of 

mechanical cue can be controlled and de-coupled from others to understand how they affect 

stem cells. 

Understanding how mechanical forces regulate stem cell behaviour provides key insights into 

the understanding of developmental biology, and for the development of regenerative therapies. 
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In this Chapter, I provide an overview of the types of mechanical cues that affect stem cells and 

of biomaterial-based systems that can be used to control and manipulate these cues. We focus 

on how different types of forces regulate stem cell behaviours in early development and 

organogenesis, control stem cell fate, including differentiation and self-renewal, and can be 

exploited to promote regeneration.  

2. Mechanical terms and concepts

Various concepts and terms are used to describe and quantify the types and magnitudes of 

mechanical properties, and the relationship between forces and deformations. 

Stress is an indication of the magnitude of force applied to an object, normalized to the 

area over which the force is applied. Stress is calculated by Force / area, σ = F / A, and 

is typically reported in Newtons / m2 or Pascals. 

Strain is a measure of the deformation resulting from an applied force, as indicated by 

the normalized change in the length of the object. Strain (ε ) = current length / initial 

length - 1 = l / l0 - 1, and is typically reported as a dimensionless fraction or percentage

The relationship between the force and deformation, or stress and strain, in a system is 

dependent on the properties of the material that transfers the stress/strain (e.g., the matrix to 

which cells apply tractional forces). If a material effectively stores energy during the transfer, the 

material is termed to be Elastic. In linearly elastic materials there is a linear relationship between 

stress and strain, and energy (e.g., forces) applied to the material are stored (e.g., deformations 

induced by cells protruding into an elastic material will be stored in the material and “push” back 

against the cell). For example, rubbers and covalently-crosslinked hydrogels are typically 
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considered to be elastic, and their rigidity or stiffness is determined by the modulus (e.g., elastic 

modulus, shear modulus), which is closely related to the density of crosslinks between the 

polymer chains comprising the network. The elasticity, or Young’s modulus, of an elastic 

material, can be approximated in linearly elastic solids by the slope of the stress versus strain 

curve at small strains (typically 1-5%). 

 

Many tissues, cells, and extracellular matrices combine mechanical properties of solids and 

liquids, and these types of materials are termed viscoelastic. They behave as elastic solids and 

as viscous fluids simultaneously. Viscous fluids demonstrate flow, or permanent deformation, in 

response to applied forces, and are described by their viscosity, which relates the rate and 

extent of flow to an applied force. Viscoelastic materials will exhibit stress relaxation (decrease 

in the stress required over time to maintain a constant level of strain), and creep (increase in 

strain over time in response to a constant stress). Viscoelastic materials can dissipate applied 

loads via their permanent deformation, allowing for cells to remodel viscoelastic matrices even 

in the absence of degradation, and without a build-up in the material of forces that “push” back 

on the cell. 

 

The term stiffness is typically used in mechanobiology as a metric of the rigidity of a matrix as 

sensed by cells via application of cell-generated forces. A stiffer matrix will require higher forces 

to deform the network, whereas a softer matrix can be deformed by lower forces. The stiffness 

of matrices is often determined under the assumption of linear elastic behavior, making it 

synonymous with elasticity. 
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3. Mechanical properties of tissues, cells, and matrix

Elastic and viscoelastic properties of tissues, cells, and matrix are typically measured by 

mechanical tests in which a known and defined stress or strain is applied on a sample while the 

other is measured. Methods of rheology, the study of flow and deformation of matter, are used 

to characterize both the elastic (G’, storage modulus) and viscous (G”, loss modulus) behavior 

of viscoelastic materials by dynamically controlling the rate and amount of strain or stress while 

measuring the other. Bulk compression or tension measurements are used to measure the 

elastic modulus (E, Young’s modulus), which relates to the density of crosslinks in a hydrogel, 

by applying a uniaxial strain and measuring the stress. These uniaxial compression 

measurements or shear compression measurements can also be used to measure the stress 

relaxation or creep of a material, which measures the time-dependent changes in stress or 

strain resulting from the application of a constant level of strain or stress. Methods such as 

atomic force microscopy, nanoindentation, optical tweezers, force traction microscopy, and 

micro-aspiration, probe the stiffness at the nano- and micro-scale, which allows for mapping of 

mechanical topographies or gradients in materials (Table 2.1). 
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Table 2.1. Representative mechanical properties of a selection of tissues and materials 

Tissue Type Tissue or Material E (kPa) t1/2 (s) 
Interstitial and 
connective 

Fat 0.02 (31) 100 (6) 

Tendon 310,000 (31) 1(32) 
Skin 4.5-8 (33) - 

Vascular Carotid artery 90 (31) - 
Nervous Spinal cord 27-89 (31) - 

Brain 0.2-1.0 (31, 34) 100 (6) 
Viscera Lung 5 (31) - 

Kidney 2.5 (31) - 
Liver 0.64 (31) 100 (6) 
Lymph node 0.12 (31) - 
Mammary gland 0.16 (31) - 

Musculoskeletal Cardiac muscle 20-150 (31) - 
Skeletal muscle 10-100 (31, 34) - 
Precalcified bone 30 (34) - 
Bone marrow 0.3-24.7 (35) 10 (6) 
Cartilage 20(34) - 
Articular cartilage 950 (31) - 
Bone – Cancellous 350,000 (36) - 
Bone – Compact 11,500,000 (36) 
Tooth dentin >10,000,000 (37)
Tooth enamel ~100,000,000 (37)

Embryonic Gastrulation 0.01 (38) - 
Natural ECM Collagen hydrogels 0.01-6 (39, 40) 1 (39) 

Fibrin hydrogels 0.01-.5 (39) 1 (39) 
rBM (Matrigel) 0.01-.5 (39) 50 (39) 
Gelatin – covalently crosslinked 0.6-13 (41) n/a 
Hyaluronic acid hydrogels 4-95 (42) n/a 

Synthetic matrix Alginate 0.1-110 (2, 6) 44-3300 (6)
Polyacrylamide 0.1-40 (3) n/a
Agarose 5-100 (2, 39) >1000 (39)
Poly(ethylene glycol) hydrogels 0.1-160 (2, 43) n/a 
Polystyrene 3,000,000 (44) n/a 
Poly(dimethylsiloxane) (PDMS) 5-100 (45) n/a 
PDMS micropillars 2.8-60  (46)* n/a 

Values = X (Reference), E = Elastic modulus, t1/2 = time to reach half of initial normalized stress during 
constant applied strain, rBM = recombinant basement membrane 
*Bulk compressive modulus

4. Mechanical cues guide development

The growth, differentiation and morphogenesis of a developing embryo is dependent on intrinsic 

and extrinsic mechanical forces that drive the assembly of cells and promote growth into higher 
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order structures (Appendix 1).(47) Cell-cell adhesion transmits tensile forces and, as embryonic 

development progresses, cells become mechanically coupled to matrix proteins in tissues by 

adhesion molecules (Figure 2.2A), which helps drive morphogenesis and maintain stem cells’ 

position and fate in their niche. This mechanical coupling enables storage of information over 

time. For example, changes in ECM induced by cells early in development can mechanically 

trigger changes in interacting cells at a later stage. Moreover, mechanical cues can be more 

rapidly propagated over long distances during morphogenesis than biochemical cues (for 

example, the transmission of forces in highly elastic substrates like elastin is almost 

instantaneous). 

 

Figure 2.2. Mechanobiology during early development. 
A) As development progresses, intrinsic forces exerted by cells transition from largely cell-cell to more 
cell-extracellular matrix (ECM) transmission because matrix content in tissues increases. B) Higher astral 
tension (white triangles) on the posterior axis (right side, bold arrow) of dividing cells is generated by 
cortical tension and microtubule polymerization, which results in asymmetry in cell size after division.(48) 
C) Cell-cell intrinsic forces in early development modify the pattern of embryonic epithelial adhesion and 
intercalation, which results in elongation of the anterior- (A) posterior (P) axis.(49) D) During epithelial 
branching, morphogenesis of the foetal submandibular salivary gland, cells exert intrinsic actomyosin 
contractility and traction forces on the ECM, which assembles at a clefting region and promotes cell 
proliferation (green arrows) in the budding region.(50) ECM contains domains of heparan sulfate (HS) 
that bind FGF growth factors to promote epithelial bud elongation by differentially increasing their local 
concentration.(51) Thus, concerted biochemical and mechanical cues work together to generate proper 
organ form. 
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Intrinsic and extrinsic forces guide early embryo development. Prior to implantation, self-

organization of the embryo and specification of the germ layers into a blastocyst rely on 

contractile mechanical cues.(52) Tensions are relieved as the embryo transitions from a 

spherical to elongated body form (53) and an intercalated pattern of cell-cell epithelial junctions 

is generated.(49) The presence of intrinsic cell-generated forces in development was 

demonstrated by observing the deformation of embryonic tissues following their macro-scale 

dissection at different stages of morphogenesis,(54) as well as nano-dissection of the 

actomyosin network at apical cell junctions. The latter showed that anisotropy of intrinsic forces 

is sufficient to promote elongation of embryonic epithelia.(55) 

Intrinsic mechanical tensile and compressive forces that regulate multiple aspects of embryonic 

morphogenesis are generated by non-muscle myosin II in actomyosin complexes (55). For 

example, actomyosin forces promote the establishment of an anterior- posterior axis of 

development by promoting asymmetric spindle positioning (Figure 2.2B)(48, 56) and the 

remodelling of intercalated epithelial junctions (49) (Figure 2.2C). Axis elongation depends on 

tension generated by multicellular cables of actomyosin (57) with both elastic and viscous 

mechanical behaviour, as demonstrated by laser-severing.(58) A catch-bond mechanism, in 

which tensile forces promote the stabilization of cadherin-catenin complexes bound to actin 

filaments, demonstrates how these cell-cell receptor interactions communicate biochemical 

signals through mechanical forces.(59) These forces also control gastrulation by regulating 

epithelial invagination(60-62) and progenitor cell sorting within the germ layers(63), as well as 

dorsal closure.(64) Intrinsic forces in embryonic tissues can also be observed when embryonic 

stem cells (ES cells) are dissociated, as they also display cortical tension generated by 

actomyosin contractility. This is required to reduce apoptosis, but inhibition of Rho-associated 

protein kinase (ROCK) relieves this dependence.(65) 
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In addition to being subjected to intrinsic mechanical forces, the embryo receives external 

mechanical input from the fluid surrounding its intercalated cell layers that induce patterning. 

Fluid shear forces during early development regulate left-versus-right body asymmetry by 

signaling through primary cilium and by generating morphogen gradients.(66, 67) Morphogens 

Sonic hedgehog (SHH) and retinoic acid (RA) are secreted in ‘nodal vesicular parcels’ (NVPs) in 

a FGF-dependent manner and transported to the left by the nodal flow.(67) However, important 

questions on the mechanobiology of embryonic morphogenesis remain largely unaddressed, 

such as how mechanical forces interplay with genetic and epigenetic changes, which could 

inform approaches to manipulate intrinsic forces by control of transcription, and how robust 

pattern formation results even in the face of natural variations in the magnitude and duration of 

intrinsic and extrinsic forces. 

Cell-ECM interactions guide later stages of development. Early in development cell-cell contacts 

predominate, but as development progresses, progenitor cells differentiate and begin to deposit 

ECM to which they adhere (68) (Figure 2.2A). The number of collagen fibrils and fiber length 

steadily increase in embryonic development, whereas collagen content remains stable in post-

natal growth.(69) Cell intrinsic forces are transmitted to matrix proteins such as fibronectin by 

integrin cell surface receptors, which can form focal complexes that generate forces of 1-3 

nN/µm2.(70) Increased integrin expression in tissues may alter how cells respond to ECM 

stiffness, in part by stabilizing matrix-integrin interactions.(71) Thus, as the matrix content of 

tissues increases during development, the coupling increases between ECM mechanical 

properties and intrinsic mechanical forces, one aspect of mechanosensing. 
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Cell-ECM interactions enable biological systems to contextualize stimuli because cells respond 

differently to the same mechanical stimulus depending on their micro-mechanical or biochemical 

environment. In embryonic avian skin, mechanical and biochemical factors are coupled to the 

positioning and patterning of hair follicles. Mechanical resistance to dermal cell contraction 

upregulates β-catenin activation, which drives downstream follicular gene expression programs, 

including bone morphogenic protein-2 (BMP2).(72) Furthermore, mechanics direct multi-scale 

developmental processes by connecting macro-scale physical inputs with nano-scale molecular 

signals through chemical cues.(73) For example, force transmission through specific receptors 

enables generic mechanical signals to be transduced into specific cell responses based on the 

type of integrin receptors that are expressed in the cells or ligands present in the ECM. 

Logically, mechanical transduction needs to be carefully controlled to maintain homeostasis, 

because mechanical stimuli are often not specific. Moreover, ECM provides a mechanical 

rheostat for cells in four-dimensions – time & space, because the matrix can dissipate elastic 

energy and change over time by stiffening, degradation and matrix deposition. 

Mechanical forces regulate cell fate decisions during organogenesis as progenitor cells are 

directed to diverse specialized functions in fetal organs. The process of germ band extension 

generates mechanical forces that promote differentiation of the stomodeum and midgut tissues 

by inducing the expression of Twist, which is one of the earliest expressed embryonic patterning 

genes.(74) Tensile forces, arising from stretching of bronchial epithelium during intrauterine 

breathing, support development of smooth muscle in the lung.(75) Shear forces generated by 

maternal blood flow promote fetal hematopoiesis and the morphogenesis of cardiac tissues(76-

78), and signal to epithelia in the developing kidney via the primary cilia, which require 

polycystin-1 and polycystin-2 proteins to promote kidney morphogenesis.(79) In limb 

development, stress, strain, hydrostatic pressure, and fluid flow precede regional ossification 
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and subsequent bone collar formation.(80) The underlying molecular mechanisms are the 

subject of current studies. These examples highlight how organ development is affected by the 

physical nature of their microenvironment. Research aiming to recapitulate these developmental 

processes from stem cells in vitro will require sophisticated systems in which forces can be 

tightly controlled. 

Complex patterning depends on cell-ECM interactions. Biochemical cues initiate 

morphogenesis, but the formation of cell layers that become organized into defined structures in 

organs requires physical traction forces on the ECM, the physical properties of which provide a 

template for organ growth. The concerted action of biochemical signals, cell intrinsic forces, and 

cell-ECM interactions result in highly organized patterns of development, such as fractal 

patterns observed in branching morphogenesis.(50) In submandibular salivary gland branching 

morphogenesis, focal adhesions bound to fibronectin promote assembly of fibronectin at the 

branching cleft through actomyosin contractility(81) (Figure 2.2D). Traction forces are required 

for branching, which suggests that the rigidity of the matrix could alter branching by changing 

actomyosin contractility, but it remains to be directly determined whether matrix mechanical 

properties can indeed modulate branching in salivary glands.

The study of mechanobiology is complex owing to mechanical stimuli affecting multiple aspects 

of cell behaviour, including matrix traction forces, membrane curvature, growth factor signalling 

pathways and cell fate. The physical properties of ECM regulate mammary gland 

morphogenesis in vitro by affecting cell fate. A two-dimensional (2D) system demonstrated that 

ECM substrates must be soft and contain laminin to maintain the expression of mammary 

epithelial differentiation markers, whereas stiffening of the substrate or loss of laminin resulted 

in reduced expression.(82) During endothelium sprouting, increased ECM stiffness and 
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actomyosin contractility can reduce branching as they affect membrane curvature.(83) 

Increased actomyosin contractility in a stiffer environment maintains lower membrane curvature, 

which impairs cell-scale branching of the endothelial cells.(84) It was also shown that matrix 

stiffness affects biochemical signals during angiogenesis by upregulating expression of vascular 

endothelial growth factor receptor-2 (VEGFR2).(85) Future work should examine the interaction 

between various effects of altered mechanics. In addition to solid-like properties such as 

stiffness and composition, further work is required to examine the effects of time-dependent 

properties of ECM mechanics on organ morphogenesis, such as stress-relaxation, degradation 

and plasticity. Native embryonic tissues exhibit fluid-like viscoelastic properties, which probably 

have a role in cell organization and ECM assembly, and thus may affect mechanosensing and 

biochemical pathways. 

Throughout embryonic and fetal development, physical interactions within the stem cell niche 

play a key part in maintaining stem cell populations and ensuring they persist into adult tissues. 

Cell-ECM adhesion via integrins maintains stem and progenitor cell pools in germline(86, 87) 

and adult epidermal niches.(88) Physical stem cell-ECM interactions also regulate the 

positioning of stem cells within the niche architecture and with respect to their progeny, which 

affects fate decisions and self-renewal in the perivascular hematopoietic stem cell niche, 

intestinal crypt and hair follicle.(89) Over time, the ECM helps store biological information by 

maintaining stem cell positioning and providing a means to transduce transient molecular 

signals into more permanent architectural features of the niche. Extrinsic forces that result from 

macro-scale movement of embryonic tissues over time are transmitted to the stem cell niche to 

help maintain skeletal joint progenitors, which are required for proper joint cavitation and 

morphogenesis.(90) These observations have prompted the development of in vitro physical 
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models of the stem cell niche to improve the maintenance and expansion of pluripotent stem 

cells. 

5. Manipulating mechanobiology

The study of embryonic and fetal development is complicated by the diverse ways in which 

physical forces and interactions affect stem cells. Engineering systems that act as an interface 

between materials and stem cells, in vitro, enable the manipulation of physical, chemical and 

biological parameters of the interaction. Synthetic versions of the stem cell niche have been 

developed to precisely investigate how mechanical forces regulate stem cell behaviour. Here we 

introduce the criteria for tuning mechanical stem cell-niche interactions in materials-based 

systems. We focus on techniques used in studies on mechanoregulation of stem cells and 

describe how these systems have been exploited to unravel biological mechanisms. 

There are unique challenges and specific criteria for building synthetic niches with tunable 

mechanics. Various synthetic niches are utilized to study how mechanical cues regulate stem 

cells in vitro as their properties can be manipulated in a more predictable manner than the niche 

in vivo.(2, 6, 42, 70, 91, 92) These systems can be used to study how externally applied forces 

impact individual cells or multi-cellular tissue models. They also enable studies of how cell 

intrinsic forces regulate cell behaviour, often as a feedback from the resistance to these forces 

provided by the niche. However, the interpretation of results obtained with these systems is 

challenging, and it is crucial to achieve independent control of the various physical and chemical 

properties of the synthetic niche. 
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Polystyrene is a classic cell culture model, but it is a very rigid plastic surface that adsorbs 

serum and cell-secreted proteins in a non-specific manner, and thus cannot be used to control 

physical or biochemical cues. Purified ECM proteins, such as collagen,(93) laminin(50) and 

recombinant basement membrane (Matrigel)(85) are used as synthetic niches to provide a more 

defined and physiologic microenvironment for in vitro studies. Alternatively, decellularization of 

tissues yields native extracellular matrices that may have more representative physicochemical 

properties of the native niche.(94, 95) However, decellularized tissues and native ECM often 

have poorly defined composition, and may contain many different biochemical and physical 

cues, making it difficult to test specific hypotheses. Raising the concentration of ECM proteins in 

hydrogels is often used to increase the stiffness to a limited range, but it also increases the 

density of adhesion ligands available for cellular receptors. (Figure 2.3A) 
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Figure 2.3. Material systems to study stem cell mechanobiology. 
When engineering a synthetic niche, alterations in the overall polymer concentration may change the 
density of adhesion ligands, while changing crosslinking without altering the polymer content may vary 
the network mesh size (spacing between crosslinks, indicated by dotted circles), which can affect how 
molecules diffuse through the network. A) Artificial niches fabricated from naturally-derived ECM typically 
manipulate stiffness by altering the concentration of the matrix proteins, which increases ligand density 
and decreases mesh size in parallel. B) Synthetic polymer systems can offer independent control of 
stiffness and ligand density, by maintaining a constant polymer concentration while altering the crosslink 
density. However, the mesh size is altered in parallel. C) Matrices formed from alginate polymers can be 
crosslinked to various extents while maintaining constant ligand density and mesh size, and thus enable 
one to independently examine how matrix stiffness affects stem cells. (Inset) Crosslinking in this system 
occurs via cooperative sharing of divalent cations (red) in blocks of one type of sugar residue (G-block) 
on the chains, and increases in the number of crosslink sites occupied in the aligned blocks do not alter 
the architecture of the chains. D) Alginate polymer molecular weight (MW) can be used to control the 
viscoelasticity of an ionically- crosslinked alginate network. Low MW alginate forms a network with less 
physical entanglement and overlap of the alginate chains. High MW alginate has higher chain 
entanglement and overlap (shaded blue region), which decreases the ability of the polymer network 
dissipate stress. E) The low MW network (dotted red line) is more viscous, shown by its rapid relaxation of 
stress while a constant strain is applied. The high MW network (solid red line) dissipates stress more 
slowly due to more physical entanglement and overlap. The covalently-crosslinked network (black line) is 
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(Continued) more elastic than the viscoelastic reversibly- crosslinked alginate, and does not significantly 
dissipate stress over time. 

Niches fabricated using synthetic or non-mammalian ECM-derived polymers enable one to 

decouple cell adhesion properties from gel mechanical properties. The mechanical properties of 

synthetic gels can be modified by altering the density of cross-links between the polymers in the 

system, while independently altering the density of cell adhesion ligands (Figure 2.3B), which 

are required for cellular mechanosensing.(96) Many studies of 2D cell culture have been 

performed using polyacrylamide materials coated with ECM proteins.(3) For example, poly(2-

hydroxyethyl methacrylate) and polyacrylamide substrates coated with recombinant basement 

membrane were used to tune the elasticity of the ECM to regulate mammary gland 

morphogenesis in vitro.(82) Covalent coupling of peptides that bind integrin or other cell 

adhesion receptors can also be used to independently regulate adhesion potential and 

mechanics and control cell-cell and cell-matrix signals. The fibronectin ligand arginine- glycine-

aspartate (RGD) mimics cell-matrix contacts, whereas N-cadherin ligands mimic cell-cell 

junctions of mesenchymal cells.(70) ECM-coated polyacrylamide materials are thus suitable for 

the control mechanical stiffness; however, they are limited in their ability to mimic other 

important aspects of in vivo stem cell niches, such as their 3D organization and their ability to be 

remodelled by cells.  

A key goal has been the engineering of defined, synthetic niche systems with complete control 

of mechanical, matrix and soluble cues as an alternative to animal-derived matrices for the long-

term culture of functional stem cell organoids.(97) Although in the past decade stiffness was 

regarded as a key metric for how the matrix resists cellular traction forces to regulate stem cell 

fate, these studies are typically based on an often-unstated assumption that the native niche is 

purely elastic. However, natural matrices, such as those comprised of self-assembled 
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collagen,(98) and tissues and organs in the body, such as brain, liver, adipose tissues, 

coagulated bone marrow, bone fracture hematoma, and cranial sutures (99), have viscoelastic 

properties over various time-scales (6) (Table 2.1). Viscoelastic materials dissipate applied 

forces, which can dramatically alter how the niche responds and stores cell-generated traction 

forces and how external mechanical forces are conveyed to cells. Therefore, the study of stem 

cell mechanobiology should consider both the elastic and viscoelastic mechanical properties of 

synthetic niches. 

The interactions of stem cells with their in vivo niche can be more accurately mimicked by 3D 

than 2D systems. 3D systems differ in the way cells physically interact with their immediate 

environment in a geometrically-confined manner and in how molecules (e.g., growth factors) 

diffuse and are available to cells, which can regulate autocrine and paracrine stem cell 

functions.(100) It is challenging to control mechanical properties and changes in diffusion 

separately in 3D matrices, because, in a chemically-crosslinked network such as poly(ethylene 

glycol) (PEG), altering the density of cross-links also alters the material’s mesh size (Figure 

2.3A and B), thus affecting the diffusion of macromolecules and complicating interpretation of 

studies. Hydrogels fabricated from alginate enable one to decouple changes in crosslink 

density, and resulting stiffness, from mesh size, ligand density and diffusion properties.(101) 

Alginate is a polysaccharide that is crosslinked by cooperative binding of divalent cations by 

blocks of sugar residues in adjacent polymer chains, leading to no change in the arrangement 

of the polymer chains as crosslinking is increased (Figure 2.3C).(102) Moreover, the 

viscoelasticity of alginate systems can be tuned by the polymer molecular weight, 

independent of ligand density, stiffness, degradability and transport (Figure 2.3D-E).(6, 10, 

103, 104) Thus, alginate systems are suitable to analyse how these physical parameters 
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influence stem cell mechanobiology, whereas many other systems have limitations as these 

parameters cannot be regulated independently. 

Lastly, it is important to recognize that mechanotransduction is not a one-way path, where 

mechanical cues impact cell behaviour, as ECM remodelling through the degradation and 

synthesis of matrix components has important roles in mechanotransduction (42) (Figure 2.4A). 

In response to increased stiffness or loading, cells can secrete matrix components or proteases 

that enhance or diminish adhesive interactions, stiffen or soften the ECM and activate or 

inactivate downstream signalling pathways.(105) Synthetic and non-mammalian derived ECM 

materials can be engineered to either resist degradation or to be degraded in a controlled 

manner, by building in proteolytically labile crosslinks (42, 106) and/or using hydrolytically labile 

gels,(107) in which the impact of degradation can be probed. Moreover, stem cells can remodel 

the surrounding artificial matrix by applying traction forces and protruding actin structures that 

plastically deform a viscoelastic matrix, independently of degradation (Figure 2.4B-C),(108) as it 

occurs during organ morphogenesis. 
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Figure 2.4. Three-dimensional synthetic niches physically confine stem cells and present 
mechanical cues that impact cell behavior and fate through forces. 
A) The synthetic extracellular matrix (ECM) provides resistance to cell-generated forces, and in response,
stem cells can actively remodel the niche by traction-mediated deformations, degradation of cleavable
domains by proteases (purple segments), and production of additional ECM. The stiffness and other
mechanical cues from the synthetic matrix network can trigger a self-renewal program (blue arrow), or
programs defining distinct lineages of daughter cells (red and green arrows). B) Viscoelastic synthetic
niche allows cells to remodel their surrounding matrix network (red), by applying traction forces (black
arrows) on matrix ligands (green circles) that allow the cell to spread and change shape by plastically, or
permanently, deforming the polymer chains. C) Conversely, a purely elastic non-degradable synthetic
niche does not permit cells to plastically deform the polymer network and prevents cell spreading.
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Several key criteria should be taken into account when engineering synthetic niches for 

modelling and manipulating the mechanical microenvironment of stem cells in order for these 

systems to provide meaningful data. Components of the synthetic niche should interact with 

specific cell receptors to act on well-defined mechanotransduction pathways. At the same time, 

it should be possible to independently control mechanical properties (such as stiffness, 

viscoelasticity, degradation, transport and swelling) to study their effects. Not discussed in this 

Chapter, the architecture of the ECM and topology of a material system may also impact how 

stem cells respond to mechanical cues.(109, 110) 

 

6. Techniques to apply and measure extrinsic forces on cells 

 

To directly probe cellular mechanoresponses, extrinsic forces can be applied to stem cells in 

bulk matrices that contain large numbers of cells, or at the microscale on individual or small 

numbers of cells. The forces can be applied in a dynamic or static manner. In many in vivo 

tissues, cells are subject to mechanical strain cyclically, owing to biological rhythms such as 

breathing, movement and blood flow, which provides mechanical cues that regulate 

development. Static forces often result in loading of the axial skeleton or isometric muscle 

contraction.  

 

In synthetic systems, it is easier to apply cyclic or static strain to cells on 2D substrates.(111)  

Cyclic or static strain in equiaxial (uniform across all directions) or uniaxial (one direction) 

modes can be compared to examine how different types, magnitudes, and frequencies of strain 

impact cell behaviour. Micro-scale strain in the elastomeric substrate can be controlled by 

conductive nanowires and an electromechanical stimulator.(112) Another approach combines 

an elastomeric substrate for controlling strain with micropillars that can manipulate and/or 
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measure cellular traction forces.(113, 114) Micro-posts on a substrate are fabricated with 

defined mechanical properties and geometry. Cell adhesive ligands or proteins are coupled to 

the top surface of each post to provide a biological interface, to which cells can apply a traction 

force due to actomyosin contractility. (113) Deflection of the posts can be used to measure cells’ 

intrinsic forces by computing stress and strain based on the posts’ geometry and elasticity, with 

subcellular resolution. (114) Altering the properties of the posts will tune the resistance cells feel 

in response to cell-generated force. Further, external strain can be applied by the underlying 

substrate while intrinsic forces are measured by the micro-posts. Micro-scale extrinsic strain can 

be applied to cells by embedding the array of posts in a stimuli-responsive hydrogel matrix. A 

system for photo-triggered micro-scale strain on cells was developed using a soft thermo-

responsive and reversible volume-changing hydrogel composed of poly(N-isopropylacrylamide) 

loaded with light sensitive gold nanorods (AuNRs).(115) Light irradiation provided spatial and 

temporal control of micro-scale loading on cells. The ability to manipulate and measure both 

extrinsic and intrinsic forces simultaneously will likely help propel the field of stem cell 

mechanobiology. However, these micro-pillar systems have only been utilized to date in 2D 

culture, and the elastomeric substrates do not mimic the dissipative or viscoelastic nature of 

tissues.  

 

Applying and measuring external forces on cells in 3D presents additional challenges, because 

macroscale externally-applied strain and stress in 3D matrices do not often directly correlate 

with microscale loading on the cells. Hydrostatic, hydrodynamic, or osmotic pressure, acoustic 

waves, and mechanical vibrations address this limitation,(116) by remotely applying external 

forces on cells in matrices or in tissues, although external loading can induce convective flow in 

the system, potentially altering nutrient availability and thus affecting cell viability or function. 

Transmitting forces to cells by pressure, waveforms of energy, such as sound waves (acoustic), 
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or vibrations induced by actuation or fields of magnetic energy can uniformly load individual 

cells within a 3D network or on a substrate. Hydrostatic pressure can be controlled in vitro to 

apply physiologic loading (3 to 10 MPa) in cell culture conditions.(117) Microfluidics can be used 

to control hydrodynamic forces applied on cells, by exposing a collection of individual cells 

uniformly to an extensional flow that results in deformation, and can be tuned to a range of rates 

or magnitudes during imaging of the cellular response.(118) Micro-scale technologies can also 

apply cyclic stretches on cells to mimic biological rhythms such as movement, breathing and 

blood flow. For example, a micro-fabricated device has been developed to mimic lung alveolar 

form and function by culturing a layer of epithelial cells in contact with air on one side of a 

porous elastic material and fluid on the other and applying controlled cyclic strain on the cells. 

This system can model lung disease and drug toxicity.(119) 

 

Alternatively, laser-microbeam generated microcavitation bubbles can be used to load cells with 

a transient burst of microscale hydrodynamic shear stress, referred to as a microtsunami.(120) 

Acoustic energy can externally load cells by manipulating surface acoustic waves, which were 

previously shown to affect intercellular distance and spatial arrangement.(121) In addition, an 

oscillating high-gradient magnetic field (HGMF) and its resulting mechanical vibration has been 

used to transmit mechanical stress to cells.(122) To-date these studies have mostly examined 

changes in cell fate and differentiation of stem cells, but further work in this field could take 

advantage of the ability to transmit forces to 3D or 2D collections of cells to manipulate extrinsic 

forces to examine broader effects on stem cells, such as matrix remodelling and self-

organization, or organogenesis and in vitro development of embryonic or adult tissues. 

 

Elucidation of cellular mechanotransduction pathways may require precise control of extrinsic 

mechanical cues at the interface with individual or small collections of cells, which can be 
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achieved using micro-scale probes or magnetic devices. Micropipette aspiration and magnetic 

twisting cytometry provide micro-scale actuation of extrinsic force with potentially sub-cellular 

resolution. Micropipette aspiration applies forces on the cell membrane by negative pressure 

and provides real-time analysis of single-cell responses to stress at physiologic levels.(123) 

Magnetic twisting cytometry uses a magnetic bead coated with ECM ligands to apply stresses to 

a focal adhesion on the cell surface in any specified direction in 3D, and can be used to 

examine different modes of stress and strain on the cell surface. 3D control of extrinsic forces 

on an individual cell may help understand anisotropies in cell mechanosensing.(124) For 

example, traction forces perpendicular to the cell may be sensed and transduced differently 

than transverse shear forces along the membrane. Alternatively, magnetically-labelled cells can 

be manipulated in magnetic devices that can generate micro-scale, cyclic mechanical stimuli on 

the cortex of individual cells, and this may provide enhanced scalability and resolution 

compared to traditional magnetic cytometry.(125) 

 

External forces can also be combined with micro-scale measurement and/or control of cell- 

generated forces. For example, polymer micropillars on a planar substrate(113) can be used to 

measure cytoskeletal tension and focal adhesion dynamics under equiaxial static stretch.(114) 

Mechanical tension in cells can be stimulated by photo-actuation with thermally-responsive 

micropillars.(115) Furthermore, micro-scale technologies can tune spatial cues to show how cell 

shape and spreading area is linked to how they respond to mechanics.(126, 127) These 

technologies offer the possibility to control multiple modes of external mechanical loading on 

stem cells. Further understanding of stem cell behaviour could be achieved by combining these 

technologies with sophisticated biological read-outs (e.g., single-cell and next generation 

sequencing, highly multiplexed mass spectrometry), advances in synthetic biology and gene 

editing with CRISPR to precisely control gene expression in mammalian cells, as well as 
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advances in soft robotic systems that closely mimic the physical properties of the native 

ECM.(128) 

 

7. Stem cells respond to forces 
 

Stem cells respond to mechanical cues and properties of their physical niche through 

mechanosensing and mechanotransduction, which affects proliferation, self-renewal and 

differentiation into specific cell fates, as well as their self-assembly and organization (Appendix 

2).Stem cells sense their mechanical environment through cell-cell and cell-ECM adhesion, 

mechanosensitive ion channels and their primary cilium (Figure 2.1A).(114, 129, 130) Several 

classical pathways transduce physical cues to biochemical signals, although it is important to 

note that mechanotransduction can function differently depending on context and cell type. 

Integrin receptors bind ECM ligands such as RGD, which activates focal adhesion kinase (FAK, 

Figure 2.1B), an important regulator of cell adhesion. In response to mechanical perturbations, 

mechanical homeostasis in stem cells is maintained by modifying focal adhesion ligand affinity, 

by regulating focal adhesion assembly and disassembly, as well as by regulating the underlying 

cytoskeleton and actomyosin contractility.(114) These adhesion complexes and interacting 

cytoskeleton activate mechano-responsive signaling, such as Rho kinase (RhoA) and mitogen-

association protein kinase (MAPK), and downstream mechano-transduction pathways, such as 

MAL, a G-actin-binding coactivator of serum response factor (SRF),(27, 28) Yes-associated 

protein (YAP), and transcriptional coactivator with PDZ-binding motif (TAZ)(29) (Figure 2.1B). 

Moreover, the cytoskeleton is associated with nuclear structures, linking the physical properties 

of cells to gene expression. Cytoskeletal forces are transmitted to the nucleus by the lamin A 

component of the nuclear lamina (LMNA, Figure 2.1B), altering chromatin structure, for example 

inducing stretching and opening, which regulates transcription factor accessibility.(124) LMNA 
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expression and assembly of the nuclear lamina increases with tissue stiffness.(123) Extrinsic 

forces may also directly upregulate transcription by deforming the nucleus.(131) Neural stem 

cells respond to cell membrane tension through a mechanically-gated Piezo1 calcium ion 

channel (Piezo1).(129) Moreover, primary cilia have important roles in mechanoregulation in 

adult tissues by engaging the cytoskeleton to activate signalling pathways that promote the 

differentiation of stem cells in response to mechanical cues.(130, 132) 

 

The mechanical properties of cell adhesion substrates regulate stem cell self-renewal in culture, 

which is consistent with observations in developmental studies. While developmental studies 

have primarily examined the role of adhesion receptors, synthetic niche systems are also used 

to examine how the mechanical properties of the environment regulate stem cell behaviour. For 

example, increased stiffness of tropoelastin substrates enhanced hematopoietic stem and 

progenitor cell expansion, which, interestingly, was dependent on the structure and contractility 

of the cytoskeleton but was independent of integrin signaling.(133) Similarly, the stiffness of 

electrospun substrates controlled iPSC proliferation.(134) In adult and neonatal cardiomyocytes, 

compliant elastic matrices enhanced clonal expansion by suppressing maturation and promoting 

de-differentiation, modifying the sarcomere network, and promoting cell division.(135) 

 

Synthetic niche systems have been used to examine how ECM proteins in fibrillar structures, as 

opposed to homogeneous and nonfibrillar matrices, can differentially regulate stem cells. 

Decreasing fibrillar stiffness enhanced stem cell proliferation by enhancing traction forces and 

ligand clustering, independent from the overall substrate mechanical properties.(136) Extrinsic 

forces also regulate stem cell proliferation and self-renewal. Mechanical strain applied to ES 

cells on 2D elastomeric substrates coated with recombinant basement membrane increased 
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their self-renewal and reduced differentiation.(137) However, these 2D system do not mimic the 

environment of the developing embryo. 

 

Bone marrow-derived mesenchymal stem cells (MSCs) are a useful model to study stem cell 

mechanobiology, as they are post-natal cells that can be isolated from adult tissues. MSCs can 

differentiate into multiple lineages, giving rise to tissues with a wide range of mechanical 

properties, including rigid bone and cartilage, and soft fat and marrow stroma.(3) Uniaxial 

stretch of MSCs upregulated the Wnt/β-Catenin pathway, suggesting that mechanical strain 

promotes proliferation.(138) However, further work is required to determine the magnitude and 

mode of strain that supports MSC proliferation. Exploiting mechanical cues to maintain and 

expand stem cell populations in culture is potentially important for scaling up the production of 

cells for therapeutic applications such as transplantation. 

 

Intrinsic mechanical signals play an important part in the generation of microtissues from ES 

and iPS cells. The differentiation state of microtissues derived from ES cells increases with the 

stiffness and viscosity of the cell aggregate, which is regulated by actomyosin contractility.(139) 

Soft collagen-coated polyacrylamide 2D substrates that matched the intrinsic softness of ES 

cells maintained their pluripotency,(140) whereas localized stresses externally applied to the 

surface of ES cells by RGD ligand-coated magnetic beads induced ES cell spreading and 

differentiation.(141) The responses were correlated with the intrinsic softness of the cell,(141) 

probably by regulating actomyosin contractility. 

 

The spatial orientation of ES cell microtissues guides the formation of embryonic germ layers, 

which is mediated by cell-cell contact and cortex contractility that transmits forces in the cell 

layers.(142) 3D scaffolds that encapsulate ES cell-derived embryoid structures tune cell fate 
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and germ layer specification by enabling the manipulation of cell-generated forces.(143) By 

mimicking the soft biophysical architecture of embryoid bodies early in development, artificial 

niches were used to guide iPSC self-organization to promote amniogenesis in a BMP-SMAD-

dependent manner.(144) Moreover, a soft micropillar substrate system was used to regulate the 

Hippo pathway in iPS cells to promote neural induction, similar to what is observed in embryonic 

development during neural plate specification and A-P axis formation during neurulation.(145) 

 

Defined mechanical and biochemical cues of synthetic niches can also facilitate the 

reprogramming of somatic cells into iPS cells, as indicated by the ability of soft ECM with a 

particular composition to regulate mesenchymal-to-epithelial transition and epigenetic 

remodeling to enhance reprogramming.(146) It remains to be determined specifically how 

viscoelastic properties regulate in vitro generation of microtissues from stem cells, although 

these are likely to play a prominent role. Recent work showed expansion of stem cells and 

development of structures in a synthetic PEG system with reversible crosslinks that are 

expected to impart viscoelasticity, although the mechanics were not yet characterized.(147)  

 

Mechanical cues regulate the fate of stem and progenitor cells isolated from adult tissues. Many 

studies demonstrate that the differentiation of MSCs derived from adipose or bone marrow 

tissue is regulated by the elasticity of their matrix,(2, 3) and MSCs appear to switch to the fate of 

cells whose native ECM is most closely matched to the elasticity of the substrate or matrix, i.e., 

stiffer substrates promote osteogenic differentiation, while softer substrates induce fat or 

neuronal differentiation.(3) Hydrogel macroscale mechanics directly contribute to differentiation 

fate, which is jointly regulated by the specific ECM proteins or immobilized ligands utilized for 

adhesion.(96) N-cadherin ligands that mimic cell-cell adhesive junctions of MSCs increased the 

mechanical threshold for YAP/TAZ signaling (Figure 2.1B) and reduced actomyosin contractility 
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compared to only RGD ligands that mimic cell-matrix adhesion.(70) In other cell types, 

substrates that match the soft mechanics of bone marrow promoted the differentiation of 

megakaryocytes and generation of proplatelets.(148) Neural stem cells were directed towards 

neuronal differentiation in soft conditions, and glial cells in stiffer conditions.(149) These findings 

have been extended to 3D systems, and the use of alginate- based systems demonstrated that 

MSC fate in 3D is controlled independently by stiffness, while diffusion and overall gel 

architecture were held constant.(2) The development of artificial 3D ECMs has also revealed 

that mechanical and matrix factors contribute to the programming of adult stem cells in 

organoids.(97) Highly stiff synthetic hydrogels enhanced the expansion of adult intestinal stem 

cells in a YAP-dependent manner, while low matrix stiffness promoted cell differentiation and 

intestinal organoid formation. The spatial properties and heterogeneities of the stem cell niche 

affect how stem cells transduce mechanical cues into changes of cell fate, as more random, 

less-ordered mechanical cues suppressed differentiation markers of MSCs and maintained 

stem cell lineage markers compared to a more ordered structure.(43) Furthermore, MSCs may 

be more responsive to mechanical gradients of stiffness, which can be established by varying 

the level of crosslinking along a spatial axis, as compared to stiffness alone.(150-152) 

 

The impact of mechanics on cell fate appears to be regulated in a cell-intrinsic manner by 

YAP/TAZ signaling, which allows cells to store information from the past physical environments 

to influence cell fate and suggests they possess a mechanical memory.(153) Retention of 

mechanical history in MSCs is regulated by mi-R21 levels (Figure 2.1B), which gradually 

increased during priming on stiff substrates to promote their fibrogenic program.(45) MSCs may 

also integrate the mechanical properties over time, as earlier stiffening induced more osteogenic 

differentiation compared to later stiffening in a dynamic system.(154) 
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In addition to stiffness, or elasticity, the ability of the ECM to flow and dissipate stress, or 

viscoelasticity, can regulate the spreading behaviour and differentiation of MSCs through 

traction forces in a cell intrinsic manner.(6, 11) Matrices that rapidly relax an applied stress can 

enhance osteogenic differentiation and matrix production by MSCs. Additionally, substrate 

creep and stress-stiffening affect MSCs differentiation.(92, 155) Unlike purely elastic systems, 

physical environments that exhibit viscoelastic behaviour allow cells to reversibly change their 

shape and volume in response to cues (Figure 2.4B-C). Changes in cell volume may be partially 

responsible for the impact of mechanics on stem cell fate. 

 

These findings are consistent with the role of mechanics in regulating signaling over space and 

time, and cells’ dependence on re-organization and/or dissipation of energy in the matrix. 

Externally applied forces also can regulate the fate of adult stem cells, although the precise 

mechanotransduction pathways are often unclear. Articular and vertebral cartilage are subject to 

loading from movement and forces transmitted through the axial skeleton, and synthetic niche 

systems are used to investigate how external forces, like hydrostatic pressure, promote 

chondrogenesis and matrix production of stem cells in vitro.(117) Mechanoregulation of 

chondrogenesis also appears to be coupled to the rate- and time- dependence of loading. 

Dynamic compression of MSCs by cyclic compressive strain (10%, 1 Hz) increased the activity 

of downstream TGF-β1 signaling involving the Smad-2/3 pathways, and promoted 

chondrogenesis.(156) The axial skeleton is also subject to external loading, and mechanical 

stimulation by cyclic stretching, which induces Notch signaling, has been found to promote 

osteogenic differentiation of MSCs and to suppress histone deacetylase expression, providing 

an additional potential mechanism for regulation of mechanotransduction in MSCs.(157) 

Furthermore, fluid shear stress enhanced the osteogenic potential of MSCs.(158, 159) 

However, it is important to note that hydrogels may dissipate stress, so less force may be 
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transmitted to encapsulated cells than believed, and cytoskeletal changes in response to 

external stimuli may change how mechanical input is perceived or felt by the cell. Further 

studies are required to determine how these external cues are sensed by stem cells and 

transduced into mechanoresponses. These challenges could possibly be addressed by 

integrating traction force microscopy with macroscale mechanical stimuli, allowing one to 

observe cytoskeletal dynamics in response to external loading, or the use of mechanically-

sensitive molecular probes to measure ligand-receptor interactions in response to macroscale 

loading. 

 

8. Regenerative medicine applications 
 

Regenerative medicine aims to treat injuries or disease with therapies that repair or replace 

organ or tissue function. Many approaches focus on the use of endogenous or transplanted 

stem cells, and controlling cell fate stability is likely key to successful regeneration. Following 

systemic or local transplantation, stem cells often lose viability or regenerative potential, or are 

cleared in the lungs, liver and spleen. Safety concerns are paramount with the use of pluripotent 

cells, highlighting the importance of controlling their localization and fate in vivo.  
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Figure 2.5. Tissue regeneration can be enhanced by exploiting stem cell mechanobiology.  
A) Stem cells can be transplanted on or in synthetic matrices with defined mechanical properties, such as 
stiffness and viscoelasticity, that promote proliferation and/or a particular stem cell fate; in this example, 
stem cells are programmed by the matrix to enhance bone repair in the mandible. B) Stem cells can be 
pre-conditioned with mechanical cues, either by culturing on or in matrices with specific stiffness or 
viscoelasticity, or by applying external forces of a desired strain and rate to the substrate, prior to 
collection of cells for localized (e.g., skeletal muscle site) or systemic delivery. C) Mechanical cues of 
stiffness and viscoelasticity can also be used in vitro to mimic embryonic development by driving stem 
cells to undergo self-organization, differentiation, and morphogenesis into organoid tissues, which could 
then be subsequently transplanted for organ repair or replacement; in this example, repair of the colon. D) 
Direct application of externally applied forces can be utilized to enhance regeneration by endogenous 
stem cells; in this example, stem cells in injured skeletal muscle tissue. Both the absolute magnitude of 
strain and rate of application may regulate the regenerative process. 
 

Synthetic matrices with defined mechanical properties and biophysical properties are used to 

prime stem cells ex vivo prior to transplantation to improve their capacity for regeneration 

(Figure 2.5A), as well as control their behavior in vivo following transplantation (Figure 2.5B). 

Priming hematopoietic stem and progenitor cells with materials of specific mechanical properties 

can increase their yield following transplantation and enhance reconstitution.(4, 133) Hydrogel 

substrates (2D PEG substrate coated with laminin) with a stiffness value that mimicked that of 

muscle promoted muscle stem cell self-renewal and increased their regenerative capacity when 

transplanted.(44) Substrate stiffness may also affect how stem cells regulate immune 
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responses, for example by modifying the secretory profile of MSCs.(160) Soft elastic materials 

in 2D, composed of fibronectin-coated polyacrylamide, induced reactive oxygen species (ROS) 

signaling in human bone marrow MSCs, whose conditioned media was shown to improve 

wound healing in vivo.(161) In vivo, soft alginate-based scaffolds with matrix metalloprotease 

(MMP)-cleavable domains improved MSC invasion into host tissue in mouse models compared 

to a stiffer material, and matrix production at the delivery site was significantly enhanced.(106) 

In engineering 3D human cardiac tissues, enhanced sarcomere organization and contractile 

function resulted from the use of a chemically- crosslinked gelatin-PEG material with stiffness 

similar to native cardiac tissue that facilitated the ability of cells to establish cell-cell 

adhesions.(162) Gelatin degradation over time was likely important to these effects, because 

chemical crosslinking of PEG and gelatin initially leads to a purely elastic material that would not 

otherwise allow cells to self-organize or remodel matrix. Synthetic niches can improve MSC 

transplantation for bone tissue repair by tuning stiffness to direct cell fate, as well as 

programming porosity to facilitate host integration, using a viscoelastic alginate system(163) 

(Figure 2.5B). Microfluidic platforms can form synthetic niches on the single-cell level with 

specified stiffness to improve the distribution and paracrine function of MSCs after 

transplantation into the systemic circulation of animals.(164) An alginate matrix with rapid 

relaxation has been shown to enhance bone regeneration compared to more slowly relaxing 

hydrogels, even in the absence of stem cell delivery, presumably by promoting osteoblast 

differentiation and matrix remodeling.(165) Similarly, an appropriate combination of a material’s 

chemical and physical properties can regulate stem cell migration into a site of injury, and be 

used to support rapid cutaneous tissue regeneration.(166) The challenge of controlling stem cell 

fate and morphogenesis after transplantation may be addressed by harnessing the potential for 

organogenesis in vitro. Mechanical cues have been shown to promote organogenesis,(97) so 
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synthetic niches may be able to generate organoid tissues in vitro for subsequent repair or 

replacement of damaged organs in vivo (Figure 2.5C). 

 

It has long been known that external mechanical forces regulate responses to injury. 

Mechanical unloading of bone in microgravity favors maintenance and expansion of 

mesenchymal and hematopoietic stem cells in bone marrow, while limiting their 

differentiation,(167) and disuse atrophy is observed in skeletal muscle. Current clinical practices 

exploit active mechanical cues on a regular basis to drive tissue remodeling and regeneration. 

Distraction osteogenesis, which applies external strain on segments of bone, has been widely 

used clinically to promote bone formation.(168) Orthopaedic implants have been designed to 

minimize strain-shielding at a fracture site, in order to promote strain- mediated effects on bone 

remodeling and regeneration.(169) A recent clinical trial showed low-magnitude, high-frequency 

mechanical stimulation in pediatric cancer survivors with low bone mineral density was safe and 

efficacious in enhancing peak bone mass during youth.(170) In dentistry, orthodontic tooth 

movement is achieved by stressing the periodontal ligament to induce tissue remodeling.(171) 

 

Success to date in the clinic with selected tissues generates the question of whether mechanical 

therapies can be extended to other disease and tissue contexts, such as muscle, and motivates 

the development of new therapies that exploit stem cell mechanobiology with actuating rigid or 

soft materials. Cyclic external strain has been used to pre-condition muscle stem cells in 3D 

animal-derived matrices prior to implantation, and improved the function of subsequently 

regenerated muscle in mouse models(172, 173) (Figure 2.5A). However, it is not clear precisely 

how strain impacts cells in these systems, because the mechanics and composition of these 

materials are variable and not completely controlled. 
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Alternatively, muscle can also be directly stimulated in vivo with externally applied forces to 

promote healing and reduce inflammatory injury (Figure 2.5D). Applying forces to muscle during 

massage reduced inflammatory injury caused by exercise by activating FAK and extracellular 

signal-regulated kinase 1/2 (ERK1/2) pathways (Figure 2.1B), which increase mitochondrial 

biogenesis and inhibit nuclear translocation of nuclear factor κβ (p65).(174) Repeated forces 

applied via soft robotic devices were found to promote skeletal muscle regeneration in animals 

following severe injury, and reduced fibrosis and inflammation.(175) However, it remains to be 

shown clinically whether and how external stimulation impacts stem cells in muscle. An 

important goal of future work is to connect clinical data with pre- clinical findings relating 

mechanical stimuli and cell responses. 

 
9. Summary, Conclusions and Perspectives 

 

Biological tissues are composed of materials, which transmit forces and exhibit diverse 

mechanical properties, and cells that generate and are subject to physical forces. These 

mechanical properties and forces regulate stem cell function and guide developmental 

processes, and tissue repair. As one can independently manipulate specific biophysical 

properties of synthetic matrices, these systems are advancing our understanding of 

mechanotransduction mechanisms in stem cells, and leading to technologies to guide stem cell 

fate. However, care must be taken when comparing results from studies as parameters such as 

dimensionality, chemistry, viscoelastic properties, degradability, and diffusional transport may 

vary substantially. Moreover, reported values of mechanical parameters can be biased by the 

measurement technique. Lastly, many research groups may not have access to these synthetic 

systems owing to their limited commercial availability; therefore, a need exists for standardized 

and more easily accessible model systems. 
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Stem cell transplantation has previously been limited by lack of control over distribution and loss 

of cell viability, and while biomaterials can address certain of these challenges,(164) future 

efforts should exploit mechanics to control post-transplant cell fate. Beyond regeneration, 

materials systems that control the physical and biochemical microenvironment of individual cells 

open up exciting opportunities in stem cell research. For example, they may be valuable in 

building human-based in vitro models of organs and disease. Nerve-promoting hydrogels mimic 

the embryonic neurogenic niche to promote branching of adult epithelial progenitors into gland-

like structures (176) (Appendix 3). New chemistries are being discovered to expand the limited 

repertoire of materials for stem cell culture by using screening techniques adapted from the 

microfabrication industry.(177, 178) (Appendix 4) Finally, additive manufacturing can fabricate 

devices and material systems from computer-aided designs that mimic organ-level physiology 

and disease.(179) 

Mechanical cues likely play key roles in many other processes in biology and disease, and the 

advances to date in the stem cell field may find broad application in these areas as well. For 

example, fibrosis and cancer feature changes in the physical interactions of cells and their 

matrix. Fibrosis is involved in many disease processes, but it is unclear how mechanical 

interactions of putative cells and their niche regulate initiation and development of disease. 

While mechanics has been implicated in the initiation and progression of malignant 

lesions,(180) studies are just now demonstrating how intrinsic or extrinsic forces and the tumor 

microenvironment regulate tumor rejection or resistance to therapies,(5) and how mechanical 

forces are involved in oncogenic signaling pathways.(181) Future work will bridge the gap 

between basic research in mechanobiology and improved therapies for patients. 



Chapter 3
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Short summary for table of contents: 

An artificial extracellular matrix was developed to independently tune viscoelasticity to 

manipulate resistance to intrinsic cellular forces, while mimicking fibrillar architecture of native 

extracellular matrix. 

Abstract – Materials that can mimic the fibrillar architecture of native extracellular matrix (ECM) 

while allowing for independent regulation of viscoelastic properties may serve as ideal, artificial 

ECM (aECM) to regulate cell functions. Here we describe an interpenetrating network of click-

functionalized alginate, crosslinked with a combination of ionic and covalent crosslinking, and 

fibrillar collagen type I. Varying the mode and magnitude of crosslinking enables tunable 

stiffness and viscoelasticity, while altering neither the hydrogel’s microscale architecture nor 

diffusional transport of molecules with molecular weight relevant to typical nutrients. Further, 

appropriately timing sequential ionic and covalent crosslinking permits self-assembly of collagen 

into fibrillar structures within the network. Together, these results describe and validate a novel 
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material system for investigating how viscoelastic mechanical properties of ECM regulate 

cellular behavior.  
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1. Introduction 

 

The extracellular matrix (ECM) regulates cells in development, regeneration, and disease (182-

184) through presentation of biochemical cues, and mechanical cues that alter the intrinsic and 

extrinsic forces generated by and imposed on cells, respectively (182). Adherent cells respond 

to the resistance of the ECM to cellular traction forces, in a manner dependent on both the static 

mechanical properties of ECM, such as stiffness or modulus (3), and the time-dependent 

viscoelastic (6, 185) or plastic properties (39). However, in vivo and traditional cell culture model 

systems often allow for limited control of ECM mechanics or do not present native ECM 

molecules for cell binding, so there is a significant need for material systems that allow one to 

specifically tune viscoelasticity without altering other properties of the matrix, such as ligand 

presentation and density, matrix architecture, and diffusional transport. 

 

A variety of material systems are currently being used to mimic various biochemical cues of 

native ECM while tuning the mechanical properties, and to explore how these impact stem cells. 

Polyacrylamide or poly(dimethylsulfoxide) hydrogels have been widely used in two-dimensional 

cell culture studies to tune the stiffness of cell-adherent substrates coated and/or patterned with 

fibronectin or collagen ECM proteins (3, 9). In addition, the effects of time-dependent 

mechanical properties, such as stress relaxation, on cell behavior have also been investigated 

on two dimensional substrates by using materials formed via non-covalent crosslinking (10, 11). 

A variety of naturally-derived and synthetic polymers are used as three-dimensional cell culture 

substrates, typically following covalent crosslinking by photoinitiated- (12, 13), free-radical- (14), 

click- (15-17), or dynamic (18, 19) mechanisms to form substrates with tunable stiffness and 

viscoelasticity. However, changes in the weight percent (% w/v) of the polymers or degree of 

crosslinking may also affect the resulting polymer mesh size and transport properties of 
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macromolecules. One can instead utilize physical crosslinking mechanisms, as in the ionic 

crosslinking of alginate, to form viscoelastic hydrogels with tunable mechanical properties (6). 

However, neither of these systems typically feature the hierarchical architecture of native ECM, 

such as the fibrillar structure of collagen type I. In native ECM, collagen type I is secreted by 

cells as a procollagen triple helix non-fibrillar protein, which physically and chemically crosslinks 

into collagen fibers (20). Fibrillar collagen can be challenging to incorporate and maintain in 

three-dimensional matrices, because its fibers can be inhibited or altered by changes in 

collagen content and matrix crosslinking mode and density. Collagen type I can form 

interpenetrating networks with hydrogels formed with non-covalently (186) or dynamic 

covalently (18) crosslinked polymers, as well as methacrylated-gelatin (187). However, none of 

these studies have reported that collagen fiber architecture can be maintained independent of 

matrix viscoelasticity. Previous alginate-collagen IPN studies used diluted alginate (0.5% w/v) 

and collagen (1.5 mg/mL) concentrations over a narrow range of storage moduli (0.03 – 0.3 Pa), 

and also did not investigate or tune the viscoelastic properties of the matrix (186). It is important 

to be able retain fibrillar ECM structures to mimic native ECM, while also tuning both stiffness 

and viscoelasticity. 

 

We hypothesize that sequential ionic and covalent crosslinking of interpenetrating networks of 

type I fibrillar collagen and click-functionalized alginate will enable independently tunable shear 

moduli (or stiffness) and viscoelasticity, without significantly altering the diffusional transport or 

architectural properties of the matrix. To create this artificial ECM (aECM), we generated an 

interpenetrating network of collagen type I and alginate, in which the alginate could be 

crosslinked via covalent and/or ionic bonds (Figure 3.1A-C). Collagen is used in this system to 

mimic the architectural and biochemical cues of fibrillar collagen in native ECM of various 

tissues. Specifically, we model how the matrix mechanics of tumors or sites of tissue injury 
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regulate the immunomodulatory properties of mesenchymal stem cells (MSCs). Alginate was 

chosen to tune mechanics, because it can be ionically crosslinked by divalent ions (e.g., 

calcium) cooperatively bound to specific sugars, glucuronic acid residues, that are arranged in 

blocks on the alginate chains (G-blocks); as one increases the availability of divalent ions, the 

cooperative binding of adjacent sugars in the G-blocks is reinforced rather than adding 

additional crosslinks.(101) Thus, ionic crosslinking of alginate can be used to tune the 

crosslinking density and modulus of the matrix, without changing the total amount of alginate, 

ligand density, or resulting mesh size of the network.(2) Covalent crosslinking is introduced into 

the system by incorporating low molecular weight alginate (Alg) that has been functionalized to 

contain either norbornene (Nb) or tetrazine (Tz), which are bio-orthogonal chemical groups that 

“click” together via an inverse electron demand Diels-Alder click reaction with a release of 

nitrogen gas (17). Previous studies with this system did not contain fibrillar collagen matrix and 

were not yet developed for independently tuning stiffness and viscoelasticity (17). Ionic and 

covalent crosslinking are tuned to be sequential in order to permit self-assembly of collagen 

type I into a fibrillar ECM structure during the reversible ionic crosslinking (Figure 3.1D-E).  
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Figure 3.1. Artificial extracellular matrix (aECM) hydrogel system features hierarchical and 
tunable covalent and ionic crosslinking. A) Collagen type I protein (green) is mixed with calcium 
carbonate nanoparticles (red) to obtain a homogenous suspension at 4° C. B) Next, an alginate polymer 
solution and cells are added to the mixture while maintaining a neutral pH and 4° C.  C) After the addition 
of weak acid glucono-delta-lactone, the gel mixtures are rapidly cast and form hydrogels at 37° C. 
Alginate (blue) and self-assembled fibers of collagen type I form an interpenetrating network (IPN) 
hydrogel. Crosslinking domains of alginate (dotted circle) contain both covalent and ionic bonds (inset). 
D-E) Sequential ionic and covalent crosslinking of alginate permits collagen type I self-assembly into a
network. D) Collagen self-assembles with a representative time scale (tCollagen). E) In parallel, alginate
reversibly crosslinks within blocks of glucuronic acid residues (inset) following addition of divalent cations,
such as calcium, (red circles), with a representative reaction time (tIonic). Following initial alginate gelation
and collagen self-assembly, click chemistry groups norbornene (Nb, purple) and tetrazine (Tz, light blue)
provide secondary covalent crosslinks within the G-blocks over an addition time (DtNbTz) and release N2
gas.

Calcium carbonate nanoparticles are homogeneously mixed with the hydrogel polymer solution 

prior to crosslinking (Figure 3.2A). Calcium carbonate is used instead of other calcium salts, 

e.g., calcium sulfate (101), because it remains insoluble at neutral pH and allows for uniform
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distribution of calcium prior to crosslinking. Ionic crosslinking is initiated by the pH-dependent 

release of soluble calcium ions by the addition of a weak acid, glucono-delta-lactone (GDL). 

The rate of initiation of gelation depends on the pH of the solution (Figure 3.2B). In the presence 

of calcium ions, a combination of Alg-Nb and Alg-Tz polymers will rapidly undergo ionic 

crosslinking at their constituent G-blocks to form a hydrogel network, because the majority of 

carboxyl groups on each alginate chain are unmodified (>90%) and are available for ionic 

crosslinking. Following initial gelation and collagen self-assembly, it was hypothesized that Nb 

and Tz groups, now spatially confined in the crosslinked alginate G-blocks, could provide 

additional covalent crosslinks in the network and impart elasticity without altering gel 

architecture.  

Figure 3.2. Calcium carbonate nanoparticles are used to crosslink alginate hydrogels. A) Phase 
contrast image of calcium carbonate (CaCO3) nanoparticles, which form a homogeneous suspension in 
collagen-alginate prior to crosslinking (right image). Scale bar, 0.1 mm. B) Oscillatory rheology of storage 
modulus (Pa) at 1 Hz and 1% strain of alginate (Alg) at 0.45% w/v calcium carbonate (Ca) following 
addition of weak acid, glucono-delta-lactone (GDL), to initiate gelation at an initial pH 7 (red), pH 7.5 
(blue), and pH 8 (black). 
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2. Materials and Methods

Materials synthesis and preparation 

Low molecular weight (MW) ultra-pure sodium alginate (Provona UP VLVG, NovaMatrix) was 

used for these studies, with an approximate MW of ~32 kDa, ratio of glucuronic acid to 

mannuronic acid of ≥ 1.5, and ≤ 100 endotoxin units per gram, according to the manufacturer. 

(4-(1,2,4,5-Tetrazin-3-yl)phenyl)methanamine - Trifluoroacetic acid (Tz) was synthesized as 

previously described (17). Briefly, 50 mmol of 4-(aminomethyl)benzonitrile hydrochloride and 

150 mmol formamidine acetate were reacted with 1 mol of anhydrous hydrazine and quenched 

with 0.5 mol of sodium nitrite. Next, the product was isolated sequentially in 10% HCl and 

NaHCO3, extracted with DCM, and purified via reverse phase HPLC. The final product was 

recovered by rotary evaporation and purified by HPLC. After synthesis of Tz, click-modified 

VLVG was obtained by covalent coupling of either Tz or 5-(aminomethyl)bicyclo[2.2.1]hept-2-

ene (Nb, Norbornene Methanamine, TCI America) as previously described (17). The following 

protocol results in 5% degree of substitution, which refers to 5% of available carboxylic acid 

groups modified with Nb tor Tz per mol of high molecular weight alginate (MW = 32 kDa). First, 

VLVG alginate was dissolved at 1% w/v in pH 6.5 buffer (0.1 M MES, 0.3 M NaCl). Second, N-

hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 

(EDC) were added in 5x molar excess based on the number of carboxylic acid groups of the 

molecular weight alginate (MW = 32 kDa). Third, Nb or Tz was added at 1 mmol per gram of 

alginate, stirred at room temperature for 16 h. Finally, the product was centrifuged and purified 

via tangential flow filtration utilizing a 1 kDa molecular weight cutoff column (Spectrum Labs) 

using a decreasing salt gradient from 150 mM to 0 mM NaCl in de-ionized water, followed by 

treatment with activated charcoal, sterile filtration (0.22 µm), and freeze drying for long-term 

storage. All chemicals were purchased from Sigma-Aldrich. 
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Fabrication of interpenetrating network (IPN) hydrogels 

First, collagen and alginate biopolymer solutions were prepared prior to hydrogel fabrication. 

Bovine atelo-collagen, Type I (9-10 mg/mL, FibriCol, Advanced BioMatrix) or rat tail telo-

collagen, Type I (8-11 mg/mL, Corning) was neutralized on ice to 5 < pH < 6.5 to prepare a 

stock solution of collagen with 10x HBSS (without calcium and magnesium, with phenol red, 

Sigma-Aldrich), 1 M N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (20 mM final 

concentration, HEPES, Gibco), and 1 M sodium hydroxide (~1% final concentration, NaOH). 

Unmodified (Alg) or modified VLVG alginates (Alg-Nb or Alg-Tz) were dissolved in a buffered 

salt solution (HBSS, 20 mM HEPES) at desired concentration (5% to 8% w/v). The pH was 

adjusted with 1 M NaOH to pH 7, as necessary. Second, a calcium carbonate (CaCO3) slurry 

was obtained by ultrasonicating (70% amplitude, 15 seconds) nanoparticles of precipitated 

calcium carbonate (nano-PCC, Multifex-MM, Specialty Minerals) in sterile water (Water-For-

Injection, WFI, Gibco) at 100 mg/mL. Third, immediately prior to casting the hydrogels, an 

appropriate amount of collagen was adjusted to pH 7.5 and mixed with appropriate amount of 

CaCO3 slurry on ice for final concentrations of 0.10% to 0.45% w/v calcium and 4 mg/mL 

collagen. Fourth, alginate was mixed with the collagen-calcium solution on ice prior to gelation. 

For unmodified alginates (Alg), VLVG, collagen-calcium, and HEPES-buffered HBSS 

(HBSS/HEPES) were stirred thoroughly with micro-stir bars in appropriate amounts for desired 

final concentration (1.5% w/v alginate). For click-modified alginates (NbTz), the ratio of Alg-Nb 

to Alg-Tz was adjusted depending on calcium condition (Table 1). For these gels, Alg-Nb, 

collagen-calcium, and HBSS/HEPES were stirred thoroughly, and Alg-Tz was reserved to add 

later. Immediately prior to gelation an appropriate amount (4x molar excess of the calcium 

concentration) of freshly dissolved glucono-delta-lactone (0.4 g/mL in HBSS/HEPES, GDL, 

EMD Millipore) was added during rapid stirring. Then, the reserved amount of Alg-Tz was 
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added. The resulting hydrogel solution was quickly transferred by micro-pipets to a mold or plate 

for characterization. Initial gelation for 1 h was performed at 37° C in tissue culture incubator, 

followed by equilibration in HBSS/HEPES buffer at 37° C for 1 h, and then replacement of buffer 

with cell culture media. The initial pH of the polymer solution tunes the ramping of crosslinking 

from 30 seconds after adding GDL at pH 7 to 200 seconds at pH 8 (Figure 3.2B), which 

provides working time for handling the materials. 

Table 3.1. Formulations of collagen-alginate IPN hydrogels 
IPN Hydrogel Collagen 

(mg/mL) 
Total 
alginate 
(% w/v) 

VLVG 
alginate 
(% w/v) 

Nb-
alginate 
(% w/v) 

Tz-
alginate 
(% w/v) 

CaCO3 
(% w/v) 

GDL 
(mM) 

Nb:Tz 
ratio 

Alg 4 1.5 1.5 0 0 0.10 – 
0.45 40 – 180 n/a 

1.0% NbTz, 
0.25 NT 4 1.5 0.5 0.2 0.8 0.10 – 

0.15 40 – 60 0.25 

1.5% NbTz, 
1 NT 4 1.5 0 0.75 0.75 0.30 – 

0.35 120 - 180 1.0 

1.0% NbTz, 
1 NT 4 1.5 0.5 0.5 0.5 0.30 – 

0.35 120 - 180 1.0 

Rheological characterizations 

Rheological characterization of the resulting IPN hydrogels was performed on a stress-

controlled rheometer (AR-G2, TA Instrument) using a 20mm cone plate. 75 µL of hydrogel 

solution was loaded immediately onto the peltier plate after mixing. A humidity chamber was 

used to prevent dehydration. The oscillatory rheology was used to measure the storage 

modulus (G’), loss modulus (G”), and loss angle (delta, d) during the onset of crosslinking and 

after equilibrium was achieved. Rheological tests included an oscillatory time-sweep for 1 h at 

25° C (1 Hz, 1% strain) during calcium carbonate-crosslinking, a second oscillatory time-sweep 

for 0.5 - 1 h at 37° C (1 Hz, 1% strain) for gel equilibration and collagen crosslinking, followed by 

oscillatory frequency sweep (1% strain, 0.1 to 10 Hz). A shear stress relaxation test was 
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performed by applying 15% shear strain in 1 s and then maintaining 15% strain while recording 

shear stress for 2 - 10 h. The initial time-sweep at 25° C was used to avoid carbon dioxide and 

nitrogen gas bubbles, which cause rheological artifacts. Unless otherwise noted, frequency 

sweep and stress relaxation tests were conducted at 25° C. 

Macromolecular transport analysis 

Model macromolecules, fluorescently-labeled bovine serum albumin (BSA, 66 kDa, Invitrogen) 

and FITC-IgG (mouse isotype Ab controls), were used to assess biologically-relevant transport 

within the IPN hydrogels, as previously described (180, 186). Briefly, unmodified and Nb-Tz 

IPNs at low and high calcium crosslinking were used to encapsulate 1 mg/mL AlexaFluor 488-

BSA or 33.3 µg/mL IgG in microwells (10 mm diameter) in a 24-well plate (MatTek). Gels were 

allowed to equilibrate for 1 hour at 37° C in a solution of 1 mg/ml labeled BSA or 33.3 µg/mL 

IgG in HBSS/HEPES. This media was selected to maintain neutral pH during gel equilibration 

with physiological salt concentrations, while avoiding calcium, magnesium, or inorganic 

phosphate ions in the media that may alter the gel properties. Altering the media composition 

may affect the molecular weight cutoff (MWCO) of the gels, but we expect the changes to be 

uniform across the conditions tested. Then, this solution was replaced by release media (0.2 

mL, HBSS/HEPES, 2.5 mM calcium chloride), which was subsequently collected at 0, 0.25, 0.5, 

1.0, 1.5, and 2 hours while samples were continuously agitated on an orbital shaker. Fresh 

release media was replaced at each time point. Fluorescence of the collected release media 

was measured by a plate reader (Biotek, 492 nm excitation, 518 nm emission). The diffusion 

coefficient D was determined by normalizing the cumulative fluorescence intensity to the initial 

equilibration solution and fitting with a semi-infinite slap approximation (Equation 1, A = matrix 

area, V = media volume).(180) 
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Immunostaining and confocal imaging of collagen and alginate networks 

VLVG alginate was modified with TAMRA (rhodamine, Sigma) to fluorescently label the alginate 

network, as previously described (6). VLVG-TAMRA was added to IPN formulations (Table 3.1) 

at 10% of the final alginate % w/v. IPN hydrogels of unmodified (Alg) and Nb-Tz alginates at low 

and high crosslinking were fabricated and then equilibrated overnight in staining media of 

HBSS/HEPES, 1% BSA, and 2 mM calcium chloride at 37° C. Immunostaining for collagen was 

performed in staining media for 2 h at room temperature (1/500, rabbit polyclonal anti-collagen I, 

ab34710), followed by three washes and secondary staining for 1 h at room temperature 

(1/1000, goat anti-rabbit IgG Alexa Fluor 488, ab150077). For Fast Green staining, IPNs were 

fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 10 minutes, followed by 

washing with PBS and staining for 2 hours with 0.1% Fast Green FCF (Sigma-Aldrich) in 30% 

(v/v) ethanol according to manufacturer recommendations. Confocal fluorescence and second-

harmonic imaging (SHG) of stained IPNs was performed with a 20x or 40x objective on a Leica 

SP5 X multi-photon inverted confocal microscope. At least three images were acquired per 

condition. Histograms from each image were analyzed by Matlab to solve for Gaussian fits. The 

mean fit parameters were used to plot histograms of the mean frequency distribution of labeled 

alginate, collagen, and protein signal intensity per pixel. Collagen SHG signal was quantified by 
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the mean intensity per pixel of a z-stack of 15 µm depth. Intensity line scans were obtained from 

ImageJ. 

Phase contrast imaging and retrieval of conditioned media and cells of IPNs 

Phase contrast images were taken of cells encapsulated in IPNs with an EVOS microscope. 

The relative cross-sectional area of cells was measured in ImageJ.  

Statistical analysis 

Statistical analysis was performed on Prism GraphPad software. Statistical tests used one-way 

or two-way ANOVA and post-hoc tests for multiple comparisons, or Student's t-tests for 

comparison between two groups. P-values less than 0.05 was assumed to be significant in all 

analyses. Error bars represent standard error of mean, unless otherwise noted. 

3. Sequential ionic and covalent crosslinking tune the viscoelasticity of aECM

First, the gelation kinetics, shear moduli (or stiffness), and viscoelastic properties of calcium 

crosslinked, unmodified alginate (Alg) hydrogels and NbTz modified alginate hydrogels (NbTz) 

without calcium crosslinking were characterized by oscillatory rheology. At low crosslinking 

density (0.15% w/v calcium carbonate), Alg transitions from a more fluid phase to a solid-like 

gel phase at about 375 seconds, as defined by the time when the loss angle falls below 45 

degrees (Figure 3.3A). The loss angle measures the phase difference between the oscillatory 

applied strain and measured shear stress, and values below 45 degrees indicate the fluidity of 

the polymer mixture is diminished, and larger-scale re-arrangements of the networks are 

reduced.
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 At a higher crosslinking density (0.30% w/v calcium), Alg gels more rapidly (~70 s) (Figure 

3.3B). The rate of Nb-Tz crosslinking was explored by adjusting the ratio of Nb-to-Tz groups 

(N:T) and weight percent (% w/v) of NbTz; a constant total quantity of alginate was maintained 

in gels by adding unmodified Alg as needed. The fluid-to-solid transition time for Nb-Tz 

increased 10-fold from ~90 s to ~900 s as the crosslinking density of Nb-Tz was reduced from 

high (1.5% w/v NbTz, 1.0 N:T ratio) to low (1.0% NbTz, 0.25 N:T ratio) (Figure 3.3C-D). Thus, at 

both high and low crosslinking densities, onset of gelation (loss angle < 45 degrees) was faster 

for ionic crosslinking (Alg) than for covalent Nb-Tz crosslinking. 
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Figure 3.3. Sequential ionic and covalent crosslinking tune the viscoelasticity of aECM. 
A-D) Oscillatory shear rheology (1 Hz, 1% strain, 25° C) with a cone-plate geometry was used to
determine the timescales of transition from a more fluid phase (loss angle > 45°) to solid-like gel phase
(loss angle < 45°) of alginate hydrogels with either ionic or covalent crosslinking. Storage modulus, G’
(solid line), loss modulus, G” (dotted line), loss angle (open circle). A-B) Unmodified alginate with only
ionic crosslinking, Alg (blue, 1.5% w/v total alginate, 4 mg/mL collagen type I) at low and high crosslinking
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(Continued) densities (0.15% and 0.3% w/v calcium carbonate). C-D) A combination of alginate polymers 
functionalized with either norbornene (Nb) or tetrazine (Tz) form hydrogels upon mixing via Nb-Tz 
covalent crosslinking, NbTz (red, 1.5% w/v total alginate, 4 mg/mL collagen type I) at low and high 
crosslinking density (low - 1.0% w/v NbTz, 0.25 N:T ratio; high – 1.5% w/v NbTz, 1 N:T ratio). E-F) 
Frequency sweeps after equilibrium of aECM hydrogels formed with either only ionic (Alg, blue) or 
sequential ionic and covalent crosslinking (NbTz, red) at low and high crosslinking densities (low – 0.15% 
Ca, 1.0% NbTz, 0.25 N:T ratio; high – 0.3% Ca, 1.5% NbTz, 1 N:T ratio). Storage modulus, G' (solid line), 
loss modulus, G” (dotted line), loss angle (open circle). Graphs show representative data from rheological 
measurements. 

Several gel formulations (selected from Table 3.1) were subsequently used to fabricate the 

collagen-alginate aECM hydrogels with either solely ionic crosslinking (Figure 3.3E-F, Alg), or a 

combination of ionic and covalent crosslinking (Figure 3.3E-F, NbTz), and were mechanically 

characterized. The storage moduli G’ of Alg and NbTz hydrogels were similar to one another at 

both low or high crosslinking density. 

Conversely, the loss angle was lower for NbTz hydrogels across a range of frequencies (Figure 

3.3E-F), which indicates more elastic and solid-like behavior. These data indicate one can 

achieve tunable and matched shear storage moduli with Alg and NbTz aECM hydrogels at 

these crosslinking conditions, while maintaining constant at each stiffness the % w/v of calcium 

carbonate, collagen content, and overall alginate content. Furthermore, Nb-Tz click chemistry 

can be used to tune viscoelasticity of aECM hydrogels, as measured by the loss angle, at low 

and high crosslinking densities, without significantly altering the storage moduli compared to 

ionic-only Alg hydrogels. 
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Figure 3.4. Macromolecular diffusion of bovine serum albumin (BSA) and interpenetration of 
aECM hydrogels are uniform across Alg and NbTz hydrogels. A) Cumulative release of 
fluorescently-labeled BSA from Alg and NbTz hydrogels at low and high crosslinking densities. Low – 
0.15% Ca, 1% NbTz 0.25 N:T ratio; High – 0.35% Ca, 1.5% NbTz 1 N:T ratio. B) The diffusion coefficient 
(D) of BSA, calculated from release curves, for various hydrogels. Error bars represent the 95%
confidence interval (CI) of D for each condition. C) Confocal fluorescent imaging of rhodamine (TAMRA)-
modified Alg (left) and anti-collagen I antibody staining of Alg (right). D) Mean distributions of
fluorescence intensities for TAMRA-Alg hydrogels, n = 3. E) Confocal fluorescent imaging and F) mean
distribution of FastGreen staining of collagen protein in NbTz hydrogels. Images shown are
representative of across all conditions. Scale bar 100 µm.

It was hypothesized that the sequential ionic and then covalent crosslinking of alginate would 

not alter nutrient transport and the architecture of the interpenetrating network at the cell-scale. 

First, the diffusion of a model macromolecule, BSA, was analyzed through the aECMs. 

Fluorescently-labeled BSA was encapsulated in Alg and NbTz aECM hydrogels, and its 

cumulative release was uniform across conditions (Figure 3.4A). The release data were fit to a 

semi-infinite slab diffusion approximation (Equation 1). The curve is not linear, but was only 

evaluated at early time points (< 2h), during which the release appears linear, to better meet 
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assumptions for the semi-infinite slab approximation. The diffusion coefficients (D) calculated 

from this data (Equation 1) revealed no significant differences in BSA diffusion between Alg and 

NbTz aECM hydrogels, as well as between calcium crosslinking conditions (Figure 3.4B). The 

transport of larger macromolecules (>150 kDa) was examined by diffusion studies using IgG 

isotype control antibodies (Figure 3.5).  Diffusion was not significantly different between low and 

high crosslinking for each system. Although, differences in diffusion of IgG were observed 

between NbTz and Alg materials. 

Figure 3.5. Macromolecular diffusion of immunoglobulin-G (IgG) in various aECM hydrogels 
containing 1.5% w/v total alginate and 4 mg/mL type I collagen. A) Cumulative release of 
fluorescently-labeled IgG from aECM with low and high ionic crosslinking (Alg, 0.15% w/v and 0.35% w/v 
calcium carbonate) or high and low ionic and covalent crosslinking (NbTz, low – 0.15% Ca, 1.0% NbTz 
0.25 N:T ratio; high – 0.35% Ca, 1.5% NbTz 1 N:T ratio). B) The diffusion coefficient (D) of IgG for 
various Alg and NbTz hydrogels with low and high crosslinking. Error bars represent the 95% confidence 
interval (CI) of D for each condition, n = 3. 

The uniformity of interpenetration of the polymers at the micron-scale and the consistency in 

collagen self-assembly in the aECM was also determined. Analysis of the fluorescence signal of 

rhodamine-labeled alginate (TAMRA) and anti-collagen type I immunostaining demonstrated 

that alginate and collagen were uniformly distributed in Alg hydrogels across low and high 

crosslinking densities (Figure 3.4C-D). The collagen immunostaining was similar in low NbTz 

hydrogels. 
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FastGreen staining was then performed on NbTz hydrogels as an alternate approach to 

visualize non-fibrillar collagen protein distribution, and collagen protein was found to be 

uniformly distributed (Figure 3.4E-F). Fluorescence intensity line scans clearly indicate 

interpenetration, as there is no spatial separation of intensities as a function of distance at a 

cellular size scale (Figure 3.6).  

Figure 3.6. Confocal imaging demonstrates uniform interpenetration at the micron-scale of 
aECM hydrogels of various compositions containing 1.5% w/v total alginate and 4 mg/mL type I 
atelo-collagen. Intensity line scans show relative fluorescent signal over 100 µm. A-C) Rhodamine
(TAMRA)-modified Alg at low and high ionic crosslinking (0.15 and 0.35% Ca). E-F) Anti-collagen I 
antibody staining of Alg. G-I) FastGreen staining of collagen protein in NbTz hydrogels. Low – 0.15% Ca, 
1.0% NbTz, 0.25 N:T ratio. High - 0.35% Ca, 1.5% NbTz, 1 N:T ratio. Larger-scale representative 
confocal sections of each condition are shown on the right. Scale bar 100 µm. 
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4. Collagen fiber assembly is impacted by covalent Nb-Tz crosslinking

Visualization of the collagen fibrillar network using second-harmonic generation (SHG) confocal 

imaging (188) revealed that the SHG signal intensity was higher in low Alg compared to high Alg 

and low NbTz, but the overall architecture appeared similar (Figure 3.7).  

Figure 3.7. Collagen fiber formation is reduced by high NbTz crosslinking in aECM hydrogels 
containing 1.5% w/v total alginate and 4 mg/ml type I atelo-collagen. A-B) Confocal second 
harmonic generation (SHG) imaging of collagen fibrillar structure (cyan) of Alg (A) and NbTz (B) at low 
and high ionic (0.15% and 0.35% w/v calcium carbonate) and covalent crosslinking (low – 1.0% NbTz 
0.25 N:T; high – 1.5% NbTz 1 N:T). Images shown are with 20x objective, single confocal section, scale 
bar 100 µm. C-D) Plot profiles of intensity line scans of SHG signal of Alg (C) and NbTz (D) hydrogels at 
low and high crosslinking. It is important to note that average intensity for NbTz high 1.5% 1NT is at 
background level, indicating there is no collagen assembly. 

In addition, encapsulation of cells did not inhibit the assembly of collagen during crosslinking 

(Figure 3.8). However, a significant loss of collagen architecture was observed in the NbTz 
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hydrogels at high crosslinking density (0.35% Ca, 1.5% NbTz, 1 N:T ratio). These findings 

indicate that while collagen is evenly distributed throughout the various hydrogels, collagen’s 

assembly into fibrils is compromised in the high NbTz gels. 

Figure 3.8. Collagen fibers self-assemble and interact with cells in aECM hydrogels containing 
1.5% w/v total alginate and 4 mg/ml type I telo-collagen. Left) Phase confocal image of hMSC 
encapsulated in aECM hydrogel. Right) Confocal second harmonic generation (SHG) signal of collagen 
fibrillar structure (green) from single confocal section corresponding to the same region and focal plane 
as the phase contrast image. Cells were encapsulated at 2 x 106 cells/mL. Images shown are with 40x 
objective, single confocal section, scale bar 50 µm. Condition shown is Alg hydrogel at 0.3% Ca ionic 
crosslinking, which is representative of all conditions. This image was obtained from a single confocal 
section to focus on the outline of the cell in the phase contrast channel. 

Next, we investigated if manipulating the rates of collagen physical crosslinking and Nb-Tz 

covalent crosslinking could rescue collagen self-assembly in the high calcium NbTz gels. First, 

the gel phase transition time of atelo-collagen, which was used in the IPNs in all studies to this 

point, and telo-collagen type I were determined by oscillatory rheology. The loss angle of 

atelo-collagen type I reached less than 45 degrees in about 200 seconds, while telo-collagen 

type I reached less than 45 degrees after less than 10 seconds (Figure 3.9A), which is 

consistent with the manufacturer’s information. The slow transition of atelo-collagen type I 

likely underlies the lack of collagen fiber formation in the high NbTz aECM hydrogels. NbTz 

crosslinking was subsequently slowed by reducing the composition of NbTz from 1.5% to 1.0% 

w/v, while adding 0.5% Alg to maintain a constant alginate concentration, and maintaining the
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 N:T ratio at 1.0. The 1.0% NbTz hydrogels loss angle reached below 45 degrees at 200 s, 

instead of 90 s (Figure 3.9B).  

Figure 3.9. Self-assembly of collagen fibrillar architecture in click-crosslinked aECM depends on 
rate of collagen and norbornene (Nb) and tetrazine (Tz) crosslinking. A) Gelation kinetics of 
collagen type I (4 mg/mL) crosslinking at 37° C with telopeptides (Telo-Col I, black) or without 
telopeptides (Atelo-Col I, gray) with 1.5% w/v alginate and 0% w/v calcium carbonate. Storage modulus, 
G' (solid line), loss modulus, G” (dotted line), loss angle (open circle). B) Gelation kinetics of NbTz 
hydrogels can be controlled by their composition. Shear moduli (left) and loss angle (right) with only click  
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(Continued) alginate crosslinking (1.5% w/v total alginate, 4 mg/mL collagen type I, 0% w/v calcium 
carbonate) of 1.5% w/v NbTz (red, 1 N:T) and 1.0% w/v NbTz (purple, 1 N:T). Storage modulus, 
G' (solid line), loss modulus, G” (dotted line), loss angle (open circle). C) Frequency sweeps after 
equilibrium of 1.0% NbTz aECM hydrogels with high calcium (0.3%) and high covalent crosslinking (1 
N:T ratio) at 1% strain (1.5% total alginate, 4 mg/mL telo-collagen type I). Storage modulus, G' (solid 
line), loss modulus, G” (dotted line), loss angle (open circle). Graphs show representative data from 
rheological measurements. D) Second harmonic generation (SHG) confocal imaging of fibrillar collagen 
in Alg (blue), 1.5% NbTz (red), and 1.0% NbTz (purple) with high crosslinking (0.3% Ca, 1 N:T ratio), 4 
mg/mL telo-collagen type I, and 1.5% w/v total alginate. 40x objective, maximum intensity projection of 
15 µm z-stack, scale bar 25 µm. 

Complete NbTz aECM hydrogels were fabricated at 0.30% w/v calcium for 1.0% and 1.5% 

NbTz, and both reached a similar plateau modulus G’ (Figure 3.10A). The frequency sweep for 

G’ was also similar, and the loss angle was 2.3 degrees for 1% NbTz compared to 1 degree

 for 1.5% NbTz (Figure 3.3F and Figure 3.9C). The phase transition times for all NbTz

crosslinking conditions are summarized in Figure 3.10B.  

Figure 3.10. Oscillatory shear rheology of NbTz hydrogels. 
A) Time-sweep at high crosslinking density (0.3% Ca and 1 N:T ratio) with 1.5% w/v total alginate and 4
mg/mL collagen type I. Storage modulus (G’, solid line) and loss modulus (G”, dotted line) were determined
at 1 Hz and 1% strain, 25° C. B) Time-sweep of loss angle of covalent-only crosslinking of NbTz as a
function of varying NbTz composition. Loss angle (d) was determined at 1 Hz, 1% strain, and 25° C.
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SHG confocal imaging of collagen fibrillar networks in Alg, 1.0% NbTz, and 1.5% NbTz showed 

that collagen self-assembly was significantly reduced in 1.5% NbTz aECM hydrogels, even with 

use of telo-collagen instead of atelo-collagen (Figure 3.9D). However, 1.0% NbTz rescued

collagen self-assembly, with similar collagen fiber morphology and intensity as Alg hydrogels.

No statistically significant differences were observed in collagen fiber mean fluorescence

intensity between Alg and 1.0% NbTz aECM hydrogels (Figure 3.11). 

Figure 3.11. Collagen fibrillar architecture of aECM hydrogels is maintained by slower covalent 
crosslinking. A) Confocal second harmonic generation (SHG) imaging of aECM hydrogels at high 
crosslinking (0.3% Ca and 1 N:T ratio) with 1.5% w/v total alginate and 4 mg/mL type-I telo-collagen. 
Images shown are maximum intensity projections of 15 µm z-stacks. Scale bar 50 µm. B) Mean collagen 
fiber intensity was measured by SHG confocal z-stacks. * statistically significant difference, one-way 
ANOVA with Tukey’s multiple comparisons test, n = 6, p < 0.05. 
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5. Discussion

A novel aECM material system consisting of an interpenetrating network of collagen type I and 

click-functionalized alginate was fabricated that provides tunable covalent and ionic crosslinking 

to vary the rate of stress relaxation of the matrix, or viscoelasticity, independently from the 

storage moduli, or stiffness. Hydrogels with only ionic crosslinking (Alg) and click-alginate 

hydrogels with both ionic and covalent crosslinking (NbTz) were generated that reached the 

same plateau storage moduli at 0.25 kPa, 0.5 kPa and 2.5 kPa. Across this range of moduli, 

ionic crosslinking yielded hydrogels with a rate of stress relaxation (~102 seconds) similar to 

native tissues.(182) The rate of stress relaxation was significantly increased to greater than 

3000 seconds by the addition of covalent crosslinks with click-functionalized alginate, without 

changing the modulus, calcium concentration, or total content of alginate and collagen. Existing 

material systems for tuning matrix mechanics typically yield either viscoelastic or purely elastic 

mechanics, but native ECM is modified in development, regeneration, and disease to exhibit 

varying types of both viscous and elastic properties (182). The resulting range of elastic moduli 

of 1.5 to 7.5 kPa (assuming E = 3xG’) from these studies is physiologically relevant, as it is 

similar to the range of stiffening previously reported in mouse models of pancreatic ductal 

adenocarcinoma (189). Solid tumors also show an increase in elastic energy, independent of 

stiffness (190). This mechanically-tunable aECM provides a facile approach for investigating the 

roles of both stiffness and viscoelasticity on cellular behavior.  

Crosslinking conditions of the aECM were varied without significantly impacting the diffusional 

transport properties of BSA and interpenetration of collagen and alginate at the cell-scale. The 

diffusion constant for BSA was relatively constant with different mode and magnitude of 
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crosslinking, which suggests the nutrient diffusion is not significantly altered in the various 

hydrogels used in these studies. The reduction in diffusional transport of IgG of the NbTz gels 

compared to Alg gels suggests IgG is on the order of the characteristic size of the mesh.

However, macromolecules on the scale of BSA or smaller (e.g., growth factors, cytokines, 

amino acids, sugars, etc.) are expected to uniformly transport through the material. Moreover, in 

each material system IgG transport was not altered between low and high crosslinking, so 

larger macromolecular transport can still be compared between moduli. In addition, the 

fluorescence signal of alginate and collagen was uniform across the conditions, indicating that 

the interpenetrating network was maintained without phase separation at the cell-scale. These 

results for the ionically crosslinked hydrogels are consistent with previous studies using other 

ionically crosslinked alginate hydrogels (2, 186). However, the addition of covalent crosslinking 

typically would be expected to change the network architecture. Here, the use of small 

crosslinking agents which can only bridge polymer chains in close proximity, and temporal 

sequencing of the various gelation processes in the gels likely resulted in click-crosslinking 

occurring only in the G-blocks of adjacent alginate chains instead of randomly along the 

polymer chains. The relatively large mesh size of alginate gels (~5 nm)(107) results in different 

alginate chains generally being too separated for the click crosslinking agents (size ~0.2-0.3 

nm)(191) to effectively bridge and form crosslinks. However, the ionic crosslinking will bring the 

G-blocks into close contact, allowing the click groups on the sugar residues in these G-blocks to

react. Therefore, the sequential kinetics of ionic and then covalent crosslinking allows for 

independently tunable mode and magnitude of crosslinking without significantly altering the 

alginate network architecture.



71 

Further, sequencing the timescales for ionic and covalent crosslinking allowed for collagen self-

assembly to mimic the fibrillar architecture of native ECM. Second generation harmonic (SHG) 

confocal imaging of the collagen fibers showed a significant reduction in fiber assembly in the 

faster gelling 2.5 kPa covalent and ionic (NbTz) aECM hydrogels. This result indicates that 

covalent crosslinking of Nb-Tz can disrupt the ability of collagen to self-assemble. However, the 

fiber assembly was largely rescued by decreasing the w/v % of NbTz, which delays the 

covalent crosslinking gelation time. In agreement with our results, static covalent crosslinking 

has previously been reported to be incompatible with collagen self-assembly into fibrillar 

structures (18). The sequential ionic and covalent crosslinking of aECM here is analogous to 

how collagen is covalently modified in tissues. Following collagen self-assembly, enzymatic 

crosslinking by lysyl oxidase further crosslinks assembled collagen fibers (192-194) to alter their 

mechanical properties without altering the overall ECM content of the tissue (195). Together, 

these studies demonstrate one approach to build complex hierarchical structures of 

extracellular matrix with tunable mechanical properties. 

6. Conclusions

Novel artificial ECM hydrogels with tunable stiffness and viscoelasticity were fabricated from 

interpenetrating networks of collagen type I and click-functionalized alginate, using a 

combination of ionic and covalent crosslinking. Viscoelasticity was controlled by covalent 

secondary crosslinking of click-functionalized alginate, without altering the diffusional nutrient 

transport or alginate architecture at the cell-scale. Temporal control of sequential ionic and 

covalent alginate crosslinking permitted collagen self-assembly into a fibrillar structure. These 

results demonstrate how material systems can be used to generate hierarchical and tunable 

ECM and inform the development of physical models of tissues. 



Chapter 4
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Collagen fiber assembly is dependent on the viscoelasticity of an interpenetrating 
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Short summary for table of contents: 

An artificial extracellular matrix system with tunable viscoelasticity revealed how supramolecular 

assembly of collagen into fiber structures is dependent on the viscoelasticity of an 

interpenetrating non-fibrillar polysaccharide matrix. 

Abstract – Collagen is the most abundant protein in humans and is secreted extracellularly to 

support tissues’ multi-scale hierarchical properties. Collagen macromolecules physically 

assemble into supramolecular fibers within a molecularly crowded, polysaccharide-rich 

extracellular matrix, such as hyaluronic acid. Extracellular matrix typically exhibits fluid-like 

properties that can be measured by the degree of viscoelasticity. Here, we determine that 
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viscoelasticity of polysaccharide matrix impacts the assembly of collagen fibers, and show its 

relevance to collagen fibrosis. Collagen type-I assembles into fibers while interpenetrating within 

a network of chemically-modified alginate, which is a non-mammalian polysaccharide. The 

viscoelasticity of the alginate network is tuned by the degree of covalent reinforcement of its 

crosslinks, without significantly impacting the storage modulus, or stiffness. Second-harmonic 

generation confocal imaging reveals that increasing matrix solid-like elasticity significantly 

impairs the rate and magnitude of collagen fiber assembly. A Flory-Huggins model of phase 

separation of collagen molecules into fibers is consistent with these observations. Further, 

increased collagen fibrosis of tumors from a mouse model of oral cancer is associated with 

more fluid-like, viscous tumors. Together, these data suggest that extracellular matrix 

viscoelasticity can physically regulate collagen assembly into fibrillar structures. Thus, 

mechanotransduction of extracellular matrix extends beyond directly impacting cell behavior to 

also regulating the assembly and structure of macromolecules.  
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1. Introduction

Mechanical properties of extracellular matrix (ECM) can direct cell behavior in homeostasis, 

disease, and regeneration (182). However, it remains unknown how the mechanics of 

extracellular matrix impacts formation of hierarchical fibrillar structures. Understanding how 

mechanics influences how collagen fiber assembly in extracellular matrices would provide 

insights to building tissue hierarchy, as well as regulation of collagen fiber assembly in fibrotic 

tissues. 

Collagen is the most abundant protein in the human body to provide architectural and 

mechanical properties of tissues. Collagen type-I in tissues interpenetrates with non-fibrillar 

matrix proteins and polysaccharides. Hyaluronic acid is a polysaccharide of glucuronic and N-

acetyl glucosamine residues and is decorated by hyaluronic acid-binding proteoglycans, which 

have a protein core and highly-charged heparin sulfate chains (196). Supramolecular assembly 

of collagen into fibrillar hierarchical structures occurs in a molecularly crowded environment 

(Figure 4.1A). Procollagen proteins are secreted by cells as high-molecular weight 

macromolecules into their surrounding ECM, where they are processed into mature collagen by 

collagen type-specific metalloproteinase enzymes (ADAMTS) by cleavage of amino- and 

carboxy-propeptides (196). (196). Following processing into mature collagen, collagen triple 

helices assemble in a quasihexagonal, staggered geometry and to form nanofibrillar structures 

of collagen (197) (Figure 4.1A, middle). Intermediate-sized microfibrils develop by nucleation, 

organization and unilateral elongation of short primary fibrils (196) (Figure 4.1A, right).  
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Figure 4.1. Collagen type-I proteins undergo supramolecular assembly in interpenetrating 
extracellular matrix (ECM). 
A) Collagen type-I assembles into fibers in the presence of non-fibrillar ECM, such as hyaluronic acid.
Hyaluronic acid is composed of a polysaccharide backbone and proteoglycans with charged groups, such
as heparin sulphate. B) Collagen interpenetrating with alginate polysaccharides is used as model to study
how viscoelasticity of non-fibrillar ECM impacts macromolecular assembly of collagen into fibers.
Collagen fibers are mixed with precipitated calcium carbonate nanoparticles and alginate polymers. The
addition of weak acid glucono-delta-lactone releases calcium ions that cooperatively bind alginate chains
via blocks of glucuronic acid residues (G-blocks). Collagen protein self-assembles into fibers at 37° C. C)
Alginate was chemically modified with norbornene (Nb) or tetrazine (Tz) click-chemistry groups to tune
the viscoelasticity of G-block crosslinking domains.

We developed an artificial ECM to investigate collagen assembly in interpenetrating non-fibrillar 

polysaccharide matrices. Neutralized rat tail type-I collagen protein is mixed on ice with 



77 

precipitated calcium carbonate nanoparticles and alginate biopolymers (Figure 4.1B). Alginate is 

a polysaccharide of repeating glucuronic and mannuronic acid residues (101). Upon addition of 

a weak acid, glucono-delta-lactone, calcium ions are slowly released from calcium carbonate 

(198). Alginate blocks of glucuronic acid (G-blocks) cooperatively bind calcium ions by carboxyl 

groups (Figure 4.1B, inset), which forms a viscoelastic hydrogel with properties similar to 

hyaluronic acid (102, 199). Collagen remains a freely-soluble macromolecule at 4° C. Increasing 

the temperature of the system to 37° C promotes collagen self-assembly into collagen fibers 

(Figure 4.1B, right). The viscoelasticity of the polysaccharide network was tuned by 

incorporation of covalent-crosslinks in the G-blocks by click chemistry. Alginate biopolymers 

were chemically modified with either norbornene (Nb) or tetrazine (Tz) groups, which 

spontaneously undergo an inverse electron demand Diels-Alder click reaction with a release of 

nitrogen gas to covalently reinforce existing crosslinks, without reacting with cells or proteins 

(Figure 4.1C) (17, 200). We use this system to examine how the viscoelasticity of an 

interpenetrating polysaccharide matrix impacts the supramolecular assembly of collagen type-I 

macromolecules into collagen fibers. 

2. Materials and Methods

Materials synthesis and preparation 

Low molecular weight (MW) ultra-pure sodium alginate (Provona UP VLVG, NovaMatrix) was 

used for these studies, with an approximate MW of ~32 kDa, ratio of glucuronic acid to 

mannuronic acid of ≥ 1.5, and ≤ 100 endotoxin units per gram, according to the manufacturer. 

click-modified VLVG was obtained by covalent coupling of either (4-(1,2,4,5-Tetrazin-3-

yl)phenyl)methanamine - hydrochloric acid (Tz, KareBay Biochem, Inc.) or 5-
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(aminomethyl)bicyclo[2.2.1]hept-2-ene (Nb, Norbornene Methanamine, TCI America) as 

previously described (17, 200). The following protocol results in 5% degree of substitution, as 

previously described (200). First, VLVG alginate was dissolved at 1% w/v in pH 6.5 buffer (0.1 

M MES, 0.3 M NaCl). Second, N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC) were added in 5x molar excess based 

on the number of carboxylic acid groups in this molecular weight alginate (MW = 32 kDa). Third, 

Nb or Tz was added at 1 mmol per gram of alginate, and stirred at room temperature for 16 h. 

Finally, the product was centrifuged, filtered (0.22 µm), purified via tangential flow filtration 

utilizing a 1 kDa molecular weight cutoff column (Spectrum Labs) using a decreasing salt 

gradient from 150 mM to 0 mM NaCl in de-ionized water, followed by treatment with activated 

charcoal, sterile filtration (0.22 µm), and freeze drying for long-term storage. All chemicals were 

purchased from Sigma-Aldrich.  

Fabrication of interpenetrating collagen-alginate network hydrogels 

Hydrogels of interpenetrating collagen type-I and alginate were prepared as previously 

described (200). Rat tail telo-collagen, Type I (8-11 mg/mL, Corning) was neutralized on ice to 

6.5 < pH < 7.0. For 1 mL of collagen, the following were mixed sequentially prior to adding 

collagen: 100 uL of 10x HBSS (without calcium and magnesium, with phenol red, Sigma-

Aldrich), 20 uL of 1 M N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (20 mM final 

concentration, HEPES, Gibco), and 10 uL of 1 M sodium hydroxide (~1% final concentration, 

NaOH). Ultra-pure unmodified (Alg) or modified alginates (NbTz) were dissolved in a buffered 

salt solution (HBSS, 20 mM HEPES) at 5% w/v. A calcium carbonate (CaCO3) slurry was 

obtained by ultrasonicating (75% amplitude, 15 seconds) nanoparticles of precipitated calcium 

carbonate (nano-PCC, Multifex-MM, Specialty Minerals) at 100 mg/mL in sterile water (Water-

For-Injection, WFI, Gibco). Immediately prior to casting the hydrogels, collagen was adjusted to 
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pH 7.5 with 1 M NaOH and mixed with CaCO3 slurry on ice for final concentrations of 4 mg/mL 

collagen and 0.30% w/v calcium. Alginate was stirred with the gel solution on ice for final 

concentration of 1.5% w/v total alginate. For click-modified alginates (NbTz), the ratio of Alg-Nb 

to Alg-Tz and theoretical concentration of Nb-Tz crosslinking ([Nb-Tz], Appendix 5) was 

adjusted (Table 4.1). Immediately prior to gelation an appropriate amount (4x molar excess of 

the calcium concentration) of freshly dissolved glucono-delta-lactone (0.4 g/mL in 

HBSS/HEPES, GDL, EMD Millipore) was added during rapid stirring. The resulting solution was 

quickly transferred by micro-pipets to a microwell of multi-well MatTek plates. Initial gelation for 

1 h was performed at 4° C on ice, prior to transferring to an environmentally controlled 

microscopy chamber for second-harmonic generation confocal imaging. 

Table 4.1. Formulations of click-modified collagen-alginate interpenetrating hydrogels 
Theoretical 
[Nb-Tz] 
crosslinking 

Collagen 
(mg/mL) 

Total 
alginate 
(% w/v) 

VLVG 
alginate 
(% w/v) 

Nb-
alginate 
(% w/v) 

Tz-
alginate 
(% w/v) 

CaCO3 
(% w/v) 

GDL 
(mM) 

Nb:Tz 
ratio 

0 4 1.5 1.5 0 0 0.30 120 n/a 
0.40 4 1.5 0.5 0.2 0.8 0.30 120 0.25 
0.55 4 1.5 0 0.273 0.7267 0.30 120 0.375 
1.00 4 1.5 0.5 0.5 0.5 0.30 120 1.0 

Second-harmonic generation confocal imaging of collagen fiber assembly and fibrosis 

Following gel fabrication at 4° C on ice, interpenetrating collagen-alginate hydrogels were 

transferred to a humidified microscopy chamber for second-harmonic generation confocal 

imaging (201) at 37° C in 1 mL of HBSS/HEPES buffer per well for 1 hr, which was then 

replaced with fresh buffer. A time-series of images of collagen signal were acquired with Leica 

confocal and multi-photon laser excitation (810 nm) with NDD settings of 400-410 nm and <400 

nm. Z-stacks were obtained of 7.5 µm-thick sections from 25 µm to 175 µm. Images were 
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thresholded with FIJI (ImageJ) and quantified for fraction fiber area, node count of fiber 

nucleation, and mean fluorescence intensity (MFI) from background-subtracted maximum 

intensity projections. Unfixed fresh 1 mm-thick tumor sections were also imaged and quantified 

with the same methods. 

Rheological characterizations collagen-alginate hydrogels 

Rheological characterization of the resulting IPN hydrogels was performed on a stress-

controlled rheometer (AR-G2, TA Instrument) using a 20mm cone plate as previously described 

(200). 75 µL of hydrogel solution was loaded immediately onto the peltier plate after mixing. A 

humidity chamber was used to prevent dehydration. Oscillatory rheology was used to measure 

the storage modulus (G’), loss modulus (G”), and loss angle (delta, d) with an oscillatory time-

sweep for 3 h at 25° C (1 Hz, 1% strain), followed by oscillatory frequency sweep (1% strain, 0.1 

to 10 Hz). A shear stress relaxation test was performed by applying 15% shear strain in 1 s and 

then maintaining the strain over time while recording shear stress for 2 - 12 h. The time-sweep 

at 25° C was used to avoid carbon dioxide and nitrogen gas bubbles, which cause rheological 

artifacts. 

High-frequency ultrasound imaging of mouse oral cancer tumors 

Mouse oral cancer tumors were studied by transplantation of mouse oral cancer cell line 

(MOC1) heterotopically in the flank (202) that was cultivated to be escape anti-PD1 immune 

checkpoint blockade (MOC1E cell line). 8-12 week-old female C57BL/6 mice were housed in a 

pathogen-free animal facility and all experiments performed were approved by the IACUC of 

Harvard University. Similar to previous studies, the MOC1 cell lines were cultured in 

IMDM/Hams-F12 with 5% FCS (203). For transplantation, cells were washed extensively and 
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resuspended in endotoxin-free PBS (Fisher) and injected subcutaneously into the flanks of 

mice. Tumor growth was monitored biweekly and tumor volume was calculated based on the 

formula (L X W2)/2. Tumors were excised and embedded in 4% low-melting point agarose in 

PBS (SeKem LE) at room temperature. Embedded tumors were imaged axially with high-

frequency ultrasound along the long-axis of the tumor with a 0.05 mm step size, immersed in 

HBSS during imaging. Axial sections were labeled by the distance along the long-axis of the 

tumor (DX mm). Echogenicity was calculated in Matlab. 

 

Nano-indentation of mouse oral cancer tumors 

Following high-frequencing ultrasound imaging, 0.5 to 1.0-mm-thick sections were obtained 

from embedded tumors with a vibratome and stored at 4° C in PBS overnight. Mechanical 

testing was performed on tissue sections using an Agilent G200 nanoindenter (Agilent, Santa 

Clara, CA, USA) with a 90° diamond conical probe tip with a 50 μm radius (DCMII, Micro Star 

Technologies, Huntsville, TX, USA) to enable measurement of bulk properties (204). The tip 

area function was calibrated using fused quartz, and a punch diameter of 45.153 μm was 

calculated at a 5 μm pre-compression depth. Tip-to-optics calibrations were done prior to each 

experiment with a fixed sheet of parafilm. A 3 × 3 array of indents with 1000 μm spacing was 

generated. Tests were run in Continuous Stiffness Measurement (CSM) mode to afford the 

complex shear modulus under the shear mode (205) at room temperature at a constant 

frequency of 110 Hz. Storage modulus G′  was measured as the energy stored during one 

oscillation cycle, and loss modulus G′′  was measured as the energy dissipated during an 

oscillation cycle (206). Poisson’s ratio (v) was estimated for the tumors using two different-sized 

rounded conical probes and were found to be approximately 0.45, corresponding to values 

confirmed in the literature for bulk measurements of hydrogel polymers and tissues (207).   



82 

Statistical analysis 

Statistical analysis was performed on Prism GraphPad software. Statistical tests used one-way 

or two-way ANOVA and post-hoc tests for multiple comparisons, or Student's t-tests for 

comparison between two groups. Normality tests were used to confirm whether data followed 

normal distributions. P-values less than 0.05 was assumed to be significant in all analyses. 

Error bars represent standard error of mean, unless otherwise noted. 

3. Concentration of covalent crosslinks tunes viscoelasticity, independent of modulus

The interpenetrating networks of collagen and alginate formed hydrogels at a storage modulus, 

G’ ~2.5 kPa (effective elastic modulus, E ~ 7.5 kPa; E = 2xG’(1+n); n = 0.5), which is in the 

range of stiffness for solid tumors, such as breast cancer and pancreatic cancer (180, 208) 

(Figure 4.2A, left). Increasing the theoretical concentration of Nb-Tz covalent crosslinks 

(Appendix 5) led to an increased solid-like elasticity of the network, as measured by a 

reduction in tan(d) (Figure 4.2A, right), while a constant storage modulus was maintained. In 

Figure 4.2B, the Nb-Tz crosslinked materials (1 mM, black line) relaxed much slower under 

static shear strain than materials with no Nb-Tz crosslinking (0 mM, blue line). Together these 

data show that covalent reinforcement of alginate crosslinking domains tunes the viscoelasticity 

of an interpenetrating collagen and alginate network hydrogel, independent of the storage 

modulus. 
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Figure 4.2. Covalent reinforcement of alginate crosslinks tunes viscoelasticity and stress 
relaxation behavior of collagen-alginate hydrogels.  
A) Oscillatory shear rheology of storage modulus (G’) and tan(d) (1% strain, 1 Hz), and B) normalized
shear stress relaxation (15% strain) of collagen-alginate interpenetrating hydrogels (1.5% wt/v alginate,
0.30% wt/v calcium carbonate) with increasing theoretical concentration of Nb-Tz covalent crosslinks.
Error bars, standard error of mean. P-value indicates statistically significant difference (p<0.05) of one-
way ANOVA with Tukey multiple comparisons test. At least three replicates were performed for each
measurement.

4. Collagen macromolecular self-assembly in collagen-alginate hydrogels depends on degree

of alginate viscoelasticity.

Next, collagen assembly in this polysaccharide system was measured in a temperature- and 

humidity-controlled imaging chamber by second-harmonic generation (SHG) confocal imaging, 

which is a nonlinear optical phenomenon, in which two photons at frequency ω are annihilated 

in a medium, and a new photon with doubled frequency/energy 2ω is generated (188). The 

signal from SHG imaging is specific for the fibrils of collagen (209). Hydrogels described in 

Figure 4.1B were fabricated on ice to maintain macromolecular collagen in a freely-soluble, non-

fibrillar state while complete alginate crosslinking was achieved (~1 hour). Next, serial images 

were taken of the collagen-alginate hydrogels after warming to 37ºC in the microscopy 

chamber, starting at time = 10 minutes. Images from single confocal sections in Figure 4.3A 

showed that collagen fibers started to form before 20 minutes in the alginate network without 
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covalent crosslinks (0 mM Nb-Tz), while collagen fiber generation was delayed with 

intermediate covalent crosslinking conditions (0.40 and 0.55 mM Nb-Tz). After overnight 

incubation, very few fibers were assembled in the high covalent crosslinking (1 mM) condition. 

Figure 4.3B summarizes the final states of collagen fiber assembly with maximum intensity 

projections of multiple confocal sections after overnight incubation (1000 min), which shows a 

trend of less collagen fiber signal with increasing theoretical concentration of Nb-Tz covalent 

crosslinks. The average collagen fiber area was quantified by thresholding in Figure 4.3C, which 

shows the evolution of fiber assembly over time, as well as the final state of collagen fibers at 

1000 min in Figure 4.3D were dependent on the concentration of covalent Nb-Tz crosslinks. The 

relative rate of collagen fiber formation was visualized by plotting normalized number of fibers 

overtime (Figure 4.3E). Half-times of fiber assembly were calculated from the normalized fiber 

number to show that increasing concentration of Nb-Tz covalent crosslinking slowed the rate of 

fiber nucleation (Figure 4.3F), in addition to the overall abundance of collagen fiber signal. Both 

the rate and magnitude of collagen fiber assembly was inhibited by the degree of Nb-Tz 

covalent crosslinks in the alginate network, which suggests that increased solid-like elasticity of 

the alginate network can directly inhibit formation and growth of collagen fibers. 
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Figure 4.3. Collagen macromolecular self-assembly in collagen-alginate hydrogels depends on 
degree of alginate viscoelasticity.  
A) Single confocal sections (7 µm) of collagen fiber assembly (green fluorescence) in hydrogels with
increasing concentration of Nb-Tz covalent crosslinks by second-harmonic generation (SHG) imaging
(multi-photon 810 nm excitation, 40x objective). Scale bar 50 µm. B) Maximum intensity projections of
SHG confocal imaging at steady state (1000 minutes). C) Fractional area of collagen fiber SHG signal as
a function of time, and D) quantification of signal area at 1000 minutes with theoretical Nb-Tz covalent
crosslinks at concentrations of 0 mM (blue), 0.40 mM (red), 0.55 mM (green), and 1.0 mM (back). E)
Relative quantification of number of collagen fibers as a function of time, and F) half-time of fiber
formation. Error bars, standard error of mean. P-values in parts D and F indicate statistically significant
differences between groups (p<0.05) by one-way ANOVA and Tukey multiple comparisons test.
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5. Phase separation of collagen molecules into supramolecular fibers depends on

elasticity of an interpenetrating nanoporous network

These striking observations of mechanical regulation of collagen fiber assembly were modeled 

qualitatively based on the thermodynamics of phase separation of collagen macromolecules 

into supramolecular fibers. The hydrogel network of alginate forms a nanoporous mesh on a 

length-scale of 1 nm (107), which is much smaller than the length-scale of a single 

macromolecule of collagen (~100 nm) (210). Collagen and an interpenetrating alginate network 

are initially well-mixed as one aqueous phase (Figure 4.4A, left), and then collagen associates 

together to form collagen nanofibrils (Figure 4.4A, middle). Fiber growth and assembly requires 

deformation of the alginate network, as the groups of collagen within the alginate assemble 

together into larger supramolecular structures (Figure 4.4A, right). The magnitude of strain e for 

a given stress s depends on covalent reinforcement of the alginate network, which imparts 

higher elasticity, κ.  In a preliminary analysis, the Flory-Huggins model of phase-separation was 

modified with a correcting term κ to account for increased elasticity of the alginate network from 

covalent reinforcement (Figure 4.4B). With k = 0, the collagen phase separates into fibers that 

are not evenly mixed with molecular collagen (Figure 4.4C, right). As k increases to 0.05, 

collagen assembly is altered (Figure 4.4C, middle), and at k = 0.2,  collagen assembly is 

impaired and does not phase separate (Figure 4.4C, left). These data were consistent with our 

experimental observations that more solid-like, elastic properties of an interpenetrating 

alginate-polysaccharide network can impair collagen supramolecular assembly into fibers. 

Further work will use incorporate rheological properties of the collagen-alginate hydrogels in 

the model, and relate our imaging data of collagen assembly to its predictions. 
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Figure 4.4. Phase separation of collagen macromolecules models fiber assembly in a 
polysaccharide network. 
A) Freely soluble collagen macromolecules interpenetrate with nanoporous polysaccharide network (left).
Collagen nucleates fiber assembly by supramolecular interactions (middle), and phase-separates into
insoluble collagen fibers (right). Due to interpenetration, the polysaccharide network experiences strain e
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(Continued) from stress s exerted by collagen phase separation, dependent on increased elasticity  from 
covalent reinforcement of the alginate network . B) The Flory-Huggins model was used to calculate the 
mixing free energy density f with the volume fraction f of collagen fibers. Free energy density was related 
to k by expressing e in terms of f. C) Free energy density f as a function of f for increasing values of k was 
consistent with the effect of increasing concentration of Nb-Tz crosslinks on collagen fiber assembly in vitro 
(green, SHG collagen fiber signal). 

6. Viscoelasticity is associated with patterns of collagen assembly in mouse oral cancer tumors

Next, we aimed to determine whether these in vitro observations were pathophysiologically 

relevant in the context of collagen fibrosis of solid tumors, which have been shown to be 

associated with more aggressive tumor growth and resistance to therapies (208). Tumors from 

a mouse oral cancer model were mechanically characterized and measured for fibrosis to 

determine whether there was an association between tumor viscoelasticity and collagen 

fibrosis. Intact explanted tumors were first imaged with high-frequency ultrasound to 

characterize the structure of the tumor. Sections were identified with regions-of-interest with 

high echogenicity and marked by their position along the long-axis of the tumor (Figure 4.5A, 

D3.5 mm). Quantification of mean echogenicity showed heterogeneity across different tumors 

and within two different sections of tumors (Figure 4.5B). Tumors were sectioned at cross-

sections D2.5 and D3.5 mm and mechanically profiled with nano-indentation to show their 

mechanical topography (Figure 4.5C). The tumor sections had similar storage modulus, G’ ~30 

kPa, whereas the tan(d) was higher from sections D2.5 mm and D3.5 mm for tumor A compared 

with tumor C, which indicated a more fluid-like, viscous character of the matrix in tumor A 

(Figure 4.5D). The collagen fiber density of these tumor sections was subsequently measured 

by SHG confocal imaging. Representative maximum intensity projections in Figure 4.5E 

showed tumor A with tan(d) ~ 0.6 had higher collagen fiber signal (green) compared with tumor 

C with 

tan(d) ~ 0.4. The collagen mean fluorescence intensity (MFI) and fractional fiber area of these 



sections showed a statistically significant reduction in quantified collagen fiber signal in 

tumor C with tan(d) ~ 0.4, compared with tumor A, tan(d) ~ 0.6 (Figure 4.5F). Together, 

these data preliminarily suggested a positive association between a more fluid-like, 

viscous tumor and increased collagen fibrosis in this oral cancer model.  

Figure 4.5. Collagen fiber architecture of oral cancer tumors is associated with tissue 
viscoelasticity. A) Echogenicity images of cross-sections at 3.5 mm along the long axis (D3.5) of 
mouse oral cancer tumors A and C by high-frequency ultrasound (40 MHz), and B) quantifications of 
relative echogenicity. C) Representative nano-indentation field of 1 mm-thick cross-sections. D) Nested 
scatterplots of storage modulus (G’) and tan (d) from nano-indentation of adjacent 1 mm-thick cross-
sections at ∆2.5 mm and ∆3.5 mm. Error bars +/- SD. E) Maximum intensity projections of collagen fibers 
of tumor A (left) and tumor C (right) by second-harmonic generation (SHG) confocal imaging (multi-
photon 810 nm excitation, 40x objective). Scale bar 50 µm. F) Quantification of SHG signal of tumor A 
(tan (δ) = 0.6) and tumor C (tan (δ) = 0.4) by mean fluorescence intensity (MFI, left) and fractional area 
(right). Statistical significance measured by unpaired two-tailed t test, p < 0.05. Error bars +/- standard 
deviation.

89 
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7. Discussion

Collagen assembly in non-fibrillar matrices was studied with an interpenetrating network of 

collagen type I and chemically-modified alginate polysaccharides, similar in composition to 

native hyaluronic acid extracellular matrix. The alginate network provided tunable concentration 

of covalent crosslinking to vary the viscoelasticity of the network, independent from the storage 

modulus and concentration of collagen proteins. This result is consistent with previous reports 

that non-fibrillar material has significant effects on properties of artificial and native tissues 

(211). Similarly, hyaluronan concentration within a collagen matrix tunes the bulk viscoelasticity 

of the matrix (212). Also, loss of hyaluronic-binding proteins in aged skin was associated with 

increased plasticity (loss of elastic properties) (213), which is analogous to less covalent 

crosslinking in a more viscous, faster-relaxing matrix in our system. Thus, this alginate system 

models non-fibrillar matrix viscoelasticity to examine how the assembly of macromolecular 

proteins into hierarchical structures is impacted.

The theoretical concentration of covalent crosslinking of the collagen-alginate network was 

inversely related to the rate and magnitude of macromolecular collagen fiber assembly in these 

three-dimensional matrices. These data were consistent with previous reports using 

poly(ethylene glycol) in an interpenetrating non-fibrllar matrix with collagen. Molecular crowding 

by the poly(ethylene glycol) produced matrices with tighter fibril networks that were less 

susceptible to proteinase-mediated degradation, but did not significantly alter matrix stiffness 

(214). Although, viscoelasticity of these materials was not assessed. Covalent reinforcement of 

the alginate polysaccharide network could be used to spatially control hierarchical assembly in 

(215, 216). These data suggest that the degree of viscoelasticity of a polysaccharide non-

fibrillar matrix can directly regulate the assembly of collagen into hierarchical fiber structures.  
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Supramolecular assembly of collagen protein into fibers was modeled based on the Flory-

Huggins free-energy of mixing of the freely soluble molecular collagen and fibrillar collagen in 

three-dimensional networks. Further work is required to determine if this model can accurately 

predict the experimental results of this system.  

Collagen fibrosis in mouse oral cancer tumors was associated with viscoelasticity of tumor 

samples, and was consistent with our in vitro model. Fibrosis is a hallmark of invasive tumor 

subtypes, like aggressive pancreatic ductal adenocarcinoma (PDAC) (208). Collagen-

crosslinking enzymes lysyl hydroxylase 2 (LH2) or lysyl oxidase (LOX) and LOX-like 2 (LOXL2) 

were significantly upregulated in late-stage tumors and associated with poor patient prognosis in 

human oral squamous cell carcinoma (219). The effective elastic modulus of the collagen-

alginate system (E = 7.5 kPa) was in the same range as fibrotic, endogenous PDAC mouse 

tumors. However, tumor viscoelasticity is not well understood. Stromal and tumor cells produce 

proteases that remodel non-fibrillar matrix, which could potentially alter viscoelasticity. ADAMTS 

and aggrecanases produced by tumor and immune cells degrade matrix components (217). 

ADAM19 and ADAMTS17 proteases were associated with T cell dysfunction and exclusion in 

multiple types of human tumors (218), suggesting their are pro-tumorigenic. Proteoglycans, like 

aggrecanase, have hyaluronic-binding domains that crosslink non-fibrillar matrix, so their 

degradation by proteases could potentially make tumors more viscous, which our data suggest 

would enhance collagen remodeling and fiber assembly, while collagen-crosslinking and tumor-

growth impart tumor rigidity and stiffness. Fibrosis is also dysregulated in tissue repair and 

inflammation. Myocardial infarction results in a fibrotic scar that is surrounded by a periphery of 

loosely organized collagen fibers (221). Our work suggests that underlying viscoelastic properties 

of matrix could help regulate collagen fiber assembly in tumors and wound healing.
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One limitation of the alginate-collagen model is that it doesn't account for strain-stiffening or 

remodeling of collagen fibers. Tissue tension from tumor growth and interstitial pressure apply 

strain to collagen fibers, which can cause collagen stiffening and alignment. In fact, collagen fiber 

alignment is a poor prognostic marker in breast cancer. Bundles of straightened and aligned 

collagen fibers oriented perpendicular to the edge of a tumor were associated with poor 

disease-specific and disease-free survival, independent of tumor grade or mutation status (220). 

Additionally, the alginate-collagen system assumes there is no significant biochemical interaction 

between alginate and collagen. An alternative could be to measure collagen assembly in 

crosslinked versus non-crosslinked hyaluronic acid to verify that the trends are consistent.

8. Conclusions

Interpenetrating collagen-polysaccharide network hydrogels were fabricated with tunable click-

chemistry covalent crosslinking to independently control viscoelasticity. The rate and magnitude 

of collagen fiber assembly depended on viscoelasticity of the collagen-polysaccharide network, 

which was consistent with a model of the free-energy of mixing of freely soluble 

macromolecular collagen and fibrillar collagen in three-dimensional networks. Collagen fibrosis 

in oral cancer tumors was associated with viscoelasticity of the tumor. These results 

demonstrate how the underlying viscoelasticity of non-fibrillar polysaccharide extracellular 

matrix can impact supramolecular assembly of collagen to generate hierarchical structures. 
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Multifunctional biomimetic hydrogel systems to enhance the immunomodulatory 
potential of mesenchymal stromal cells  

This chapter includes unpublished data from my Ph.D. and my published data on how 

mechanical cues affect the immunomodulatory phenotype of mesenchymal stromal cells, 

Biomaterials 188, 187-197 (2019) (cited in in Chapter 3), as well as research conducted in 

collaboration with visiting Ph.D. student Ainhoa Gonzalez-Pujana, who I mentored on her 

project that developed an extracellular matrix system to enhance the immunomodulatory profile 

of cytokine-primed mesenchymal stromal cells. This research was submitted for publication, 

Ainhoa Gonzalez-Pujana4,5 ‡, Kyle H. Vining1,2 ‡, David K. Y. Zhang1,2, Edorta Santos-

Vizcaino4,5, Manoli Igartua4,5, Rosa Maria Hernandez4,5*, David J. Mooney.1,2* Submitted 
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Short summary for table of contents:

Engineered extracellular matrix enhanced immunomodulatory gene expression of 

mesenchymal stromal cells. 

Abstract – Mesenchymal stromal cells (MSCs) hold great therapeutic potential, in part because 

of their immunomodulatory properties. However, these properties can be transient and depend 

on multiple factors. Culture of human MSCs (hMSCs) in a mechanically-tunable ECM system 

reveals that expression of immunomodulatory markers by naïve, unstimulated MSCs is 

differentially impacted by the viscoelasticity and stiffness of the matrix. A multifunctional 

hydrogel system is developed to enhance the immunomodulatory properties of MSCs, based on 

the combination of sustained inflammatory licensing and three-dimensional (3D) encapsulation 

in hydrogels with tunable mechanical properties. The immunomodulatory extracellular matrix 

hydrogels (iECM) consist of an interpenetrating network of click functionalized-alginate and 

fibrillar collagen, in which interferon-g (IFN-g)-loaded heparin beads are incorporated. The 3D 

microenvironment significantly enhances the expression of a wide panel of pivotal 

immunomodulatory genes in hMSCs, in comparison to two-dimensional tissue culture. 

Moreover, the inclusion of IFN-g-loaded heparin beads prolongs the expression of key 

regulatory genes, including indoleamine 2,3-dioxygenase 1 (IDO1) and galectin-9 (GAL9), which 

was dependent on licensing. Further, iECM hydrogels enhances hMSC-mediated 

immunomodulation, as co-culture of iECM-encapsulated hMSCs and T cells resulted in 

suppressed T cell proliferation. Together, these results suggest multifunctional hydrogel 

systems could be used to enhance immunomodulatory programming of hMSCs. 



96 

1. Introduction

The immunomodulatory properties of mesenchymal stromal cells (MSCs) make them promising 

candidates for the treatment of inflammatory and immune disorders. MSCs are able to regulate 

both innate and adaptive immunity by suppressing maturation, proliferation and activation of 

different immune cells (222), including monocytes and macrophages (223), dendritic cells (224,

225) and T, B and natural killer (NK) lymphocytes (226-228). MSCs mediate these effects with

different mechanisms, including direct cell-cell contact and the release of bioactive soluble 

factors, such as interleukins, metabolic enzymes or growth factors. The paracrine effects of 

released agents are considered to be mainly responsible for the immunomodulatory potential of 

MSCs (229, 230). 

Important bottlenecks in the therapeutic application of MSCs is the transient nature of their 

immunomodulatory properties, and their dependence on environmental factors. To address 

these issues and enhance the regulatory potential of MSCs, researchers have explored a 

number of approaches. MSC licensing with inflammatory signals such as interferon γ (IFN-γ) or 

tumor necrosis factor α (TNF-α) promotes the immunosuppressive phenotype of MSCs, and 

enhances the secretion of bioactive factors, but these effects are transient (231-233). However, 

exposure of MSC aggregates to IFN-γ loaded microparticles prolonged indoleamine 2,3-

dioxygenase 1 (IDO1) expression (234). Three-dimensional (3D) culture has also been reported 

to improve the anti-inflammatory and immunomodulatory properties of MSCs (235). The 

formation of cell spheroids is the most common 3D culture approach to boost the potential of 

MSCs (234, 236), and this effect is believed to be mediated by enhanced cell-cell contact. The 

mechanical properties of the MSCs microenvironment have also been demonstrated to 
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influence their biology, as MSC expression of immunomodulatory markers was differentially 

influenced by the stiffness and viscoelasticity of the matrix (200).  

Here, we propose an integrated solution to enhance the immunomodulatory properties of MSCs, 

based on combining multiple strategies. First, we developed a multifunctional system for the 

encapsulation of bone-marrow derived primary human MSCs (hMSCs), combining sustained 

inflammatory licensing and 3D biomimetic cell culture in hydrogels with tunable mechanical 

properties. The hydrogels consisted of an interpenetrating network of click-functionalized 

alginate and fibrillar collagen, in which IFN-γ loaded heparin beads were incorporated. To 

provide broad insight on the effects of this combinatorial approach on the immunosuppressive 

properties of hMSCs, the expression of several immunomodulatory genes was assessed. In 

particular, pivotal genes that are translated to bioactive factors acting at different levels of the 

regulatory response, and which are influenced by different stimuli, including IDO1, galectin 9 

(GAL9), prostaglandin-endoperoxide synthase 2 / Cyclooxygenase 2 (PTGS2), hepatocyte 

growth factor (HGF), interleukin-10 (IL10) and interleukin-1 receptor antagonist (IL1RN) (237-

242) were analyzed. The functionality of the sysem was confirmed with co-culture studies using

T cells. 

2. Materials and Methods

Cell isolation and culture 

Fresh human bone marrow from donors less than 45 years old was obtained from Lonza. 

Human MSCs were isolated by a density gradient with Lymphoprep (StemCell Technologies), 

followed by adherent culture to tissue culture plastic in alpha-minimal essential media (aMEM, 

no nucleosides, +GlutaMax, Gibco) supplemented with 20% heat-inactivated fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (Thermo). Media was changed every 3-7 days and cells 
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were passaged at 70-90% confluency. Isolated MSCs were cryopreserved after 2 passages in 

complete media and 7.5% dimethylsulfoxide (DMSO, Thermo) and thawed for subsequent 

experiments. Cells for experiments were used at passage 3-6.  

Primary human T cells were isolated from de-identified leukapheresis samples using Ficoll-

paque separation and cultured in T cell media (RPMI 1640 supplemented with 10% HI-FBS, 2 

mM L-glutamine, 1 mM sodium pyruvate, 50 μM beta-mercaptoethanol, 0.1 mM non-essential 

amino acids, 10 mM N-2-hydroxyethylpiperazine- N-2-ethane sulfonic acid (HEPES), and 1% 

P/S) supplemented with 30 U ml-1 recombinant human-interleukin-2 (IL-2), which was obtained 

from Biolegend. All antibodies were purchased from Biolegend. 

Cell encapsulation in IPNs 

For encapsulation in gels described in Chapter 3, cells were retrieved from culture and 

suspended at 40 x106 cells/mL in HBSS/HEPES on ice. An appropriate volume of stock cell 

solution for the desired final concentration (2 x106 cells/mL) was added during hydrogel 

fabrication to the collagen-calcium solution prior to adding alginate, to ensure homogeneous 

distribution of cells. After mixing all components on ice, hydrogel solutions were transferred to 

microwells (10 mm diameter) of a 24-well plate (MatTek) and incubated at 37 °C for 1 h. Then, 

1.0 mL of HBSS/HEPES buffer was added to each well and the hydrogels were incubated at 37° 

C for 1 - 2 h until complete calcium carbonate dissolution and hydrogel equilibration. The buffer 

pH was monitored during crosslinking and the buffer was replaced when it dropped below pH 7. 

Finally, media was replaced with aMEM complete media with 10% FBS and cultured at 37° C, 

5% CO2. Blank Alg IPN hydrogels (no cells) ionically crosslinked with calcium carbonate were 

cultured in transwell inserts in the same wells as adherent MSCs to determine the effects of any 

differences in soluble calcium on MSCs. 
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MSC stimulation by inflammatory cytokines to assess immunomodulatory genes 

Primary human mesenchymal stem cells (MSCs) were isolated from fresh human bone marrow 

donors less than 45 years old from Lonza by a density gradient with Lymphoprep (StemCell 

Technologies) and adherent culture to tissue culture plastic in alpha-minimal essential media 

(aMEM, no nucleosides, Gibco) supplemented with 20% heat-inactivated fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (P/S, Thermo). Following passage 1, primary cells were 

supplemented with 10 ng/mL of human basic fibroblast growth factor (FGF2, Peprotech) to 

promote expansion and improve yields (222). Media was changed every 3-7 days and cells 

were passaged at 70-90% confluency. Cells at passage 3-6 were used for experiments. Cells 

were adhered at 10,000 cells per cm2 in 24 well plates with 0.4 mL media per well in RPMI 

complete media supplemented with 10% FBS and 1% P/S. Following overnight culture, the 

media was replaced with complete media supplemented with 10 ng/ml of cytokines human 

TNFa (Sigma) and human IFNg (Sigma) or vehicle control (0.1% BSA in PBS) for 8 hours. Then, 

media was replaced complete media without cytokines and cells remained in culture until 72 

hours after initial stimulation. RNA lysis buffer was added to each well, transferred to 

microcentrifuge tubes, vortexed, and then flash frozen in dry ice and stored at -80° C or 

immediately proceeded with RNA isolation. Relative gene expression was measured by qPCR 

using the delta-delta-Ct method, normalized to a Day 0 sample and the housekeeping gene 

GAPDH. 

ELISA of conditioned media and retrieval of cells from IPNs 

Conditioned media (CM) from each well was collected for ELISA (PGE2 Parameter Assay, 

R&D). CM was centrifuged at 5000 x g for 10 minutes and the supernatant was diluted 1/10 in 

calibrator diluent. ELISA measurements of CM samples were performed as according to 
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manufacturer’s instructions and reported in pg/mL. Following collection of CM, hydrogels were 

transferred with spatulas to 96-well U-bottom plates and digested with 150 uL of 300 U/mL 

collagenase IV (Worthington) and 34 U/mL of alginate lyase (Sigma-Aldrich) at 37° C for 15 

minutes. Next, 0.1 mL wash buffer (DPBS without Ca/Mg, 2 mM EDTA, 0.5% BSA) was added, 

the plate was centrifuged at 400g for 5 minutes at 4° C, and the supernatant discarded. Then, 

0.2 mL of 50 mM EDTA/DPBS (without Ca/Mg, Thermo) was added and triturated with a multi-

well pipet until the gels fragmented. The plate was centrifuged at 400g for 5 minutes at 4° C and 

the supernatant was discarded. A final set of washes was performed with cold 0.2 mL wash 

buffer on ice, followed by centrifugation at 400g for 5 minutes at 4° C, and then repeated to 

obtain a cell pellet. Cell count and viability were measured by viability staining and flow 

cytometry (MUSE) to confirm successful isolation and to quantify cell yields. RNA lysis buffer 

was added, transferred to microcentrifuge tubes, vortexed, and then flash frozen in dry ice and 

stored at -80° C or immediately used for RNA isolation. 

IFNg-loaded heparin beads 

For immunomodulatory hydrogels, agarose beads coated with heparin (BioRad) were added in 

the hydrogels as a final step. The beads were loaded with IFN-γ by incubating them in an 80 ng 

mL-1 solution of the cytokine for 1 h at 37 °C. To quantify the IFN-g loaded in the iECM 

hydrogels, the IFN-g binding to heparin beads was determined. Heparin beads were incubated 

in an 80 ng ml-1 solution of IFN-g for 1 h at 37 °C. Afterwards, beads were decanted and the 

supernatant was collected to assess the amount of free IFN-g remaining in the solution. To 

quantify the amount of unbound cytokine, a human IFN-g enzyme-linked immunosorbent assay 

(ELISA) was employed (Biolegend, human IFN-g ELISA MAXTM Set Deluxe) and compared with 

an equivalent amount of IFN-γ incubated without beads. 
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Primary T cell isolation and co-culture with hMSCs encapsulated in iECM 

Primary human T cells were obtained from de-identified leukoreduction collars (Brigham and 

Women′ s Hospital Specimen Bank) and used within 24 h of initial collection (stored at room 

temperature (RT)). Peripheral blood mononuclear cells (PBMCs) were enriched from 

leukoreductions in a Ficoll gradient, then isolated using pan T cell MACS kits to obtain CD3+ T 

cells for polyclonal expansion. Dynabeads (ThermoFisher Scientific) was used for T cell 

activation, according to the manufacturer-optimized protocol. T cells were initially seeded at 1 x 

105 cells in the starting culture with pre-washed Dynabeads at 1:1 bead-to-cell ratio in T cell 

media supplemented with 30 U/mL recombinant IL2. Fresh IL-2-supplemented media was 

added throughout culture to bring the cell suspension to a density of 0.5-1 x106 cells/mL. 

T cells were cultured for 7 days prior to staining with CFSE (1:10,000, ThermoFisher Scientific). 

Following CFSE-labeling, T cells were added at 2.5 x 105 cells mL-1 to co-culture with 2 x 105 

hMSCs encapsulated in iECM hydrogels, in 12-well MatTek dishes (4 days after hMSCs 

encapsulation). T cells were retrieved 3 days after co-culture for flow cytometry staining and 

analysis. T cells were stained with dead cell stain (Thermo) prior to blocking with FcRx and 

staining with anti-CD3, anti-CD4, and anti-CD8. Flow analysis was performed on Fortessa LSRII 

with compensation. 

Relative gene expression measurement 

Relative gene expression was measured as previously described (178). Briefly, RNA was 

isolated and with PureLink RNA Micro Kit (Invitrogen), quantified by NanoDrop 

spectrophotometer, and cDNA was reverse-transcribed by iScript Advanced Reverse 

Transcription Supermix for Real-time quantitative PCR (RT-qPCR) (Bio-Rad). qPCR was 

performed using CFX96 (Bio-Rad) in duplicate with 10 ng of cDNA and 2x AdvancedSSO SYBR 
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Green Supermix (Bio-Rad) in each reaction. qPCR measurements were repeated on at least 

three replicate samples using Bio-Rad PrimePCR primers. Relative gene expression was 

computed by the delta-delta Ct method, which compared Ct values to a control sample and 

reference gene (GAPDH). See Table 5.1 for list of individual gene primers. 

Table 5.1. PrimePCR primers for qPCR (BioRad)
Gene Gene Name PrimePCR ID 
CCL2 chemokine (C-C motif) ligand 2 qHsaCID0011608 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase qHsaCED0038674 
IL1RN interleukin 1 receptor antagonist qHsaCED0044706 

LGALS9 (GAL9) lectin, galactoside-binding, soluble, 9 qHsaCID0014464 
PTGS2 prostaglandin-endoperoxide synthase 2 (COX2) qHsaCED0042341 

TNFAIP6 tumor necrosis factor, alpha-induced protein 6 (TSG6) qHsaCID0008311 
IDO1 Indoleamine 2,3-dioxygenase 1 qHsaCED0044371 
HGF Hepatocyte growth factor qHsaCID0011441 

Statistical analysis 

Statistical analysis was performed on Prism GraphPad and SPSS 23 (IBM SPSS, Chicago, IL) 

software. The normal distribution of the data was checked by the Shapiro-Wilk test. Statistical 

tests used one-way or two-way ANOVA and post-hoc tests for multiple comparisons, or 

Student's t-tests for comparison between two groups. P-values less than 0.05 was assumed to 

be significant in all analyses. Results from qPCR are reported as fold change relative to a 

control, but statistics were performed on the log-2 transform of the delta-Ct values, which are 

the relative expression normalized to housekeeping gene GAPDH. Error bars represent 

standard error of mean, unless otherwise noted. 

3. Viscoelastic properties of aECM regulate the immunomodulatory gene expression of naïve,

unstimulated bone marrow-derived mesenchymal stromal cells
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First, the impact of the physical properties of these artificial ECM hydrogels on the paracrine 

function of naïve, unstimulated mesenchymal stromal cells (MSCs) was analyzed, as this is 

central to MSC immunomodulatory behavior in cancer and stem cell therapies (194, 243-246). 

Human bone marrow-derived MSCs were isolated from fresh donor bone marrow aspirates and 

expanded to passage 3-6. Cells were then encapsulated in the different aECM hydrogels with 

various levels of crosslinking with a range of storage moduli and viscoelasticity. Oscillatory 

rheology was performed to characterize the properties of all hydrogels utilized in these studies 

(Figure 5.1).  
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Figure 5.1. Rheological characterizations of various aECM hydrogels with tunable viscoelasticity 
containing 1.5% w/v total alginate and 4 mg/mL type I collagen. 
Oscillatory shear rheology of Alg (blue) or NbTz (red) hydrogels at different crosslinking densities - 0.1% 
Ca and 1% NbTz 0.25 NT; 0.15% Ca and 1% NbTz 0.25 NT; 0.3% Ca and 1% NbTz 1 NT. A) Storage 
modulus, G’ (solid line) and loss modulus, G” (dotted line) during gelation. B) Loss angle (open circle) 
during gelation. C-D) Frequency sweeps after equilibrium of Alg and NbTz hydrogels. C) Storage 
modulus, G' (solid line) and loss modulus, G” (dotted line) as a function of frequency. D) Loss angle (open 
circle) as a function of frequency. Graphs show representative data from rheological measurements. 

Rheology confirmed the gels’ storage moduli were not statistically significantly different between 

Alg and NbTz at each crosslinking density (Figure 5.2A), while a significant reduction in the loss 

angle was achieved with the addition of NbTz crosslinks (Figure 5.2B).  

Figure 5.2. Covalent reinforcement of alginate ionic-crosslinking tunes viscoelastic properties of 
aECM hydrogels. 
A-B) Shear moduli (a) and loss angle (b) of aECM with various compositions. a) G’ storage modulus
(black), G” loss modulus (gray), no statistically significant difference between Alg and NbTz groups, two-
way ANOVA with Sidak’s multiple comparison test, p>0.05. B) * statistically significant difference between
Alg and NbTz, student’s T test, unpaired, p<0.05, n > 3.

Shear stress relaxation tests were also performed to further characterize the materials’ 

viscoelastic properties (Figure 5.3). Neither the addition of cells nor the absence of collagen 

significantly altered the resulting properties of the materials (Figure 5.4 and Figure 5.5).  
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Figure 5.3. Shear stress relaxation of various aECM hydrogels with tunable viscoelasticity 
containing 1.5% w/v total alginate and 4 mg/mL type I collagen. 
Normalized stress relaxation of Alg (blue) and NbTz (red) hydrogels as a function of time after 
deformation of 15% shear strain in 1 second. Dotted line indicates half of initial stress, which corresponds 
to half-time of relaxation. Low crosslinking densities of NbTz hydrogels at 0.1% and 0.15% Ca were 
composed of 1% NbTz 0.25 N:T ratio. High crosslinking density of NbTz at 0.3% Ca contained 1% NbT 1 
N:T ratio. Shear relaxation tests were done at either 25° C (A) or 37° C (B). Graphs show representative 
data from rheological measurements. 
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Figure 5.4. Rheological characterizations of Alg hydrogels at high crosslinking density (0.3% 
Ca) containing hMSCs with 1.5% w/v total alginate and 4 mg/mL type I collagen. 
Cells were encapsulated at 2x106 cells/mL. A-B) Oscillatory shear rheology time-sweep measurements 
during gelation. a) Storage modulus, G’ (solid line) and loss modulus, G” (dotted line). b) Loss angle 
(open circle). C-D) Frequency sweeps at 37° C after equilibrium. c) Storage modulus, G' (solid line) and 
loss modulus, G” (dotted line) as a function of frequency. d) Loss angle (open circle) as a function of 
frequency. E) Normalized stress relaxation of Alg hydrogel containing hMSCs as a function of time after 
deformation of 15% shear strain in 1 second. Stress relaxation test was performed at 37° C. Dotted line 
indicates half of initial stress, which corresponds to half-time of relaxation. Graphs show representative 
data from rheological measurements. 
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Figure 5.5. Rheological characterizations of Alg hydrogels at high crosslinking density (0.3% 
Ca) without collagen (0 mg/mL type I collagen, 1.5% w/v total alginate). 
A-B) Oscillatory shear rheology time-sweep measurements during gelation. a) Storage modulus, G’ (solid
line) and loss modulus, G” (dotted line). b) Loss angle (open circle). C-D) Frequency sweeps at 37° C
after equilibrium. c) Storage modulus, G' (solid line) and loss modulus, G” (dotted line) as a function of
frequency. d) Loss angle (open circle) as a function of frequency. E) Normalized stress relaxation of Alg
hydrogel without collagen as a function of time after deformation of 15% shear strain in 1 second. Stress
relaxation test was performed at 37° C. Dotted line indicates half of initial stress, which corresponds to
half-time of relaxation. Graphs show representative data from rheological measurements.

Although it is possible that cells could interact with collagen fibers prior to covalent crosslinking, 

this is not expected to have a significant effect because the crosslinking occurs over a time-

scale of minutes, which is relatively short compared to time-scale of biological effects analyzed 

in these studies. Upon routine observation, we also noted an increase in cross-sectional area of 
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the cells in the high NbTz hydrogels (Figure 5.6), which did not appear to correlate with results 

of following studies on immunomodulatory gene expression of MSCs.  

Figure 5.6. hMSCs exhibit changes in cell size, depending on matrix mechanical properties in 
aECM hydrogels containing 1.5% w/v total alginate and 4 mg/mL type I collagen. 
A) Phase contrast imaging of encapsulated MSCs at 3 days in Alg and NbTz at low and high ionic (0.10%
w/v and 0.35% w/v calcium carbonate) and covalent crosslinking (low – 1% NbTz 0.25 N:T ratio; high –
1.5% NbTz 1 N:T ratio). Scale bar, 50 µm. B) Relative cross-sectional area of MSCs after 3 days in Alg
(blue) and NbTz (red) at 3 days. * statistically significant difference, two-way ANOVA, Tukey multiple
comparisons test, p<0.05, n > 3.

Next, the MSCs’ gene expression of a panel of immunomodulatory paracrine markers were 

characterized in aECMs with these matching rheological properties. Gene expression was 

measured in MSCs on tissue culture plastic (TCP) for 72 hours after an initial pulse stimulation 

with TNFa and IFNg inflammatory cytokines, and in unstimulated MSCs isolated from aECMs 

after 72 hours. Cells in all aECM hydrogels demonstrated significant upregulation of 

immunomodulatory paracrine markers cyclooxygenase-2 (PTGS2), interleukin 1 receptor 

antagonist (IL1RN), and TNFa-stimulated gene 6 (TNFAIP6), compared to cells adhered to 

tissue culture plastic (TCP) (Figure 5.7A-C). MSCs on TCP upregulated monocyte 

chemoattractant protein-1 (CCL2), galectin-9 (GAL9), and TNFa-stimulated gene 6 (TNFAIP6) 
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after an initial pulse stimulation (Figure 5.7B and Figure 5.8), which was consistent with 

previous studies on MSC polarization to an immunomodulatory phenotype.(247) 

Figure 5.7. Viscoelastic properties of aECM hydrogels regulate the immunomodulatory 
phenotype of bone marrow-derived MSCs.  
A-C) Relative gene expression of cyclooxygenase-2 (PTGS2), TNFa stimulated gene 6 (TNFAIP6), and
interleukin-1 receptor antagonist (IL1RN) by human primary MSCs after 72 hours, normalized to
housekeeping gene GAPDH and cells adhered on tissue culture plastic (TCP) control. aECM – MSCs
were encapsulated in Alg (blue) or NbTz (red) of various moduli and loss angles. * statistically significant
difference, two-way ANOVA, Sidak’s post hoc test, p<0.05, n ≥ 3. Controls – MSCs adhered to TCP were
cultured with empty ionically crosslinked Alg (Ca) to determine the effects of freely soluble calcium in
these gels on gene expression. 8h pulse – MSCs adhered to TCP were pulse stimulated with TNFa and
IFNg (+, 10 ng/mL) or vehicle control (-) for 8 hours. ND, not detected. * statistically significant difference,
unpaired T-test, two-tailed, p<0.05, n = 4. D) Prostaglandin E2 (PGE2) in conditioned media measured by
ELISA after 72 hours in Alg (blue) and NbTz (red) hydrogels of various moduli and loss angles. *
statistically significant difference, two-way ANOVA, Sidak’s post hoc test, p<0.05, n ≥ 3.
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Figure 5.8. Matrix stiffness of viscoelastic aECM affects gene expression of MCP-1 (CCL2) and 
galectin-9 (GAL9). 
Relative gene expression was measured by qPCR, normalized to housekeeping gene GAPDH and TCP 
controls after 72 hours. aECM – MSCs were encapsulated in Alg (blue) or NbTz (red) of various moduli 
and loss angles, * statistically significant difference, two-way ANOVA, Sidak’s post hoc test, p<0.05, n ≥ 
3. Controls – MSCs adhered to TCP were cultured with empty ionically crosslinked Alg (Ca) to determine
the effects of freely soluble calcium in these gels on gene expression. 8h pulse – MSCs adhered to TCP
were pulse stimulated with TNFa and IFNg (+, 10 ng/mL) or vehicle control (-) for 8 hours, * statistically
significant difference, unpaired T-test, two-tailed, p<0.05, n = 4.

The gene expression levels of PTGS2 and TNFAIP6 were further upregulated as the stiffness 

(G’) was increased in the Alg hydrogels (Figure 5.7A-B). The levels were also plotted versus 

loss angle at each G’, which showed a viscoelastic-dependent increase in expression at 0.5 and 
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2.5 kPa G’. Expression of the immunomodulatory markers CCL2 and GAL9 also showed an 

increasing trend as a function of stiffness and viscoelasticity in the Alg hydrogels, although the 

increase in expression was much less than upregulation by cytokine stimulation alone (Figure 

5.8). Conversely, increasing the stiffness in the more elastic NbTz hydrogels did not induce 

significant upregulation of PTGS2 and TNFAIP6. The gene expression of interleukin 1 receptor 

antagonist (IL1RN) was increased in cells encapsulated in both Alg and NbTz hydrogels, as 

compared to tissue culture plastic, and no effects of aECM stiffness were noted (Figure 5.7C). 

Although, a trend of increasing expression as a function of loss angle was observed, but not 

statistically significant. Notably, expression of PTGS2 and IL1RN were significantly upregulated 

by aECM, but not by pulse cytokine stimulation alone. To confirm the differences in the calcium 

used to crosslink the various gels were not responsible for the changes in gene expression, 

empty gels were formed with calcium crosslinking, and added to cells on tissue culture plastic. 

This did not significantly impact expression of any of the analyzed genes. To confirm the 

findings of stiffness and viscoelasticity of aECMs on gene expression, secreted levels of 

prostaglandin E2 (PGE2), the product of cyclooxygenase-2, were quantified from these same 

rheological conditions. PGE2 was chosen to be evaluated, because PTGS2 was expressed at 

the highest level (Ct ~ 20) of all the markers evaluated. PGE2 levels were increased in 

conditioned media from 2.5 kPa Alg hydrogels gels after 72 hours, compared to 0.25 kPa Alg 

(Figure 5.7D). PGE2 levels were also significantly upregulated by an increase in loss angle at 

0.5 and 2.5 kPa moduli, which indicates that PGE2 production is jointly regulated by both 

stiffness and viscoelasticity.  
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4. Priming of MSCs was enhanced by encapsulation in artificial extracellular matrix

First, 2D tissue culture was used to confirm the effects of inflammatory licensing on the 

expression of relevant immunomodulatory genes. hMSCs were stimulated with cytokines IFN-g, 

TNF-a, or in combination in standard tissue culture, and gene expression of immunomodulatory 

markers was assessed after 2 days. The combination of IFN-g and TNF-a (Figure 5.9, green 

bars) was associated with greater changes in gene expression compared to either alone (blue 

and purple bars) or the vehicle control (red bars). 

Figure 5.9. Gene expression of primary human MSCs stimulated with cytokines IFN-g, TNF-a, 
or both, compared to vehicle control. 
Cells were continuosly stimulated in tissue culture with 10 ng/mL of IFN-g, TNF-a, or both for 48 hours. 
Cells were lysed for RNA isolation and qPCR was performed for immunomodulatory markers and 
normalized to housekeeping gene GAPDH and the day 0 control sample. 
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Next, pulse stimulation of cytokines was evaluated. After 3 days, combined 8-hour pulse of IFN-

g and TNF-a upregulated the immunomodulatory gene expression profile of hMSCs, including 

CCL2, GAL9, IL1RN, IL6, PDL1, and TNFAIP6 (Figure 5.10). At day 3, pro-inflammatory 

markers IL1A and IL1B were not significantly impacted by pulse stimulation.  

Figure 5.10. Pulse stimulation with cytokines IFN-g and TNF-a licenses the immunomodulatory 
gene expression profile of primary human MSCs. 
Cells were pulse stimulated in tissue culture with 10 ng/mL of IFN-g and TNF-a for 8 hours overnight, 
followed by replacement with fresh cell culture media. Cells were lysed for RNA isolation after 3 days. 
qPCR was performed for these immunomodulatory markers and normalized to housekeeping gene 
GAPDH and the day 0 control sample. Asterisks (*) indicate statistically significant difference (p<0.05) by 
two-way ANOVA and Tukey’s multiple comparisons test. At least three biological replicates were 
measured for each sample. 

A dose response of combined IFN-g and TNF-a was performed, which showed that 10 ng was 

within the linear dose-response range for CCL2 and TNFAIP6, and that PTGS2 is insensitive to 

pulse-stimulation (Figure 5.11). 
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Figure 5.11. Dose response of gene expression for CCL2, PTGS2, and TNFAIP6 with combined 
8-hour pulse stimulation of hMSCs with IFN-g and TNF-a in tissue culture.
At day 3, cells were lysed for RNA isolation and qPCR was performed for immunomodulatory markers and
normalized to housekeeping gene GAPDH and the day 0 control sample.

The licensing of hMSCs was also evaluated with stimulation for 18 h with IFN-g and TNF-a. 

Assessment of gene expression immediately after licensing (day 0) demonstrated that the pre-

treatment significantly upregulated the expression of IDO1 and GAL9 in comparison to non-

treated cells. PTGS2  and IL1RN expression was also enhanced in licensed hMSCs, but to a 

lower extent. Conversely, HGF and IL10 were not regulated by this cytokine stimulation (Figure 

5.12A). However, after cells were maintaining in 2D culture for 3 days, the normalized expression 

of the upregulated genes was significantly reduced compared to the initially licensed 

levels (Figure 5.12B).
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Figure 5.12. Immunomodulatory gene expression by 2D tissue cultured hMSCs on day 3. 
A) Normalized gene expression of IDO1, GAL9, PTGS2, HGF, IL10 and IL1RN by tissue culture hMSCs 
after 18 hour stimulation with IFN-g and TNF-a compared to control untreated cells. Normalized to the 
housekeeping gene GAPDH. Statistical significance: *p < 0.05, **p < 0.01. (B) Normalized gene 
expression of IDO1, GAL9, PTGS2, HGF, IL10 and IL1RN by hMSCs on tissue culture 3 days after 
licensing with IFN-γ and TNF-α. Normalized to GAPDH and day 0 expression. Statistical significance: ***p 
< 0.001, **p < 0.01 compared to day 0. IFN- g, interferon g. TNF- a, tumor necrosis factor a. TCP, tissue 
culture plate.

We next tested the hypothesis that cell encapsulation in an appropriate three-dimensional 

hydrogel would maintain expression of immunomodulatory genes after licensing with cytokines 

TNF-α and IFN-γ. hMSCs were encapsulated in a range of aECM hydrogels after overnight 

licensing.  Four types of aECM hydrogels were utilized: soft viscous, stiff viscous, soft elastic and 

stiff elastic (Table 3.1), which were previously developed and characterized (200).
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After 3 days, the expression of the panel of immunomodulatory genes in 3D encapsulated 

cells was significantly higher than in tissue culture (2D), regardless of whether the individual 

genes were upregulated (Figure 5.13A-C) or not (Figure 5.13D-F) by inflammatory licensing.  

Figure 5.13. Immunomodulatory gene expression by hMSCs 3D cultured in aECM hydrogels. 
Normalized gene expression of (A) IDO1, (B) GAL9, (C) PTGS2, (D) HGF, (E) IL10 and (F) IL1RN by 
hMSCs encapsulated within aECM hydrogels 3 days after licensing with IFN-γ and TNF-α and 
subsequent encapsulation. Normalized to GAPDH. Statistical significance: *p < 0.05, **p < 0.01 and ***p 
< 0.001 compared to cells cultured 2D. aECM, artificial extracellular matrix. hMSCs, human mesenchymal 
stromal cells. IFN-g, interferon g. TNF-a, tumor necrosis factor a. 
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The effects of aECM encapsulation were also analyzed over a time-course of 7 days, and two 

different trends in the gene panel were noted. Genes that were strongly regulated by licensing, 

namely IDO1, GAL9 and PTGS2, significantly reduced their expression after 7 days of aECM 

culture in all the hydrogels, compared to day 3 (Figure 5.14A-C).  Conversely, the genes that 

were not responsive to inflammatory licensing, HGF and IL10, increased in expression by day 3, 

and the increases were maintained at day 7 (Figure 5.14D-E). IL1RN (Figure 5.14F), previously 

reported to be slightly influenced by licensing, presented the same tendency. No statistically 

significant differences were observed among different aECM hydrogels. Stiff elastic hydrogels 

were selected for the following sets of experiments, as they were the most mechanically robust, 

and thus likely most relevant for future implantation studies. 
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Figure 5.14. Immunomodulatory gene expression by aECM encapsulated hMSCs over time. 
Normalized gene expression of (A) IDO1, (B) GAL9, (C) PTGS2, (D) HGF, (E) IL10 and (F) IL1RN by 
aECM encapsulated hMSCs 0, 3 and 7 days after licensing with IFN-γ and TNF-α and subsequent 
encapsulation. Normalized to GAPDH. Statistical significance: *p < 0.05, **p < 0.01 and ***p < 0.001 in 
comparison to day 3. hMSCs, human mesenchymal stromal cells. IFN-g, interferon g. TNF-a, tumor 
necrosis factor a. 

Considering that IDO1, PTGS2 and GAL9 encode for soluble factors that play key roles in the 

immunoregulatory effects of hMSCs, a strategy to overcome the decrease in expression in 
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these genes that was observed by day 7 in aECM hydrogels. We hypothesized that sustained 

exposure of IFN-g within the hydrogel matrix would prolong hMSCs licensing. Hydrogels were 

fabricated that contained heparin-coated beads loaded with IFN- g (234)(IFN- g iECM), and 

compared to gels with beads that were not loaded with IFN- g (blank iECM). Bead incorporation 

did not significantly affect the cell encapsulation process, as shown by the homogeneity of cells 

in gels (Figure 5.15A). Incorporation of IFN- g loaded heparin beads led to 12.66 ± 2.33 (mean ± 

S.D.) ng of IFN- g per 0.25 mL gel. The addition of blank heparin beads and IFN- g beads had no

significant effect on hMSC viability (Figure 5.15B) in iECM hydrogels after 7 days compared to 

aECM without heparin beads.  

Figure 5.15. Characterization of hydrogels containing IFN-g-loaded heparin beads 
A) Phase microscopy images of hMSCs encapsulated in iECM hydrogels. Scale bar = 200 µm. B) hMSC
viability in aECM and iECM hydrogels on day 7 days after licensing with IFN-g and TNF-a and
subsequent encapsulation. aECM, artificial extracellular matrix. iECM, immunomodulatory extracellular
matrix. IFN-g, interferon g. hMSC, human mesenchymal stromal cells. n.s.d., no significant differences.

Cells were next licensed overnight with IFN-g / TNF-a, encapsulated in aECM or iECM 

hydrogels and maintained in culture for 7 days. The expression of IDO1 and GAL9, the genes 

most regulated by inflammatory licensing, significantly increased in IFN-g-iECM compared to 
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blank iECM and aECM (Figure 5.16A-B). Interestingly, blank iECM hydrogels enhanced the 

expression of PTGS2, and HGF (Figure 5.16C-D). No differences were observed in the 

expression of IL10 and IL1RN (Figure 5.16E-F). Together, these data suggest the gene 

expression of licensing-responsive immunomodulatory factors IDO1 and GAL9 by hMSCs of 

was enhanced by day 7 in iECM hydrogels compared to hydrogels without heparin beads.  

Figure 5.16. Immunomodulatory gene expression by hMSCs encapsulated in iECM hydrogels. 
Normalized gene expression of (A) IDO1, (B) GAL9, (C) PTGS2, (D) HGF, (E) IL10 and (F) IL1RN by 
hMSCs encapsulated within iECM hydrogels 7 days after licensing with IFN-g and TNF-a and subsequent 
encapsulation. Normalized to GAPDH. Statistical significance: *p < 0.05, **p < 0.01 and ***p < 0.001 
compared to aECM. #p < 0.05, ##p < 0.01 and ###p < 0.001 compared to blank iECM. aECM, artificial 
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extracellular matrix. iECM, immunomodulatory extracellular matrix. hMSC, human mesenchymal stromal 
cells. IFN-g, interferon g. TNF-a, tumor necrosis factor a. 

Finally, the immunomodulatory function of hMSCs in the iECM gels was analyzed. hMSCs were 

licensed and encapsulated in iECM hydrogels, co-cultured with CFSE-stained T cells, and the 

proliferation of the T cells was then examined. iECM encapsulated hMSCs suppressed overall 

T cell proliferation (Figure 5.17A-B), with CD4+ T cell proliferation specifically being affected 

(Figure 5.17C-D). 

Figure 5.17. Immunomodulatory effect of iECM hydrogels on T cells.  
4 days after hMSCs encapsulation, iECM hydrogels were co-cultured with T cells stained with CFSE at 
1:1.25 hMSC:T cell ratio. The co-culture was maintained for 3 days (hMSCs in culture in iECM hydrogels 
for a total of 7 days). The proliferation of T cells was examined by flow cytometry for dilution of CFSE. A) 
Representative histograms for the CD3+ population. B) MFI determination on CD3+ cells. Analysis of C) 
CD4+ and D) CD8+ populations. iECM, immunomodulatory extracellular matrix. hMSCs, human 
mesenchymal stromal cells. IFN-g, interferon g. Ctrl, control (no hMSC). MFI, mean fluorescence intensity. 
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5. Discussion

Encapsulation of naïve, unstimulated MSCs in aECM upregulated gene expression of 

immunomodulatory markers and was regulated to varying degrees by the stiffness and 

viscoelasticity of the aECM. Cells were encapsulated in the tunable aECM hydrogels in a robust 

and facile manner that is similar, in terms of complexity, to existing hydrogel systems (12, 15, 

16, 186). Expression of cyclo-oxygenase-2 (COX2) and TNFa-stimulated gene-6 were 

upregulated by stiffness and viscoelasticity in aECM hydrogels. Interestingly, the expression of 

COX2 at day 3 was upregulated by changes in the mechanical properties of this aECM, but not 

after transient pulse stimulation with inflammatory cytokines IFNg and TNFa in standard cell 

culture, whereas TNFa-stimulated gene-6 was upregulated by both cytokines and mechanics to 

similar extents. Further investigation is warranted to determine the differential and/or joint 

regulation of these markers by mechanical and cytokine cues. Conversely, increasing the 

stiffness of the more purely elastic hydrogels (NbTz) did not significantly regulate MSCs’ gene 

expression. These results suggest the physical properties of the ECM can regulate 

immunomodulatory phenotypes of cells, which is relevant for cell therapies and cancer 

immunology. Further, this system was used to investigate how matrix mechanics impact the 

non-viral transfection of MSCs for chondrogenic differentiation (Martínez Ledo, A. and Vining, 

K.H., et al., submitted manuscript) (Appendix 6). Altogether, these findings have significant 

implications for MSC therapies, as these cells are being widely investigated to treat inflammatory 

disease such as graft-versus-host-disease (22), and hydrogel materials are being developed to 

prolong their half-life and secretion of factors after systemic delivery (164, 248, 249). 

In studies of inflammatory-licensed hMSCs by IFN-g and TNF-a, the gene expression of IDO1, 

PTGS2 and GAL9 was found to be upregulated upon licensing at day 0. This increase in gene 
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expression is consistent with previous studies that showed the combination of these two 

cytokines polarized hMSCs to an immunosuppressive phenotype (247), inducing hMSCs to 

secrete regulatory enzymes and soluble factors such as IDO or cyclooxygenase 2 (COX2 

(222). However, here the effect of the inflammatory pre-treatment was demonstrated to be 

transient, since after 3 days of 2D culture, the expression of such genes significantly decreased, 

which was consistent with the data from Figure 5.10. As previously shown in pulse-stimulation 

controls, PTGS2 was not regulated by pulse-licensing after three days in culture. Considering 

these results, we classified our gene panel into two groups: genes responsive to inflammatory 

licensing at day 0 (IDO1, GAL9, PTGS2) and not responsive (HGF, IL-10, IL1RN). 

Encapsulation in a 3D hydrogel matrix had a significant impact on gene expression of pulse-

simulated hMSCs. aECM hydrogel encapsulation significantly promoted hMSC 

immunomodulatory potential over 3 days, as compared to 2D culture. Upregulation in 

expression was observed in the whole panel of immunomodulatory genes, regardless of 

whether a specific gene was influenced by exposure to IFN- γ / TNF-α. This indicates an 

important effect of the 3D biomimetic culture by itself, independent of licensing. While the 

expression of the licensing responsive genes IDO1, PTGS2 and GAL9 significantly decreased 

by day 7 in comparison to day 3, the expression of genes not regulated by IFN-γ / TNFα, was 

maintained over 7 days in aECM encapsulated hMSCs, indicating that the effect of the matrix 

persisted. Significant differences between material conditions were not observed in these 

studies, which was not consistent with the upregulation of gene expression of naive, 

unstimulated hMSCs by increasing stiffness in more viscous materials in Figures 5.7-5.8. Further 

work is required to determine how licensed versus naive MSCs respond to mechanical cues.
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To prolong the expression of licensing-responsive immunomodulatory genes, heparin coated 

beads were incorporated in elastic stiff aECM. The high affinity of heparin for IFN- (KD = 1-5 

nM) (250) enabled loading the beads with the cytokine. Importantly, the binding of IFN- to 

heparin has been demonstrated to limit the extent of proteolytic degradations to one of its 

domains, which in turn, enhances the cytokine potency (250, 251). Moreover, since heparin can 

bind multiple growth factors and cytokines (250, 252), we also tested iECM hydrogels that 

incorporated unloaded heparin beads (Blank iECM), to explore if the presence of such 

biomolecules in the hMSCs microenvironment could boost their immunomodulatory properties. 

The expression of licensing dependent genes IDO1 and GAL9 significantly increased in IFN-γ-

iECM hydrogels, indicating a prolonged licensing effect, which acted synergistically with the 

effects of the matrix by day 7. These data provide a deeper insight on the effect of sustained 

licensing, which has previously been explored but not in combination with biomimetic hydrogel 

culture, and limited to IDO1 expression (234). Interestingly, PTGS2 and HGF expression was 

upregulated in blank iECM, suggesting that presence of heparin may enhance their expression 

by hMSCs. In the case of IL10 and IL1RN, which were not responsive to licensing, significant 

differences were not detected, likely because the effect of 3D culture was sufficient to maintain 

their expression. Overall, iECM hydrogels were demonstrated to prolong the expression of major 

immunomodulatory molecules by two main mechanisms: 3D biomimetic culture and sustained 

inflammatory licensing. 

Finally, iECM hydrogels were demonstrated to enable the immunomodulatory function of 

hMSCs. Co-culture of iECM encapsulated hMSCs with T cells suppressed the proliferation of 

the latter, indicating that the system permitted diffusion and release of hMSCs-derived 

immunomodulatory factors. This is a key feature of the system, because biomaterial formulations 
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have been reported to hamper the biomolecule diffusion by their relatively large volume (2). 

Moreover, it was evidenced that heparin beads did not sequester all the factors secreted by the 

cells, nor did they physically impede their diffusion. Loaded-IFN-g heparin microparticles did 

not enhance suppression of T cell proliferation, suggesting that MSC encapsulation had a 

stronger effect than persistent licensing. The enhanced licensing of encapsulated MSCs at 

early time points is likely sufficient to inhibit T cell proliferation in vitro. Together, our results 

indicate iECM hydrogels as a valuable multifunctional platform to enhance the 

immunomodulatory potential of MSCs while enabling a correct diffusion of the secreted 

bioactive factors. 

6. Conclusion

An artificial ECM system was used to investigate how stiffness and viscoelasticity regulated the 

gene expression of immunomodulatory markers by human MSCs. Increased elasticity of the 

matrix from the addition of covalent crosslinks altered the cells’ response to mechanical cues.  

A bioinspired 3D multifunctional system was developed that combined 3D biomimetic cell 

culture and sustained inflammatory licensing to enhance the immunomodulatory potential of 

hMSCs. 3D cell culture increased expression of key immunomodulatory genes that encode 

bioactive factors acting at different levels of the regulatory response, and inclusion of heparin 

beads prolonged the expression of pivotal immunomodulatory genes dependent on licensing, 

including IDO1 or GAL9. Functionality of the system was demonstrated when co-culture of 

iECM encapsulated hMSCs resulted in inhibition of T cell proliferation. Together, these findings 

have significant implications in materials-based MSCs therapies. 



Chapter 6
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Mechanical resistance of extracellular matrix directs monocyte fate 
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Abstract –  

Existing drugs show limited efficacy in malignancies associated with myelofibrosis, and here we 

explored whether the relative liquid-to-solid properties (viscoelasticity) of the extracellular matrix 

surrounding immune cells play a role in the disease progression. Human monocyte 

differentiation to antigen-presenting cells, as indicated by gene expression, cytokine release and 

cell surface markers, was found to be controlled in vitro by the viscous behavior of their 

surrounding matrix. Inhibition of a myeloid-specific isoform of phosphoinositide 3-kinase, PI3K-

gamma, negated the impact of viscoelasticity on monocyte differentiation. Viscoelasticity 

similarly regulated inflammatory signaling in monocytes from a murine model of 

myeloproliferative neoplasms. Finally, in patient samples, bone marrow with overt fibrosis 

expressed pro-inflammatory markers, which were also regulated in vitro by viscoelasticity and 

sensitive to PI3K-gamma inhibition. Together, these studies demonstrate the viscoelastic 

properties of matrix regulate monocyte differentiation, and identified PI3K-gamma as a 

targetable mechanical checkpoint for potential therapeutic intervention in myelofibrosis.  
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1. Introduction

Myeloid blood cells develop in bone marrow into monocytes (Figure 6.1A, left), play key roles in 

innate and adaptive immunity, and can be deregulated in solid tumors (253) and hematopoietic 

malignancies (254). Myeloproliferative neoplasms (MPNs) are associated with abnormal 

hematopoiesis and are predominantly caused by the acquisition of somatic mutations in 

hematopoietic stem cells (HSCs) in JAK2, CALR, or MPL; this results in activated JAK-STAT 

signaling, clonal proliferation of hematopoietic cells, and progressive fibrosis of bone marrow 

extracellular matrix (ECM), i.e., myelofibrosis (Figure 6.1A, right) (1). In MPNs, diseased 

megakaryocytes secrete an excess of matrix components such as fibronectin, laminin, and type 

IV collagen that form fibers which make the tissue elastic (255). Myelofibrosis has been attributed 

to dysregulated cytokine production by hematopoietic cells, in particular by monocytes (256, 257), 

but the mechanical impact of myelofibrosis on hematopoietic cell function, on immune 

dysregulation, and on disease progression is not known. Bone marrow-resident cells can both 

pull and push on their surrounding ECM (182), and resistance to these mechanical forces is 

characterized by the ECM’s modulus, or stiffness (Figure 6.1B). While the emphasis to date in 

mechanotransduction has been on the role of matrix stiffness, ECM of native tissues is 

viscoelastic, and also dissipates applied stress over time (6). Here we explore how these 

mechanical cues regulate monocyte cell fate, and its implications in myelofibrosis. 
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Figure 6.1. Myeloid cells interact mechanically with their ECM in the bone marrow niche. A) In 
myeloproliferative neoplasms, abnormal hematopoiesis is associated with inflammation and significant 
ECM remodeling (e.g., myelofibrosis). B) Bone marrow cells sense the effective modulus (stiffness) as 
well as viscoelasticity of the matrix by its resistance to their own cell intrinsic forces. (C) Viscoelasticity of 
bone marrow analyzed by measuring stress relaxation of human bone marrow obtained from fracture 
hematomas (left – normalized stress relaxation, right - half-times of stress relaxation). 

2. Materials and Methods

Materials synthesis and preparation 

Low molecular weight (MW) ultra-pure sodium alginate (Provona UP VLVG, NovaMatrix) was 

used for these studies, with an approximate MW of ~32 kDa, ratio of glucuronic acid to 

mannuronic acid of ≥ 1.5, and ≤ 100 endotoxin units per gram, according to the manufacturer. 

click-modified VLVG was obtained by covalent coupling of either (4-(1,2,4,5-Tetrazin-3-
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yl)phenyl)methanamine - hydrochloric acid (Tz, KareBay Biochem, Inc.) or 5-

(aminomethyl)bicyclo[2.2.1]hept-2-ene (Nb, Norbornene Methanamine, TCI America) as 

previously described (25). The following protocol results in 5% degree of substitution, as 

previously described (12). First, VLVG alginate was dissolved at 1% w/v in pH 6.5 buffer (0.1 M 

MES, 0.3 M NaCl). Second, N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC) were added in 5x molar excess based 

on the number of carboxylic acid groups in this molecular weight alginate (MW = 32 kDa). Third, 

Nb or Tz was added at 1 mmol per gram of alginate, and stirred at room temperature for 16 h. 

Finally, the product was centrifuged, filtered (0.22 µm), purified via tangential flow filtration 

utilizing a 1 kDa molecular weight cutoff column (Spectrum Labs) using a decreasing salt 

gradient from 150 mM to 0 mM NaCl in de-ionized water, followed by treatment with activated 

charcoal, sterile filtration (0.22 µm), and freeze drying for long-term storage. All chemicals were 

purchased from Sigma-Aldrich.  

Human bone marrow-derived monocyte isolation 

Primary human monocytes were isolated from fresh human bone marrow donors less than 35 

years old from Lonza (1M-125) by a density gradient with Lymphoprep and SepMate-15 tubes 

(StemCell Technologies) and negative isolation (EasySep Human Monocyte Isolation Kit, 

StemCell Technologies). Prior to hydrogel encapsulation on Day 0, monocytes were cultured 

overnight on ultra-low attachment 100 mm dishes (Corning) at 5 e5 cells/mL in minimal 

essential media alpha (aMEM) with glutamax and no nucleosides (Gibco), supplemented with 

10% heat-inactivated fetal bovine serum (Catalog 10082-147, Gibco), 1% penicillin-streptomycin 

(Thermo), GM-CSF (100 ng/mL, Peprotech), IL-4 (200 ng/mL Peprotech), and PGE2 (100 

ng/mL, Sigma). Blocking anti-IL6R antibody was used at 1 ug/mL (MAB227, R&D). Matching 

donors for presented data is shown in Appendix 7.  
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Stress relaxation measurements of bone marrow of fracture hematoma 

Human bone marrow hematoma was harvested as previously described (26) during surgical 

stabilization of fractures 6 ± 3 d postfracture and tissues were mechanically tested within 1 h 

after surgery. Collection of human fracture hematoma was approved by the Institutional Review 

Board of the Charité – Universitätsmedizin Berlin (EA2/096/11). All patients gave their written 

consent. Hematoma samples were compressed with a rate of 1 mm min−1 until 15% strain, and 

then stress relaxation was measured over time.  

Encapsulation of monocytes in artificial extracellular matrix hydrogels 

Hydrogels of interpenetrating collagen type-I and alginate were prepared as previously 

described (12). Rat tail telo-collagen, Type I (8-11 mg/mL, Corning) was neutralized on ice to 

6.5 < pH < 7.0. For 1 mL of collagen, the following were mixed sequentially prior to adding 

collagen: 100 uL of 10x HBSS (without calcium and magnesium, with phenol red, Sigma-

Aldrich), 20 uL of 1 M N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (20 mM final 

concentration, HEPES, Gibco), and 10 uL of 1 M sodium hydroxide (~1% final concentration, 

NaOH). Ultra-pure unmodified (Alg) or modified alginates (NbTz) were dissolved in a buffered 

salt solution (HBSS, 20 mM HEPES) at 5% w/v. A calcium carbonate (CaCO3) slurry was 

obtained by ultrasonicating (75% amplitude, 15 seconds) nanoparticles of precipitated calcium 

carbonate (nano-PCC, Multifex-MM, Specialty Minerals) at 100 mg/mL in sterile water (Water-

For-Injection, WFI, Gibco). Immediately prior to casting the hydrogels, collagen was adjusted to 

pH 7.5 with 1 M NaOH and mixed with CaCO3 slurry on ice for final concentrations of 4 mg/mL 

collagen and 0.10% or 0.30% w/v calcium (soft and stiff, respectively). Cells were retrieved from 

culture and suspended at 75 x106 cells/mL in HBSS/HEPES on ice and added to the collagen-

calcium solution for final concentration of 5 x106 cells/mL. Alginate was stirred with the gel 
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solution on ice for final concentration of 1.5% w/v total alginate. For click-modified alginates 

(NbTz), the ratio of Alg-Nb to Alg-Tz was adjusted depending on calcium condition (Table S2). 

Immediately prior to gelation an appropriate amount (4x molar excess of the calcium 

concentration) of freshly dissolved glucono-delta-lactone (0.4 g/mL in HBSS/HEPES, GDL, 

EMD Millipore) was added during rapid stirring. Over-mixing was carefully avoided to minimize 

shearing of cells. The resulting solution was quickly transferred by micro-pipets to a microwell of 

multi-well MatTek plates. Initial gelation for 1 h was performed at 37° C in tissue culture 

incubator, followed by equilibration in 1 mL of HBSS/HEPES buffer at 37° C for 1 h, and then 

replacement of buffer with cell culture media. 

Rheological characterizations of artificial extracellular matrices 

Rheological characterization of the resulting IPN hydrogels was performed on a stress-

controlled rheometer (AR-G2, TA Instrument) using a 20mm cone plate as previously described 

(12). 75 µL of hydrogel solution was loaded immediately onto the peltier plate after mixing. A 

humidity chamber was used to prevent dehydration. Oscillatory rheology was used to measure 

the storage modulus (G’), loss modulus (G”), and loss angle (delta, d) after equilibrium was 

achieved. Rheological tests included an oscillatory time-sweep for 3 h at 25° C (1 Hz, 1% 

strain), followed by oscillatory frequency sweep (1% strain, 0.1 to 10 Hz). A shear stress 

relaxation test was performed by applying 10% shear strain in 1 s and then maintaining the 

strain over time while recording shear stress for 2 - 12 h. The time-sweep at 25° C was used to 

avoid carbon dioxide and nitrogen gas bubbles, which cause rheological artifacts. 

Luminex and ELISA assays on conditioned media 

Conditioned media from each well was collected and stored at -80°C. For analysis, conditioned 

media was thawed, centrifuged at 1000 x g for 5 minutes, and the supernatant was diluted 
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appropriately in diluent. Measurements of diluted samples were performed as according to 

manufacturer’s instructions for Luminex (R&D) or ELISA assays (IL8, Biolegend; IL6, Biolegend; 

CCL2, Biolegend; IL1-RA, R&D; CCL4, Biolegend; mIL6, Biolegend; mLIF, Biolegend). The 

results are reported in pg or ng/sample by multiplying by total media volume per sample. A 

heatmap of average cytokine expression with unsupervised hierarchical clustering was 

generated using the pheatmap package in R (258). 

Retrieval of cells from hydrogels 

Hydrogels were digested with 100-150 uL of 300 U/mL collagenase IV (Worthington) and 34 

U/mL of alginate lyase (Sigma-Aldrich) in DBPS + Ca/Mg, 0.5% BSA at 37° C for 15 minutes, 

followed by addition of another 100-150 uL of 300 U/mL collagenase IV and incubation at 37° C 

for 15 minutes. Next, 0.5 mL wash buffer (DPBS without Ca/Mg, 2 mM EDTA, 0.5% BSA) was 

added, and the samples were transferred to a deep-bottom 1.2 mL 96-well plate. The plate was 

centrifuged at 400g for 5 minutes at 4° C and the supernatant discarded. A final set of washes 

was performed with cold 0.2 mL wash buffer on ice, followed by centrifugation at 400g for 5 

minutes at 4° C to obtain a clean cell pellet. Cell counts and viabilities were measured by 

viability staining and flow cytometry (MUSE) to confirm successful isolation and to quantify cell 

yields. 

nanoString nCounter hybridization of lysed cells and analysis 

Cells (~100,000) from each sample were suspended in 0.05 mL RNA-later (ThermoFisher) at 

4C until analysis. The RNA-later was diluted with 4-fold volume of cold PBS (without Ca or Mg). 

Samples were centrifuged at 800 x g for 10 minutes at 4°C and lysed and homogenized at 

10,000 cells/ uL with RLT buffer (Qiagen) + 1% 2-mercaptoethanol (Sigma). A volume of 1.5 uL 

of lysates were used in the nanoString hybridization reaction and the remaining were stored at -



135 

80°C. nCounter Elements (nanoString) hybridization was performed according to 

manufacturer’s instructions. A list of panel targets is available upon request. TagSets 

(nanoString) were thawed and stored on ice. Aliquots of master stocks of probe A and B (IDT) 

were thawed and diluted to 0.6 nM and 3 nM working pools, respectively. Hybridization buffer 

(nanoSTring) was mixed sequentially with Probe A and B working pools, followed by the 

addition of 1.5 uL of RNA lysate. The total reaction volume was adjusted with RNA-ase-free 

water to 15 uL. Subsequently, hybridization was performed for 20 hours at 67°C on a 

thermocycler, followed by ramping to 4°C. Hybridized samples were loaded on nanoString 

cartridges for analysis. Data were analyzed using nSolver and nCounter Advanced Analysis. 

Immunostaining and flow cytometry analysis 

Cells isolated from hydrogels were stained with dead cell stain (Thermo) prior to blocking with 

FcRx and staining with mouse antibodies for anti-human PDL1 (BV421), CD14 (BV510), 

CD45RA (BV570), CD11c (BV711), CD11b (GFP or PE-Dazzle-594), CD1c (PE), CD141 (PE-

Dazzle-594), CD80 (PE-Cy7), and HLA-DR (APC Fire 750). Brilliant Violet staining buffer (BD 

Biosciences) was used during staining. All flow antibodies were obtained from Biolegend. Flow 

analysis was performed on Fortessa LSRII with anti-mouse compensation beads (BD 

Biosciences). Gating was performed on Cells-Single Cells-Live Cells-CD11b+HLA-DR+ with 

fluorescence-minus-one controls. 

Whole mount immunohistochemistry and multi-photon confocal imaging 

Hydrogels containing cells were initially cast in microwells of MatTek plates or dishes. They 

were prepared for whole mount immunohistochemistry by aspiration of cell culture media and 

fixation overnight at 4°C in 4% paraformaldehyde in HBSS buffer with 20 mM HEPES and 2.5 

mM CaCl2. Gels were washed 3 times in PBS, followed by blocking and permeabilization 
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overnight at 4°C in PBS with 10% goat serum (Jackson Labs), 1% bovine serum albumin (BSA, 

Sigma), and 1% triton X-100 (Invitrogen). Primary antibody labeling was performed overnight at 

4°C in staining buffer of PBS with 6% BSA and 0.1% triton X-100. Primary antibodies used for 

these studies included rabbit anti-pSTAT3 (1:100, Tyr-705, Cell Signaling, #9145) and rabbit 

anti-NFKBIZ (1:100, Cell Signaling, #9244). Gels stained with primary antibodies were washed 

2 times with staining buffer for 30 minutes each at room temperature on shaker, followed by 

overnight at 4°C on shaker. Secondary antibody and F-actin staining was performed overnight 

at 4°C in staining buffer. The secondary antibody used for these studies was goat anti-rabbit 

Alexa Fluor-633 (1:100, H&L, heavily cross-adsorbed, ThermoFisher). Phalloidin-546 (1:1000, 

ThermoFisher) was used to stain F-actin. Next, samples were washed 2 times with staining 

buffer for 30 minutes each at room temperature on shaker, followed by overnight at 4°C on 

shaker. Samples were mounted in Prolong Gold + DAPI (ThermoFisher) and stored at 4C prior 

to imaging. Samples were imaged with Leica confocal and multi-photon laser excitation (820 

nm) with NDD settings of 430-480 nm for DAPI, 565-605 nm for anti-546, and 625-675 for anti-

633. Z-stacks were obtained of 2.5 um-thick sections from 25 um to 175 um. Quantifications of

mean fluorescence intensity (MFI) are from background-subtracted maximum intensity 

projections of individual cells. 

Bulk RNA-seq analysis for human samples 

Gene counts from bulk human RNA sequencing were Rlog transformed (27). For differential 

expression analysis, classic tools such as DESeq2 could not be used because each condition 

had a single replicate. Instead, variance in expression levels across experimental conditions for 

each gene was determined. Genes with variances≥0.3 were selected as significant for further 

studies. Heatmap for expression levels of selected genes was then plotted using pheatmap with 



137 

hierarchical clustering in R (258). Genes of interest were then put into the ENCODE ChIP-Seq 

database using ChEA3 (28) to identify transcriptional regulators. 

Jak2 V617F mouse model and bone marrow monocyte isolation and hydrogel encapsulation 

Femurs and tibia from 25-30-week-old male or female Vav-iCre or Vav-iCre Jak2V617F/+ mice 

(29) were crushed, cells were filtered and red blood cells were lysed using BD erylysis buffer.

Monocytes were isolated using a negative selection isolation kit (Stem Cell Technologies) and 

cultured on ultra-low attachment tissue culture plates (Corning) overnight with murine GM-CSF 

(100 ng/mL, PeproTech), IL4 (200 ng/mL, PeproTech), and 100 ng/mL PGE2 (Sigma), similar to 

human studies. After overnight culture, monocytes were encapsulated in hydrogels on Day 0 

and cultured with the cytokines for 3 days. Then, cells were retrieved from the hydrogels as 

described above and cells were lysed for RNA isolation (Purelink RNA Microscale Kit, Thermo). 

RNA was quantified and quality checks were performed by TapeStation, nanoDrop, and 

RiboGreen. cDNA libraries were prepared for RNA-sequencing by Kapa mRNA Hyperprep and 

normalized by qPCR. 

Nano-indentation of mouse Jak2 V617F and wild-type femur bone marrow mechanics 

Femurs from 25-30-week-old male or female Vav-iCre or Vav-iCre Jak2V617F/+ mice (29) were 

freshly dissected, snap-frozen with liquid nitrogen vapor, freeze-fractured with a cryotome blade 

into 0.5 mm-thick axial cross-sections, and stored at 4° C in PBS overnight. Mechanical testing 

was performed using an Agilent G200 nanoindenter (Agilent, Santa Clara, CA, USA) with a 90° 

diamond conical probe tip with a 50 μm radius (DCMII, Micro Star Technologies, Huntsville, TX, 

USA) to enable measurement of bulk properties (204). The tip area function was calibrated 

using fused quartz, and a punch diameter of 45.153 μm was calculated at a 5 μm pre-

compression depth. Tip-to-optics calibrations were done prior to each experiment with thin film 
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of melted wax. A 3 × 3 array of indents with 200 μm spacing was generated, with tip-cleaning 

indents performed subsequent to each measurement. Tests were run in Continuous Stiffness 

Measurement (CSM) mode to afford the complex shear modulus under the shear mode (205) at 

room temperature at a constant frequency of 110 Hz. Storage modulus G′  was measured as the 

energy stored during one oscillation cycle, and loss modulus G′ ′  was measured as the energy 

dissipated during an oscillation cycle (206). Poisson’s ratio (v) was estimated for the tumors 

using two different-sized rounded conical probes and were found to be approximately 0.45, 

corresponding to values confirmed in the literature for bulk measurements of hydrogel polymers 

and tissues (207). 

Bulk RNA-Seq analysis of mouse monocytes 

Sequenced mRNA from Jak2 V617F Vav-iCre and WT-Jak2 Vav-iCre mice were aligned and 

quantified using salmon (30). Reads were mapped unto an Ensembl GRCm38 reference 

transcriptome index. Transcripts were converted to gene IDs using the AnnotationDbi (259), 

RMaria (260) and tximport (31) packages in R. Differentially expressed genes, defined as genes 

with an adjusted p-value≤0.1, were then determined using DEseq2 (27). Differential expression 

was visualized via volcano plots using the EnhancedVolcano package (261). Pathway analysis 

was performed on Rlog transformed gene counts using GAGE (32). Pathways with q-

values<0.6 were deemed significant. Heatmaps of expression levels of genes that correspond 

to pathways of interest (eg. Jak/Stat) were then plotted using pheatmap with hierarchical 

clustering in R (258). 

Human study population and gene expression analysis 

The pathology archives at Brigham & Women’s Hospital (BWH) and Massachusetts General 

Hospital (MGH) was queried to identify patients with myelofibrosis on bone marrow biopsy 
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obtained between 2005 and 2016, as previously described (22). Patients diagnosed with 

myelodysplastic syndrome/MPN overlap disease and those who had progressed to acute 

leukemia, received treatment with chemotherapeutic agents for prior cancer diagnoses, or had 

undergone stem cell transplantation were excluded. BWH specimens were fixed in Bouin’s 

fixative and decalcified in RapidCal Immuno (BBC Biochemical) for 15 minutes, followed by 

routine processing. Specimens from MGH were fixed in B-plus fixative for a minimum of 4 hours 

and decalcified in RapidCal Immuno (BBC Biochemical) for 30 minutes, followed by routine 

processing. Histologic review and fibrosis grading were performed by W.W., R.P.H. and O.P. 

based on consensus, using the 2016 WHO Revised Classification of Myeloid Neoplasms (33). 

RNA was isolated from 50 μm sections prepared from fixed, decalcified and paraffin-embedded 

bone marrow biopsies using Qiagen RNeasy Kit (Germantown, MD), as previously described 

(22). Multiplexed mRNA quantification was performed using Nanostring nCounter GX Human 

Inflammation Kit (Seattle, WA) and analyzed by nSolver and nCounter Advanced Analysis. The 

study was conducted in accordance with the principles set forth by the Declaration of Helsinki 

and the requirement for informed consent was waived by the institutional review board.  

Statistical analysis 

Statistical analysis was performed on Prism GraphPad software. Normality tests were 

performed to determine Gaussian distribution. Statistical tests included one-way ANOVA and 

post-hoc tests for multiple comparisons or Student's t-tests for comparison between two groups. 

Brown-Forsythe and Welch ANOVA or t test with Welch correction were used when variances 

significantly differed between groups. Non-parametric Mann Whitney tests were used to 

compare two groups that did not follow normal distribution. P-values less than 0.05 were 

assumed to be significant in all analyses. Error bars represent standard error of mean, unless 

otherwise noted. Appendix 9 shows results of statistical tests. 
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3. Artificial extracellular matrix mimics bone marrow niche with tunable viscoelasticity

To study the impact of matrix mechanical cues on monocyte cell fate, the mechanical properties 

of native bone marrow were first identified. Human bone marrow, obtained from fracture 

hematomas from patients undergoing orthopedic revision surgeries, exhibited an elastic 

modulus of 1-10 kPa (7) and a half-time of stress relaxation of 400±60 s (mean±SEM, Figure 

6.2A). A similar elastic modulus, 0.1-10.9 kPa, was reported for intact bovine bone marrow, with 

a viscoelastic power-law index of 0.12±0.02 (35). While these data suggest normal bone 

marrow is a viscous-solid, myelofibrosis features increased deposition of collagen-I and reticulin 

fibers (262), which have been associated with increased elasticity of extramedullary organs, 

such as the spleen and liver (263).  

Figure 6.2. Interpenetrating fibrillar collagen and click-modified alginate network hydrogels tune 
mechanical resistance of extracellular matrix (ECM).  
A) Viscoelasticity of bone marrow analyzed by measuring stress relaxation of human bone marrow
obtained from fracture hematomas (left – normalized stress relaxation, right - half-times of stress
relaxation). B) Bone marrow monocytes were encapsulated in an artificial ECM composed of alginate
biopolymers (light blue) and collagen fibers (green). Alginate was chemically modified with norbornene
(Nb) and tetrazine (Tz), which covalently reinforce existing ionic (Ca2+) hydrogel crosslinks to modulate
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(Continued) viscous behavior independently of stiffness.  C) Modulus and loss-angle (d) of viscous (blue) 
or elastic (red) hydrogels measured by oscillatory shear rheology at 1% strain and 1 Hz. Effective elastic 
modulus = 2Gʹ(1 + n); Gʹ, storage modulus, n = 0.5. D) Half-times of stress relaxation at 10% shear strain. 
P-values in (C) and (D) indicate statistical significance (p < 0.05) of unpaired T-tests. 

Artificial ECM hydrogels were formed from interpenetrating networks of alginate and collagen 

type-I fibers (200) to test whether encapsulated primary human bone marrow-derived 

monocytes independently respond to changes in both stiffness and viscoelasticity (Figure 

6.2B). The extent of ionic-crosslinking of alginate controlled the stiffness of the gels (101, 182), 

while chemically-modifying alginate with bio-orthogonal chemical groups norbornene (Nb) or 

tetrazine (Tz) allows one to independently tune relaxation/elasticity (200). These polymers form 

a hydrogel via ionic crosslinking of blocks of glucuronic acid residues (G-blocks) by cooperative-

binding of divalent cations (101), followed by secondary reinforcement of the existing crosslinks 

via an inverse electron-demand Diels-Alder “click” reaction of Nb and Tz in a bio-orthogonal 

manner (200) (Figure 6.2B inset). Collagen provides ligands for cell adhesion, and the 

nanostructure of the gels remains constant, allowing mechanics to be altered independently 

(200). Hydrogels (Alg vs. NbTz) were fabricated with matching elastic moduli in the stiffer range 

for bone marrow (~7.5kPa), but distinct viscoelasticity, as indicated by values of loss-angle; the 

more liquid-like gels are termed “viscous”, and more solid-like termed “elastic” (Figure 6.2C). 

Softer hydrogels (~0.75 kPa elastic modulus) that mimic the lower range for intact marrow were 

also prepared accordingly (200). Shear stress relaxation tests confirmed the half-time of 

relaxation of NbTz hydrogels was much slower than viscous hydrogels (Figure 6.2D); the latter 

were similar to native human bone marrow (Figure 6.2A). 
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4. Monocyte differentiation into dendritic cells is regulated by viscoelasticity of the matrix

Next, the impact of matrix stiffness and its relative viscous or elastic nature on the behavior of 

monocytes was examined. Human monocytes (Appendix 7) expressing HLA-DR and CD14 

were enriched from bone marrow mononuclear cells by negative isolation (Figure 6.3). 

Exposure to GM-CSF, IL4, and PGE2 directed expression of antigen-presenting cell markers 

CD11b, HLA-DR, CD14, and CD141 (Figure 6.4).  

Figure 6.3. Isolation of monocytes from human bone marrow. 
A) Flow cytometry plots of bone marrow mononuclear cells (BM) and isolated monocytes (Mo). HLA-DR
vs. CD11b+ is gated on live-CD45+CD3- cells and B) CD14 vs. CD11b is gated on live-CD45+CD3-
CD11b+ cells (right). Red box indicates quantified population. Statistical significance is indicated by p-
value (p<0.05) with unpaired two-tailed T test.
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Figure 6.4. Antigen-presenting cells, positive for CD11b+ HLA-DR+ CD14+ CD141+ and 
negative for plasmocytoid dendritic cell marker CD45RA, were enriched from fresh human bone 
marrow mononuclear cells with cytokines GM-CSF, IL4 (264, 265) and PGE2 (266, 267). 
A) Gating strategy of enriched monocytes after overnight incubation at Day 0 and at Day 3 in non-
adherent culture with GM-CSF, IL4, and PGE2. B) Plots were gated on CD11b+ HLA-DR+ cells and
analyzed for CD14, CD141, CD11c, CD1c, and CD45RA at Day 0 and Day 3.
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Monocytes were encapsulated in viscous and elastic gels and cultured for three days. Cells in 

stiff, elastic gels secreted higher levels of MMP12 and pro-inflammatory cytokines and 

chemokines (Figure 6.5A). Cells in viscous gels upregulated Galectin-3, IGFBP-7, and soluble 

PD-L1. Principal component analysis of gene expression revealed that while major changes 

were associated with the donor (component 1), as expected, component 2 clearly distinguished 

the more stiff, elastic hydrogels from the other three matrix conditions (Figure 6.5B, Figure 6.6). 

Figure 6.5. Viscoelastic properties of ECM differentially regulate monocyte cytokines and 
differential gene expression.  
A) Unsupervised hierarchical clustering of Luminex analysis for cytokine markers of myeloid cells cultured
in various matrices. B) Principal component analysis of gene expression with donor 1 (closed markers)
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(Continued) and donor 2 (open markers). D) Volcano plots of differential gene expression of donors 1-2 
comparing viscous (blue) and elastic (red) matrices of elastic modulus, E ~7.5 kPa. Unless otherwise 
noted, all analyses were performed at 3 days after encapsulation. 

Comparison of the stiff, viscous versus stiff, elastic gels revealed that matrix metalloproteases 

(MMP12 and MMP9) and antigen-presenting cell markers IDO1 and RELB were significantly 

upregulated in the elastic gels; conversely, in the viscous gels, immature markers were 

upregulated, including cathepsin G (CTSG), neutrophil elastinase (ELANE), S100A8 subunit of 

calprotectin, and IGFBP7 (Figure 6.5C, Figure 6.7). 

Figure 6.6. Mechanical cues of extracellular matrix regulate patterns of monocyte gene 
expression. 
A) Unbiased hierarchical clustering of gene expression from a nanoString myeloid panel (Table S4) of
monocytes in the hydrogels from two separate donors. Soft ~ 0.75 kPa, Stiff ~ 7.5 kPa elastic moduli. B)
Clustering of global directed significance scores of gene set analysis. All analyses were performed at 3
days after encapsulation.



146 

Figure 6.7. Nested scatterplots of normalized gene expression of markers that are upregulated 
in cells in viscous and soft-elastic gels (A) and stiff-elastic gels (B) from donors 1 and 2. 
Soft ~ 0.75 kPa, Stiff ~ 7.5 kPa elastic moduli. P-values indicate statistical significance (p<0.05) 
compared to stiff-elastic gels (*, asterix) of nested one-way ANOVA with Tukey’s multiple comparisons 
tests. All analyses were performed at 3 days after encapsulation. 

The differentiation state of monocytes in the stiff matrices was confirmed by flow cytometry 

(Figure 6.8). The majority of cells in both viscous and elastic gels were similarly CD11b+HLA-
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DR+, but the mean fluorescence intensity of HLA-DR was significantly higher in elastic gels 

(Figure 6.9A). Moreover, the fraction of dendritic cells was also significantly upregulated in 

elastic gels, as indicated by double-positive CD11c+CD1c+ cells (Figure 6.9B), as well as 

CD80+ cells (Figure 6.9C). Increased fraction of PDL1+ cells in elastic gels (Figure 6.9C) was 

consistent with activation of antigen-presenting cells, while upregulated soluble PD-L1 was 

observed in viscous gels (Figure 6.5A). Few (<5%) cells expressed macrophage marker CD68, 

and CD11c+CD163+ cells were present in both groups (Figure 6.10). Together, these data 

suggest that stiff elastic ECM, but not stiff viscous ECM, drives antigen-presenting cell 

differentiation and pro-inflammatory polarization. 

Figure 6.8. Nested scatterplots of flow cytometry performed on samples from donors 1-3. 
HLA-DR mean fluorescence intensity (MFI), fraction of live cells expressing dendritic cell differentiation 
markers CD11c+CD1c+, CD80+, and PDL1+ gated on live-HLA-DR+ cells for soft viscous (blue), stiff 
viscous (red), soft elastic (green), and stiff elastic (purple) gels. P-values indicate statistical significance 
(p<0.05) of three biological replicates of two-way ANOVA with Tukey’s multiple comparisons tests 
compared to stiff elastic gel within each donor (asterix). All analyses were performed at 3 days after 
encapsulation. 
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Figure 6.9. Viscoelastic properties of ECM differentially regulate dendritic cell differentiation and 
activation markers. 
A) Flow cytometry of HLA-DR and CD11b with quantification of HLA-DR mean fluorescence intensity
(MFI) on the right, gated on live-cells. B) Dendritic cell differentiation markers, gated on live-HLA-DR+,
CD1c and CD11c and C) CD80+ and PDL1+ as fractions of total live-cells. P-values in (A)-(C) indicate
statistical significance (p<0.05) of three biological replicates with unpaired T-tests, which was repeated
with three different donors. Unless otherwise noted, all analyses were performed at 3 days after
encapsulation.
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Figure 6.10. Monocytes in stiff, viscous and stiff, elastic hydrogels are predominately negative 
for macrophage marker CD68, and differentiate towards CD11c+CD163 cells. 
Human donor monocytes were encapsulated in stiff, 7.5 kPa hydrogels for 3 days with cytokines GM-
CSF, IL4, and PGE2. A) Quantification of macrophage marker CD68, gated on live-CD45+CD3- cells B) 
Flow cytometry plot and quantification of CD11c and CD163, gated on live-CD45+CD3-CD11b+HLA-DR+ 
cells. P-values indicate statistical significance (p<0.05) of three biological replicates of unpaired two-tailed 
T-test. All analyses were performed at 3 days after encapsulation.

5. Extracellular matrix elasticity upregulates cortical F-actin cytoskeleton and drives

differentiation through PI3K-gamma

Next, we examined the role of the cytoskeleton, as it is a key mechano-transducer in 

development and regeneration (268), is involved in dendritic cell maturation (269), and directs 

polarization of myelomonocytic cells (270). Significant upregulation of cortical F-actin was 

observed in cells in stiff, elastic gels compared to stiff, viscous gels (Figure 6.11A). Next, the 

effects of inhibitors and cytokines related to mechanotransduction and monocyte polarization 

on elasticity’s upregulation of the F-actin cytoskeleton were explored (Table 6.1, Figure 6.12).
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Table 6.1. Pharmacological inhibitors and cytokine treatments. 
Name Synonyms Catalog 

# 
Target Concentration Stock Manufacturer 

tasquinimod ABR-215050 S7617 50 uM 50 mM Selleckchem 

IKK inhibitor BMS-345541 5 uM 50 mM 

blebbistatin 10 uM 50 mM 

ROCK 

inhibitor 
Y-27632 10 uM 10 mM 

Bortezomib PS-341 S1013 10 nM 10 mM Selleckchem 

Cytochalasin D CytoD C8273 5 uM 5 mM 

Latrunculin B LatB 39741 1.0 uM 10 mM Tocris 

IP-549 IP549 S8330 1 uM 10 mM Selleckchem 

C188-9 C188-9 S8605 30 uM 50 mM Selleckchem 

PMA PMA P1585 162 nM 10 mM Sigma 

LPS LPS L4391 1 ug/mL 1 ug/uL Sigma 

IFN-gamma IFN-gamma 100 ng/mL 
20 

ng/uL 

CK-869 CK-869 4984 100 uM 100 mM Tocris 

AZD5582 AZD5582 S7362 5 uM 5 mM Selleckchem 

W7 sc-201501 
sc-

201501 
20 uM 50 mM Scbt 

Celecoxib 3786 3786 10 uM 10 mM R&D 

TNFa TNFa 

S100A9 binding to TLR4 

100 U/mL 10 U/uL TNF receptor 

COX2 

Calmodulin  

cIAP1/2 

Arp2/3 

activates
TNFalpha/TGFbeta  

TLR4 agonist 

PKC activator

STAT3 inhibitor

PI3K-gamma inhibitor 

F actin stabilization

F actin depolymerization 

Proteasome

ROCK

Non-muscle myosin II

IKK
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A myeloid inhibitor, IPI-549, that specifically inhibits the myeloid-isoform of PI3K (PI3K-gamma) 

(271) and is being investigated in clinical trials (Table 6.2) (271), significantly reduced F-actin

staining of cells in elastic gels (Figure 6.11B). PI3K-gamma has also been found to regulate 

hydrodynamic shear stress-driven engagement of integrin receptors through Rac-dependent F-

actin accumulation (272). Inhibition of ROCK with Y27632, Arp2/3 with CK-869, and F-actin with 

Latruculin B also reduced F-actin-assembly (Figure 6.11C, top row), as expected. Conversely, 

upregulation of F-actin in elastic gels appeared to be independent of inhibition of NMII 

(blebbistatin), cyclooxygenous-2 (Celecoxib), or calmodulin (W7) (Figure 6.11C, bottom row). 
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Table 6.2. Clinical trials investigating IPI-549.
NCT number Conditions Interventions 

NCT03795610 Head and Neck Squamous Cell Carcinoma (HPV+ and 
HPV-) 

IPI-549 

NCT03980041 Bladder Cancer 
Urothelial Carcinoma 
Solid Tumor 
Advanced Cancer 

IPI-549, Nivolumab, Placebos 

NCT02637531 Advanced Solid Tumors 
Non-small Cell Lung Cancer 
Melanoma 
Squamous Cell Cancer of the Head and Neck 
Triple Negative Breast Cancer 
Adrenocortical Carcinoma 
Mesothelioma 
High-circulating Myeloid-derived Suppressor Cells 

IPI-549, Nivolumab 

NCT03961698 Breast Cancer 
Renal Cell Carcinoma 

IPI-549, Atezolizumab, nab-paclitaxel, 
Bevacizumab 

NCT03719326 TNBC - Triple-Negative Breast Cancer 
Ovarian Cancer 

AB928, IPI-549, Pegylated liposomal 
doxorubicin, nanoparticle albumin-
bound paclitaxel 
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Figure 6.11. Elasticity upregulates cortical F-actin cytoskeleton through PI3K-gamma. 
A) Elastic aECM upregulates F-actin cortex in stiff hydrogels (E ~7.5 kPa). F-actin staining (green) of cells
in viscous (blue) and elastic (red) hydrogels. F-actin in elastic hydrogels without and with inhibition of
PI3K-gamma by IPI-549 (1 uM) (B), and inhibition of ROCK with Y27632, Arp2/3 with CK-869, and F-actin
with Latruculin B (C). Scale bar, 10 um. P-values indicate statistical significance (p<0.05) of at least three
biological replicates of non-parametric test, one-way ANOVA with Tukey’s multiple comparisons, or
unpaired T-tests (Appendix 9). All analyses were performed at 3 days after encapsulation.
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Figure 6.12. Chemical and biochemical perturbation alters F-actin cytoskeleton of monocytes in 
viscous and elastic hydrogels. 
Cells were treated with panel of cytokines and inhibitors in Table 6.1. F-actin staining (green) of 
monocytes in viscous and elastic hydrogels (7.5 kPa elastic modulus). Images are maximum intensity 
projections of representative cells. Scale bar 10 µm. All analyses were performed at 3 days after 
encapsulation. A) Control cells with no cytokines or inhibitors in elastic and viscous gels. The treatment 
conditions are grouped by part (B), in which inhibitors and cytokines that have no effect of F-actin in 
elastic gels, but PMA, CytoD, and C188-9 do upregulate F-actin staining in viscous gels (inset), and part 
(C), in which F-actin staining is inhibited in elastic gels.  
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Flow cytometry indicated that treatment with the PI3K-gamma inhibitor significantly reduced 

HLA-DR surface expression and the fraction of CD11b+ CD11c+ cells (Figure 6.13A). Inhibition 

of actomyosin contractility with the ROCK inhibitor Y27632 partially reduced expression of

these markers in elastic gels (Figure 6.13B). 

Figure 6.13. PI3K-gamma inhibition blocks effect of elasticity on expression of dendritic cell 
markers HLA-DR and CD11b+ CD11c+ fraction 
A) Flow cytometry of HLA-DR MFI and fraction of CD11b+ CD11c+ cells (gated on live-HLA-DR+) with 
and without IPI-549. B) . Inhibition of actomyosin contractility with the ROCK inhibitor Y27632 partially 
reduced expression of dendritic cell markers in elastic gels.  Flow cytometry of HLA-DR (APC-Fire-750) 
mean fluorescence intensity (MFI) and fraction of CD11b+ CD11c+, C80+, and PDL1+ cells with Y27632, 
gated on live-HLA-DR+ cells. P-values are shown for one-way ANOVA with post-hoc multiple 
comparisons test.

Based on these findings, we hypothesized that viscoelasticity of the ECM impacts how 

monocytes respond to inflammatory cytokines. Monocytes were encapsulated in viscous, stiff or 

elastic, stiff hydrogels and treated with LPS, IFN-gamma, or TNF-alpha. ELISA for levels of IL6 

showed that the mechanics of the ECM significantly impacted the secretion of IL6, depending on  
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inflammatory conditions (Figure 6.14). Stimulation with IFN-gamma upregulated IL6 in elastic 

gels, but not in viscous gels. Conversely, LPS induction upregulated IL6 higher in viscous gels. 

Figure 6.14. Matrix mechanics impact IL6 secretion, depending on inflammatory cues.  
ELISA was performed on conditioned media after three days in culture in viscous, stiff, or elastic, stiff 
hydrogels. P-values indicated a statistically significant difference (p<0.05) by a two-way ANOVA and 
Tukey’s multiple comparisons test. Concentrations of cytokines are summarized in Table 6.1. 

Control LPS IFN-gamma TNFa
0

50000

100000

150000

pg
/m

L

IL6

Elastic

Viscous
0.0159 0.0007 <0.0001 <0.0001
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Next, we aimed to determine whether mechanical upregulation of the F-actin cytoskeleton by 

matrix elasticity was dependent on adhesion to the ECM. Monocytes were encapsulated in stiff, 

elastic gels without collagen, so there was no ECM-ligands present in the hydrogel. After 3 

days, the F-actin cortical cytoskeleton was strongly present in these cells, despite the absence 

of type-I collagen (Figure 6.15, green). Second-harmonic generation (SHG) confocal imaging 

confirmed there was no fibrillar matrix surrounding the cells, although, the F-actin fluorescence 

signal overlapped with the SHG signal, likely due to the highly polymerized cytoskeletal 

structures on the cortex of the cell (Figure 6.15, merged). These data suggest that monocytes 

respond to elasticity of the ECM without adhesion. 

Figure 6.15. Monocytes in elastic gels upregulate a cortical F-actin cytoskeleton in the absence 
of adhesive ligands.  
Monocytes were encapsulated in elastic gels without collagen for 3 days and then fixed, stained, and 
imaged with multi-photon confocal microscopy for second-harmonic generation (SHG, cyan), F-actin 
(green), and NFKBIZ (magenta). Images are single confocal sections, 2.5 µm thick. 

6. Viscous extracellular matrix maintains immature monocytes expressing pSTAT3 and

NFKBIZ

We next explored whether transcription factors were expressed in viscous gels that could 

restrain differentiation. Differentially-expressed genes in monocytes retrieved from viscous gels 
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showed GATA3, STAT3, and RELA as top-ranked upstream transcription factors (Figure 6.16). 

We hypothesized STAT3 may serve as a marker of immature monocytes in the viscous gels, 

because STAT3 has been shown to impair dendritic cell differentiation (273).  

Figure 6.16. STAT3 transcription factor is associated with differentially expressed genes in stiff 
viscous hydrogels. 
A) Unsupervised hierarchical clustering of differentially expressed genes from bulk RNA sequencing.
Cells from soft and stiff viscous gels are compared to cells in non-adherent tissue culture with or without
calcium control. The calcium control are cells exposed to free calcium released from an empty hydrogel.
Markers were separated into 11 clusters associated with patterns of gene expression. B) Clusters 5, 6, 7,
8, and 11 were associated with genes upregulated in stiff viscous conditions. These markers were put
into the ENCODE ChIP-Seq database, which identified STAT3 as one of the top ranked transcription
factors involved in regulating these genes.

Immunohistochemistry and multi-photon confocal imaging in viscous and elastic gels confirmed 

that phosphorylated STAT3 (pSTAT3) was expressed by cells in viscous gels (Figure 6.17A). 

Conversely, cells in elastic gels showed lower pSTAT3 staining (Figure 6.17A-B), and inhibition 

of PI3K-gamma with IPI-549 in elastic gels resulted in upregulation of pSTAT3 (Figure 6.17C). 

Mechanical regulation of differentiation appeared to be independent of IL6-STAT3-axis, as 

blockade of IL6R did not significantly alter dendritic cell markers in viscous or elastic conditions 
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(Figure 6.17D). Cells in viscous gels also expressed an endogenous inhibitor of non-canonical 

NFkB signaling, IkB-z (NFKBIZ, Figure 6.18A-B), previously described as a target gene of 

STAT3 (274). Staining for IkB-z in Figure 6.18C confirmed its expression by immature 

monocytes in viscous gels, which was consistent with non-canonical NFkB’s role as a driver of 

dendritic cell differentiation (275).  

Figure 6.17. Phospho-STAT3 is upregulated in viscous gels and under PI3K-gamma inhibition in 
elastic gels. 
A) F-actin (green) and pSTAT3 (Tyr705, magenta) with B) quantification. C) pSTAT3 (Tyr705, magenta)
in elastic hydrogels with and without IPI-549. D) Flow cytometry of HLA-DR MFI and CD11b+ CD11c+
cells (gated on live-HLA-DR+) with blocking anti-IL6R antibody (1 ug/ml). Scale bar, 10 um. P-values
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(Continued) indicate statistical significance (p<0.05) of at least three biological replicates of non-
parametric test, one-way ANOVA with Tukey’s multiple comparisons, or unpaired T-tests (Appendix 9). 
All analyses were performed at 3 days after encapsulation. 

Figure 6.18. Viscous gels were associated with expression of an endogenous inhibitor of non-
canonical NFkB, IkB-z.  
A) Volcano plots of differentiation gene expression comparing viscous (blue) and elastic (red), elastic
modulus for both gels E ~7.5 kPa. NFKBIZ is highlighted in red. B) Normalized gene expression of
NFKBIZ at Day 0 prior to encapsulation and after 3 days in viscous and elastic gels of soft (0.75 kPa) and
stiff (7.5 kPa) elastic modulus. P-values are shown for ANOVA with post-hoc multiple comparisons test.
C) Immunofluorescence imaging of F-actin (green) and NFKBIZ (magenta). Scale bar, 10 um. P-values
indicate statistical significance (p<0.05) of at least three biological replicates of unpaired T-test. All
analyses were performed at 3 days after encapsulation.

Altogether, these data suggest that monocytes engage with the surrounding ECM by cell-

intrinsic pushing forces in a PI3K-gamma-dependent mechanical checkpoint (Figure 6.19). In 

viscous ECM, cell-generated stresses are rapidly relaxed, and cells resemble immature 
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monocytes in native bone marrow. With increased ECM elasticity, cellular stresses relax much 

slower, which leads to PI3K-gamma-dependent cortical F-actin polymerization and enhanced 

pro-inflammatory polarization and differentiation towards antigen-presenting cells. 

Figure 6.19. Proposed mechanical checkpoint of monocyte cell fate is regulated by PI3K-
gamma, which transduces external mechanical resistance to promote antigen-presenting cell 
differentiation. 

7. Inflammatory signaling in monocytes from an animal model of myeloproliferative neoplasm

are upregulated by elastic matrix

Next, an animal model of MPN was used to obtain monocytes with the Jak2-V617F mutation 

from bone marrow of Jak2-V617F-Vav-iCre mice, as well as Vav-iCre controls (WT) (276). 

Unlike MPN patients, these mice do not progress into myelofibrosis and show no differences in 

modulus or viscoelasticity compared to WT versus Jak2-V617 mice (Figure 6.20), precluding 

analysis of the impact of matrix changes on gene expression in situ.  
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Figure 6.20. Nano-indentation of mouse femur bone marrow cross-sections showed no 
differences in mean storage modulus (A) or tan(delta) (B) of female Vav-iCre wild-type (WT) 
and Jak2-V617F Vav-iCre mice. 
Tan(delta) indicates degree of viscous character of the matrix mechanics. P-values indicate no 
statistically significant difference (p>0.05) of unpaired two-tailed T-test. Each data point represents the 
mean of n > 5 measurements. 

Similar to studies with human cells, monocytes were encapsulated in stiff, viscous and stiff, 

elastic artificial ECM to determine the impact of elasticity. Bulk RNA-seq analysis of Jak2-V617F 

monocytes showed gene expression in the Jak-Stat pathway was altered by ECM mechanics 

(Figure 6.21). Il6, Lif, Csf2, IL12b, and Il19 were enriched by elasticity in Jak2-V617F 

monocytes, while Ccnd1 was enriched in viscous gels (Figure 6.22). 

Figure 6.21. Elasticity upregulates Jak-Stat pathway in Jak2-V617F monocytes. 
KEGG pathview analysis of Jak-Stat signaling pathway of cells in elastic (red) versus viscous (green) 
gels. Growth factor, hormone, and cytokine signaling are upregulated by elasticity. Anti-apoptosis, cell 
cycle regulation, and lipid metabolism are upregulated in viscous gels. 
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Figure 6.22. Normalized expression of Jak-Stat pathway genes in Jak2-V617F monocytes 
cultured in elastic versus viscous hydrogels, with linear regression fit (black line). 
Genes enriched in elastic gels are marked in red and appear above the linear regression, while genes 
enriched in the viscous gels are marked in blue below the linear regression line. Two biological replicates 
(one of each gender) were tested. All analyses of monocytes in hydrogels were performed at 3 days after 
encapsulation. 

Globally, regulation of the actin cytoskeleton was enriched by elasticity, which was consistent 

with our results in human monocytes; in viscous gels, the expression of ribosome pathway and 

H-2-class-II genes were enriched (Figure 6.23, Appendix 8).
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Figure 6.23. Volcano plot of global transcriptome differentially expressed genes comparing 
mouse Jak2-V617F monocytes in stiff, elastic versus stiff, viscous gels.  
Bulk RNA-sequencing was performed in duplicate. Genes marked in red are above thresholds of both fold 
change = 21 and p-value = 10-2 threshold (dotted lines). Green indicates genes above fold change 
threshold, but below the p-value threshold. Blue indicates genes above the p-values threshold, but below 
the fold change threshold. Grey indicates genes that are not significantly differentially expressed. Data 
was obtained from two biological replicates. 

IL6 and LIF secretion was upregulated by elasticity in both WT and Jak2-V617F monocytes, 

compared to viscous gels, and they were further increased by the Jak2-V617F mutation 

compared to WT in elastic gels (Figure 6.24). Together, these data show elasticity of ECM 

upregulates Jak-Stat signaling and is synergistic with Jak2-V617F in monocyte activation. 
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Figure 6.24. IL6 and LIF levels of conditioned media from WT or Jak2-V617F monocytes in 
viscous (blue) or elastic (red) hydrogels.  
P-values indicate statistical significance (p<0.05) of ANOVA with Dunnett’s multiple comparisons. Two
biological replicates (one of each gender) were tested. All analyses of monocytes in hydrogels were
performed at 3 days after encapsulation.

Unlike human monocytes, IL6 production by mouse monocytes in elastic gels were not inhibited 

by PI3K-gamma inhibitor IPI-549 (Figure 6.25). There was no significant regulation of 

differentially expressed genes between IPI-549-treated and untreated WT monocytes in elastic 

gels (Figure 6.26). 

Figure 6.25. IL6 secretion by mouse WT and Jak2-V617F monocytes are not sensitive to PI3K-
gamma inhibition with IPI-549. 
ELISA was performed on conditioned media collected in two separate experiments of mouse WT and 
Jak2-V617F monocytes, respectively. A) IL6 levels in conditioned media of WT and Jak2-V617F 
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(Continued) monocytes in standard tissue culture with GM-CSF, IL4, and PGE2 for 3 days and 
untreated culture plates. WT monocytes were also treated with PI3K-gamma inhibitor IPI-549 (1 uM). P-
values indicated statistical significance of Kruskal-Wallis non-parametric test with Dunn’s multiple 
comparisons. B) IL6 levels of conditioned media from Jak2-V617F (left) and WT (right) monocytes 
encapsulated in stiff, elastic gels for three days with and without treatment with IPI-549 (1 uM). P-values 
indicated statistical significance of Mann Whitney non-parametric test. P-values <0.05 are considered 
significant. Data was obtained from two biological replicates of each genotype. 

Figure 6.26. Myeloid gene expression of WT mouse monocytes in elastic gels is not significantly 
impacted by treatment with PI3K-gamma inhibitor IPI-549. 
Volcano plot of differential gene expression of WT mouse monocytes in elastic gels comparing treatment 
with IPI-549 to untreated cells. No genes measured were differentially expressed above the threshold of 
an adjusted p-value of 0.05 with three biological replicates per group. 

8. Gene expression of bone marrow in patients of myelofibrosis is associated with pro-

inflammatory cytokines

To explore the clinical relevance of the mechanical regulation of monocyte cell fate to 

myelofibrosis, gene expression in bone marrow biopsies of patients with primary myelofibrosis 

(PMF) (277) was analyzed. Compared to non-fibrotic and early PMF (Figure 6.27A), biopsies 

from patients with advanced PMF showed increased reticulin and collagen-I (Figure 6.27B). 
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Within a cohort of patients diagnosed with PMF, gene expression of advanced PMF samples 

was compared to early PMF.  Advanced PMF was associated with upregulation of pro-

inflammatory genes IL8, RELB, and CCL2 (red markers, Figure 6.27C). The expression of these 

markers mirrored genes upregulated in monocytes in elastic gels (Figure 6.5A, C). Conversely, 

immature myeloid marker ARG1 was upregulated in early PMF (blue marker, Figure 6.27C), 

similar to monocytes in viscous gels (Figure 6.5C). JAK-inhibition is a mainstay of treatment for 

patients with MPNs. Longitudinal samples from patient-4 with polycythemia vera, who 

progressed from moderate to overt fibrosis without treatment, showed upregulation of cytokines 

IL6, CCL2, and CCL4 (red line, Figure 6.27D), which again were consistent with in vitro findings 

in elastic matrix (Figure 6.5A). In contrast, longitudinal biopsies from PMF patient-1, who was 

treated for 18 cycles with JAK2 inhibitor NS-018, showed a reduction from severe to moderate 

fibrosis. This was accompanied by a reduction in gene expression of markers of antigen-

presenting cells, including HLA-DR and RELB (red line, Figure 6.27E). These data are 

consistent with upregulation of IL8, CCL2, IL6, and CCL4 by monocytes in myelofibrosis (256), 

and the prognostic significance of high IL8 and CCL2 expression in patients with myelofibrosis 

(278).  
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Figure 6.27. Myeloproliferative neoplasm in human patients is associated with myelofibrosis and 
gene expression of pro-inflammatory cytokines and markers. 
A) Histopathology of non-fibrotic haemotoxylin and eosin (H&E, left) and low-grade, early primary
myelofibrosis (PMF). B) Fibrotic H&E and high-grade, advanced PMF. PMF sections are stained for
reticulin fibers (middle) and trichrome stain for collagen type-I (left). Scale bar 50 µm (100 µm inset). C)
Volcano plot of differential gene expression, measured by inflammation nanoString panel, in bone marrow
tissue from a cohort of 29 patients with early- (13 patients) or advanced stage, overt PMF (16 patients).
D) Upregulated genes in patient-4 with post-polycythemia-vera myelofibrosis, without treatment, and (E)
PMF patient-1 treated with JAK2 inhibitor (NS-018). Markers similar to those regulated in monocytes in
elastic gels marked in red.
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Further, healthy donor monocytes in elastic gels treated with PI3K-gamma inhibitor IPI-549 

significantly downregulated IL8, CCL2, IL6, and CCL4 (Figure 6.28), suggesting that IPI-549 

may alter immune dysregulation in overtly fibrotic MPNs.  

Figure 6.28. Human donor monocytes’ expression of cytokines in elastic gels is sensitive to 
inhibition with PI3K-gamma inhibitor IPI-549. 
Cytokine analysis of conditioned media of human monocytes from healthy donor in stiff, viscous and 
elastic hydrogels with and without IPI-549. ND: not detected. P-values indicate statistical significance 
(p<0.05) of ANOVA with Dunnett’s multiple comparisons. Three biological replicates were tested. All 
analyses of monocytes in hydrogels were performed at 3 days after encapsulation. 

9. Discussion

An artificial extracellular matrix of fibrillar type-I collagen interpenetrating with a chemically-

modified polysaccharide matrix was developed that mimicked the stress relaxation properties of 

bone marrow niche with tunable viscoelasticity. The polysaccharide alginate is inert to cells 

while fibrillar collagen is similar to ECM ligands in bone marrow, because collagen type-I is the 

most abundant matrix component of bone marrow osteoblastic niche (255). The modulus of 

bone marrow obtained from fracture hematomas was in the same range as the stiff hydrogels 

obtained with 0.3% wt/v calcium carbonate (7, 35), and hydrogels with only reversible ionic 

crosslinking (Alg, viscous gels), exhibited stress relaxation behavior similar to the bone marrow 

samples. Covalent reinforcement of alginate crosslinks with click-chemistry groups (Nb-Tz, 

elastic gels) made the hydrogels significantly more elastic, which modeled the effect of fibrotic 
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elasticity (263). The elastic condition was consistent with increased reticular fibers and 

increased density of hyaluronic acid ECM in bone marrow with malignant bone hematopoietic 

disease compared to healthy controls (279). Using this system, we aim to better understand 

how immune dysfunction is affected by mechanics in myelofibrosis. A major advancement of 

this system is its ability to tune elasticity independent of other physical and biochemical 

properties to investigate the direct impact of mechanics alone, whereas in vivo studies or clinical 

correlates only determine show associations.  

Elastic, stiff ECM directed differentiation of monocytes into dendritic cells, as indicated by 

analysis of cytokines, gene expression, and surface markers. In contrast, cells in more viscous 

gels, regardless of stiffness, remained immature monocytes. The effect of mechanics on gene 

expression was not as apparent in naïve monocytes without treatment with cytokines GM-CSF, 

IL4, and PGE2 (Appendix 10). Cells in elastic, soft gels were less differentiated than those in the 

elastic, stiff gels, suggesting a synergy between stiffness and elasticity in monocyte 

differentiation. Monocytes are relevant in bone marrow malignancies associated with 

myelofibrosis, as elevated monocyte blood counts (monocytosis) is an adverse prognostic 

marker for survival in PMF (257). Further, CD14+ myeloid cells are the principal cellular source 

of the constitutively overproduced cytokines in PMF (256). Our findings that monocytes respond 

to and are directed by mechanical cues are consistent with the physical nature of tissues. In 

inflammatory diseases, such as pulmonary fibrosis, recruited immune cells are subjected to 

tonic and dynamic mechanical forces and pressure (25). Cyclic hydrostatic pressure in 

pulmonary disease can activate macrophage and monocyte inflammatory signaling through 

PIEZO1, but it remains unknown how immune cells sense and are impacted by mechanical 

forces in other mucosal and non-mucosal tissues (25). Our data suggest that ECM elasticity 
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could be a non-cell-autonomous trigger of cytokine production and inflammation through 

mechanotransduction signaling. 

Monocytes in stiff, elastic gels upregulated a cortical F-actin cytoskeleton, which was absent in 

stiff, viscous gels, in a manner-dependent on PI3K-gamma. Inhibition of F-actin polymerization 

and lamellipodia blocked the cortical F-actin cytoskeleton, as expected. Upregulation of the 

cortical F-actin cytoskeleton in elastic gels is consistent with differentiation towards dendritic 

cells. Dendritic cells upregulate F-actin after activation and during homing to the lymph nodes 

(280, 281). The dendritic cell cytoskeleton is also critical for priming T cells, by promoting their 

adhesion (282). PI3K-gamma can be activated by hydrodynamic shear stress on the membrane 

to upregulate F-actin and engagement of anchoring to integrin receptors (272). Inhibition of F-

actin in elastic gels by PI3K-gamma inhibitor IPI-549 was consistent with previous reports that 

PI3K-inhibition prevented an increase in F-actin and Rac1 activation induced by IFN-gamma 

stimulation of human monocyte-derived macrophages (283). Further, our data is consistent with 

PI3K-gamma’s role in neutrophils to upregulate leading-edge actin polymerization that drives 

directional migration (284). Our findings demonstrate how PI3K-gamma plays a role in 

transducing the mechanical cues of the extracellular matrix to upregulate the polymerization of 

F-actin in monocytes. We propose that monocytes push on their surrounding ECM by intrinsic

forces, and upon engaging the elastic resistance of ECM, PI3K-gamma is activated to 

upregulate the F-actin cortex. This mechanism is distinct from traditional mechano-transduction 

in mesenchymal or fibroblastic cells, in which cells first adhere to ECM ligands and then pull 

with actomyosin contractility, as reviewed in Chapter 1. Rather, here our data suggest 

upregulation of the F-actin cortex is independent of adhesion to ECM ligands, because the 

effect from elastic alginate matrix was observed even in the absence of collagen. Further 

investigation is warranted to identify how PI3K-gamma is activated by mechanical resistance 
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and to determine downstream signaling that mediates pro-inflammatory polarization and 

differentiation into antigen presenting cells. These findings also pose the question whether other 

hematopoietic cells, like lymphocytes, could be regulated in a similar manner to matrix elasticity. 

Inhibition of PI3K-gamma also blocked the effects of matrix elasticity on differentiation of 

monocytes into dendritic cells. Monocytes in elastic gels treated with PI3K-gamma inhibitor IPI-

549 strongly downregulated dendritic cell markers HLA-DR and CD11c compared to untreated 

cells, resulting in surface marker expression similar to the immature monocytes in viscous gels. 

Although PI3K-gamma’s regulation of the cytoskeleton was consistent with other studies, the 

new role here in blocking differentiation of monocytes was surprising, because PI3K-gamma 

inhibitor IPI-549 has been reported in animal tumor models to switch the activation of 

macrophages from an immunosuppresive M2-like phenotype to more inflamed M1-like cells, 

which boosted anti-tumor immunity (285, 286). In macrophages, PI3K-gamma-dependent 

mTOR signaling mediated a transcriptional program that promoted immune suppression by 

signaling through Akt and mTor to inhibit NFκB p65-RelA activation and activating the 

CCAAT/enhancer binding protein C/EBPβ (271). Constitutively activated PI3K-gamma signaling 

in mouse macrophages was sufficient to induce arginase-1 expression (Arg) (271). Conversely, 

here we showed that matrix elasticity directed pro-inflammatory cytokine and gene expression 

programs in a PI3K-gamma-dependent fashion. In our studies, ARG1 expression was 

downregulated and pro-inflammatory cytokine IL6 was upregulated by monocytes in elastic gels 

compared to viscous gels. A key distinction here in our studies is that immature monocytes were 

isolated from fresh human bone marrow, whereas in these previous studies, mouse and human 

bone marrow-derived macrophages were differentiated fully for 6 days with mCSF. Our data 

suggests that PI3K-gamma regulation of immature myeloid cells’ response to mechanical cues 

could be regulated differently than in macrophages; PI3K-gamma inhibition suppresses pro-
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inflammatory transcriptional programs induced by mechanics. We revealed that PI3K-gamma 

inhibition could potentially suppress inflammation from infiltrating immature myeloid cells in 

elastic fibrotic tissue. 

Viscous extracellular matrix maintained immature monocytes expressing pSTAT3 and NFKBIZ. 

Genes differentially enriched by stiff, viscous matrix were predicted to be regulated by 

transcription factor STAT3. Immunostaining confirmed that pSTAT3 was expressed at higher 

levels in monocytes in viscous gels compared to elastic gels of the same stiffness. These 

results were consistent with NFKBIZ expression in stiff, viscous gels, which has been reported 

to be a target of STAT3-signaling (274). STAT3 expression by immature monocytes in viscous 

gels was consistent with STAT3’s association with immature myeloid-derived suppressor cells 

(MDSCs) in cancer. CD14+HLA-DR–/lo MDSCs from head and neck squamous cell carcinoma 

(HNSCC) patients’ tumors, draining lymph nodes, and peripheral blood showed high 

phosphorylated STAT3 levels that correlated with arginase-I (ARG1) expression levels and 

activity (287). Also in advanced malignant melanoma, increased levels of STAT3 was observed 

in CD14+HLA-DR–/lo cells isolated from patients’ peripheral blood (288). In peripheral blood 

macrophages, STAT3 inhibited MHC-II HLA-DR expression induced by IFN-gamma, which was 

consistent with lower HLA-DR expression of immature monocytes in viscous gels (289). Further, 

STAT3-signaling was shown to directly impair dendritic cell generation (273). NFKBIZ 

expression by immature monocytes in viscous gels was also consistent with suppressed 

dendritic cell differentiation, because NFKBIZ is an endogenous inhibitor of non-canonical NFkB 

signaling (290), which plays a key role in dendritic cell differentiation (275). Together, these data 

suggest that stiff, viscous ECM maintains immature monocytes and impairs differentiation, 

which was consistent with traits of suppressive myeloid cells in cancer. Stiff, viscous mechanical 
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cues potentially could maintain more immature, suppressive myeloid cells in stroma-rich tumors, 

like HNSCC. 

Inflammatory signaling in monocytes from an animal model of myeloproliferative neoplasm were 

upregulated by stiff, elastic matrix mechanics. Matrix elasticity upregulated Jak-Stat signaling, 

including IL6 and LIF secretion, in monocytes carrying constitutively-activated Jak-Stat signaling 

from Jak2-V617F-iVav-cre mice that model human myeloproliferative neoplasm (MPN). iVav-

cre+ recombinant mice restricted Jak2-V617F expression to hematopoietic-lineage cells (291). 

Jak2-V617F mouse monocytes model the underlying signaling of myelofibrosis associated with 

myeloproliferative neoplasms, because the JAK2-V617F mutation is found in 95% of 

polycythemia vera patients, which affects the pseudokinase domain of JAK2 and makes the 

signaling pathway constitutively active (255). 25% of patients have a mutation in the 

Calretinculin (CALR) gene, which also activates JAK2-signaling through the thrombopoietin 

receptor and c-mpl (255). Polycythemia vera and splenomegaly were observed in the mouse 

model (292). Unlike human MPN, however, Jak2-V617F mice do not present with myelofibrosis 

during their short life-span, as we showed by nano-indentation measurements of intact bone 

marrow from female Jak2-WT versus Jak2-V617F aged mice. Using in vitro experiments, Jak-

Stat was upregulated in Jak2-V617F monocytes by matrix elasticity, suggested that elasticity 

may play a role in myelofibrosis through a positive feedback-loop that drives disease 

progression; increased Jak-Stat signaling from constitutively-active Jak2 increases 

inflammation, which causes fibrosis and increased matrix elasticity, which drives Jak-Stat 

signaling by bone marrow-resident monocytes to further increase fibrosis. 

Increased IL6 secretion in WT and Jak2-V617F monocytes in elastic gels compared to viscous 

gels was consistent with IL6 secretion in human donor monocytes, but the level of upregulation 
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was less in mouse monocytes, and compared to human monocytes, they did not share a similar 

set of differentially-expressed genes in viscous versus elastic gels. Unlike human monocytes, 

mouse monocytes in elastic gels, both WT and Jak2-V617F, also were not sensitive to PI3K-

gamma inhibition with IPI-549. The small-molecule inhibitor IPI-549 was used at 1 uM, which 

was consistent with the dose used to treat LPS-polarized human macrophages in vitro (271), 

and exceeded the IC50 active dose observed in a migration mouse macrophage assay (293). 

The mouse monocytes were isolated in a similar manner to human bone marrow-derived 

monocytes, with a negative isolation kit from bone marrow cells (StemCell Technologies). 

Although the trends of increased Jak-Stat inflammatory signaling in elastic gels in mouse Jak2-

V617F was consistent with human monocytes, these data suggest that bone marrow-derived 

mouse monocytes are not fully representative of the behavior of human bone marrow-derived 

monocytes.  

Gene expression of bone marrow in patients of myelofibrosis was associated with pro-

inflammatory cytokines, which were inhibited by blockade of PI3K-gamma in donor monocytes. 

Gene expression of cytokines IL6, CCL4, CCL2, and IL8 were upregulated in biopsies of overt, 

advanced myelofibrosis, compared to early or moderate myelofibrosis biopsies. These data 

were consistent with reports of upregulated IL8 as prognostically significant in MPNs (278, 294), 

as wells as being expressed in monocytes isolated from primary myelofibrosis patients (256). 

These cytokines were also upregulated by elasticity in donor monocytes, and were sensitive to 

inhibition with PI3K-gamma inhibitor IPI-549, suggesting that PI3K-gamma is a potential 

therapeutic target in myelofibrosis associated with MPNs. The prognosis of patients with PMF is 

generally poor. Current management of PMF is primarily palliative and aimed at relieving 

symptoms of (anemia, splenomegaly, constitutional symptoms and bone pain) (255). Only 

allogenic hematopoietic cell transplant is curative although few patients are eligible for this 
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treatment (255). There is an unmet clinical need for new therapeutic strategies in myelofibrosis 

associated with MPNs. Compared to JAK inhibitors, which are not curative or disease-altering 

and exhibit on-target, dose-limiting toxicity, e.g., anemia, targeting this mechanical checkpoint of 

monocyte differentiation with PI3K-gamma inhibitors presents a novel treatment strategy for 

patients with MPNs. Although PI3K-gamma inhibition here appears to be distinct from previous 

reports in tumor-associated macrophages (271, 286), its use in primary myelofibrosis would be 

consistent with previous reports that combined PI3K-gamma and PI3K-delta inhibition showed 

potent activity in collagen-induced arthritis, ovalbumin-induced asthma, and systemic lupus 

erythematosus rodent models (295). The patent for IPI-549 (US9775844 B2) mentions fibrosis 

as a potential use of this drug. Understanding the role of tissue elasticity in myeloid-lineage 

commitment and monocyte differentiation could impact treatments for fibrotic and pro-

inflammatory disease more broadly. 
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10. Conclusions

An artificial extracellular matrix of fibrillar type-I collagen interpenetrating with a chemically-

modified polysaccharide matrix mimicked the stress relaxation properties of bone marrow 

niche with tunable viscoelasticity. The differentiation of monocytes into dendritic cells was 

controlled in vitro by the viscoelasticity of ECM. Monocytes in stiff, elastic gels upregulated a 

cortical F-actin cytoskeleton, which was absent in stiff, viscous gels, in a manner-dependent on 

PI3K-gamma. Inhibition of PI3K-gamma also blocked the effects of matrix elasticity on 

differentiation of monocytes into dendritic cells. Viscous extracellular matrix maintained 

immature monocytes expressing pSTAT3 and NFKBIZ. Inflammatory signaling in monocytes 

from an animal model of myeloproliferative neoplasm were upregulated by stiff, elastic matrix 

mechanics. Increased IL6 secretion in WT and Jak2-V617F monocytes in elastic gels 

compared to viscous gels was consistent with IL6 secretion in human donor monocytes. Gene 

expression of bone marrow in patients of myelofibrosis was associated with pro-inflammatory 

cytokines, which were inhibited by blockade of PI3K-gamma in donor monocytes. 
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Conclusions of the Dissertation 

An artificial ECM hydrogel was developed by sequential modes of crosslinking to tune matrix 

viscoelasticity and stiffness via covalent secondary crosslinking of click-functionalized alginate, 

without altering nutrient diffusional transport or alginate architecture at the cell-scale, and while 

mimicking fibrillar collagen structures of native tissues. The rate and magnitude of collagen 

fiber assembly depended on viscoelasticity of the collagen-polysaccharide network, which was 

consistent with a thermodynamic model of collagen fiber assembly. Further, collagen fibrosis in 

oral cancer tumors was associated with their viscoelasticity, and consistent with the model. 

Increasing stiffness in more viscous ECM upregulated gene expression of immunomodulatory 

markers of naïve, unstimulated MSCs; and increased elasticity of the matrix from altered the 

MSCs’ response to mechanical cues. After licensing with inflammatory cytokines, 

encapsulation of MSCs in artificial ECM significantly enhanced immunodulatory priming, which 

inhibited T cell proliferation in vitro. Monocyte differentiation into dendritic cells was controlled 

in vitro by viscoelasticity of the matrix, and transduced by the cortical F-actin cytoskeleton and 

PI3K-gamma signaling. More fluid-like, viscous extracellular matrix maintained immature 

monocytes expressing pSTAT3 and NFKBIZ. Viscoelasticity similarly regulated inflammatory 

signaling in monocytes from a murine model of myeloproliferative neoplasms. Finally, in 

patient samples, bone marrow with overt fibrosis expressed pro-inflammatory markers, which 

were also regulated in vitro by viscoelasticity and sensitive to PI3K-gamma inhibition. Overall, 

viscoelasticity of ECM directs immune fates of the bone marrow niche. 

A major limitation of this work was that the controlled studies were all performed in vitro. 

However, tools are not yet available to independently manipulate viscoelasticity in vivo. Further 

work to characterize viscoelastic properties of ECM in a variety of human diseases and to 

identify biochemical changes associated with those properties would greatly advance this field.
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Without direct measurements of bone marrow fibrosis in humans, we postulate that cell 

behavior driven by viscoelasticity and stiffness in vitro reveals the mechanical regulation of 

immune fate. However, those properties may not precisely mimic the bone marrow micro-

environment in vivo. Bone marrow is highly heterogeneous, depending not only on the 

anatomic site, but also along the coronal, sagittal, or axial planes. The mechanical cues in the 

hematopoietic, osteogenic niche, or adipogenic niches could be very different and drive 

opposing cell behaviors. In a complex disease process like myelofibrosis, it is not clear how 

these different niches are affected mechanically by fibrosis.

Additionally, the alginate-collagen system developed for this dissertation is a static system. The 

initial conditions of the system are determined by the hydrogel's mechanics, and then the 

resulting cellular behavior is observed. Dynamic changes in the bone marrow micro-

environment are not modeled. Cells not only push and pull on their surrounding matrix with 

intrinsic forces, but also proliferate, migrate, and actively remodel their matrix. Cells can 

produce a peri-cellular matrix and degrade the collagen in the hydrogel, although alginate is 

not degraded by mammalian proteases. These dynamics are minimized by considering early 

time points, at which we assume the initial conditions dominate the effects on cell behavior.

The major implications of this work are that the fluid-like, viscous properties of bone marrow 

matrix maintain homeostasis in healthy bone marrow by supporting immature monocytes and 

regulating the immunomodulatory properties of MSCs. Conversely, solid-like, elastic matrix in 

myelofibrosis mechanically drives inflammation. Further, PI3K-gamma is revealed as a 

therapeutic target for fibrotic bone marrow diseases and potentially in fibrosis more broadly.



Perspectives in Cancer 

This work implies that ECM viscoelasticity could be relevant in solid tumors, which feature 

dense, rigid stroma with collagen fibers (208), stromal cells, and infiltrating immune cells. 

Despite advances in immuno-oncology, the reported response rate was only 13% to checkpoint 

blockade monotherapy with nivolumab (anti-PD-1) in recurrent/metastatic head and neck 

squamous cell carcinoma (HNSCC) (296). There is an unmet clinical need to determine how 

tumors regulate infiltrating immune cells, like myeloid cells. Mechanical cues, such as stiffness 

and viscoelasticity, could play major roles in the tumor immune micro-environment. 

Tumors are generally considered more rigid than healthy tissue (208, 297), but the 

viscoelasticity of ECM in solid tumors is not well understood. In breast cancer tumors, the 

regional tissue stiffness is heterogeneous compared to healthy and benign breast tissues, with 

the tumor cells themselves being softer than their surrounding stroma (298). More stroma-rich 

pancreatic primary and liver metastases tumors were stiffer than less-stromal colorectal 

primary and liver metastases tumors (190). Primary pancreatic tumors also exhibited a higher 

index of solid-stress elasticity, compared to pancreatic liver metastasis and colorectal tumors 

(190), as measured by the rate of relaxation of solid stress. In prostate cancer, mechanical 

stress relaxation data by sonoelastography showed that viscosity of cancerous prostate tissue 

was higher than normal tissue (299). A probe for the relaxed-state of fibronectin and second-

harmonic generation confocal imaging of prostrate tumor sections revealed that intra-tumoral 

regions of collagen fibrosis were associated with a relaxed state of fibronectin (300), which 

could be consistent with more viscous ECM mechanics. Further investigation is warranted to 

characterize stromal viscoelasticity in the tumor micro-environment. 
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In addition to driving tumor progression and invasion (180, 301), fibrotic, rigid ECM can impact 

immune checkpoint blockade with anti-PD-1 by contributing to exclusion of T cells (302). In 

stroma-rich, fibrotic tumors, recruited anti-tumor T cells were excluded to the tumor periphery 

and became exhausted. In a subset of patients with resectable melanoma who were resistant 

to neoadjuvant PD-1 blockade, surprisingly there were no differences in the predicted total, or 

high-quality tumor neoantigens, but rather there was an increase in CD163+ myeloid cells and 

gene signature of myeloid cells, with a concomitant decrease in CD3+ T cells, which suggested 

that myeloid subsets could play a role in resistance to immune checkpoint blockade (303). 

Immature monocytes and myeloid-derived suppressor cells were also associated with poor 

patient survival in HNSCC (304). In kidney cancer patients, CD8+ tumor-infiltrating lymphocytes 

were localized within a niche of MHC-II+ antigen-presenting cells, which was positively 

associated with the rate of progression-free survival (305). The interplay between T cells and 

antigen-presenting cells in tumors could be a key link in boosting response rates to checkpoint 

blockade immunotherapies. 

Multiplexed imaging and machine learning revealed that spatial organization of immune 

phenotypes within triple-negative breast tumors was linked to survival (306). In patients with 

compartmentalized tumors, there was increased infiltration of CD11c+CD11b+ myeloid cells at 

the tumor margin (306). Preliminary data have also shown trends that viscoelasticity can affect 

tumor’s expression of MHC-I receptors HLA-A,B,C in response to IFN-gamma stimulation 

(Appendix 11). Potentially the viscoelasticity of the underlying stroma could regulate the spatial 

heterogeneity of the tumors.
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Figure 7.1. Proposed regulation of tumor microenvironment by stromal viscoelasticity.  Immature 
monocytes (Mono) are recruited from bone marrow by tumor-produced chemotactic factors. The 
viscoelastic stroma of the tumor restrains differentiation into dendritic cells (DC) and maintains immature 
myeloid cells that promote generation of suppressive tumor associated macrophages (Mac). Stromal 
cells, like mesenchymal stromal cells (MSCs), sense the rigidity of the viscoelastic matrix, which 
upregulates their production of immunomodulatory factors, like PGE2. Infiltrating effector T cells (Teff) are 
recruited to tumors and produce IFN-gamma, but tumor cells on the stromal-periphery sense the viscous 
mechanics of ECM, which downregulates their sensitivity to IFN-gamma-driven MHC-I expression. T cells 
interact with fibrotic collagen fibers of the dense tumor stroma and become excluded and exhausted (Tex). 

The immunomodulatory gene expression of MSCs and immature markers of monocytes in more 

fast-relaxing, viscous ECM is consistent with traits of suppressive stromal and myeloid cells in 

tumors (Figure 7.1). However, it is difficult conceptually to reconcile the rigid, fibrotic properties of 

solid tumors with their immunosuppressed micro-environment. One perspective is that fibrosis is 

a response from the host stroma and immune system to drive inflammation and reject the tumor. 

Tumors that evade rejection positively respond to higher matrix crosslinking, which drives their 

growth and invasion. As tumors grow, they are mechanically confined by the stromal matrix that 

surrounds them, and must proteolytically degrade and remodel the matrix to allow further growth. 

As stromal matrix is remodeled, one would expect it to become more viscous than healthy 

homeostatic tissue, because tumors secrete proteases that degrade proteoglycans and elastin 

that contribute to tissue elasticity. Chronic matrix degradation, expansion, and remodeling make 

tumors distinct from healthy tissues, such that even beyond the tumor margin, the surrounding 

stroma is modified by the tumor. This peri-tumoral matrix potentially could be more rigid and 

viscous than healthy tissue, and thus maintain immature infiltrating monocytes and stromal cells 

that contribute to tumor immune evasion.

tumor cells with M2c macrophages increased invasiveness by upregulation of vimentin and 
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A collaborator used a viscoelastic, interpenetrating network hydrogel of ionically-crosslinked 

alginate and recombinant basement membrane to investigate the cross-talk between tumors and 

macrophages in soft or stiff hydrogels. Co-culture of lung adenocarcinoma cell lines with M0, 

untreated macrophages in stiff matrigel-alginate hydrogels upregulated the expression of M2c-

macrophage markers (307). Conditioned media from M2c macrophages  upregulated tumor 

cells’ expression of genes associated with EMT (307). Finally, co-culture of Finally, co-culture of 

tumor cells with M2c macrophages increased invasiveness by upregulation of vimentin and 

downregulation of E-cadherin (307). Alternatively, tumor spheroids were encapsulated in the 

artificial extracellular matrix hydrogels and their behavior was impacted by the viscoelasticity of 

the matrix (Appendix 12). Matrix mechanics could be synergistic with cross-talk between tumors 

and myeloid cells to promote tumor progression. 

Analogous to my studies in myelofibrosis, this material system could be used in the context of 

solid tumors to identify signaling pathways that regulate suppressive stromal and myeloid cells 

in viscous matrix environments, and potentially identify new therapeutic targets to boost cancer 

immunotherapies. One hypothesis is that viscous ECM in the tumor stroma maintains immature 

monocytes through epigenetic regulation. Immature monocytes in viscous, stiff gels expressed 

NFKIBZ, which has been show to regulate histone methylation of the IL6 promoter (308, 309). 

This is consistent with the result of suppressed IL6 production in viscous gels, even with IFN-

gamma stimulation (Figure 6.14). Further, HDAC2 activity was required to mediate IL6 

suppression by NFKBIZ (309). Together, my preliminary data and these previous studies 

suggest that stiff, viscous matrix could regulate epigenetic programming to silence pro-

inflammatory gene expression. Further investigation is warranted to confirm the epigenetic 

regulation of inflammatory signaling in viscous versus elastic gels, and to demonstrate whether 

HDAC-inhibition could be targetable in cancer therapies to re-program myeloid inflammation.
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Appendix 1. Mechanical cues guide development processes 

Table S1. Mechanical cues guide development processes 
Developmental Niche Developmental process Ref 
Early Embryogenesis Contraction promotes self-organization and 

specification of an embryo into a blastocyst 
1 

Relief of cortical tension in outer cell layers promotes 
transition of embryo from spherical to elongated 
body form 

2 

Anisotropic forces generate intercalated pattern of 
cell-cell epithelial junctions and elongate embryonic 
epithelium 

3,4 

Actomyosin contractility generates asymmetric 
spindle positioning, which establishes the anterior-
posterior axis of development 

5,6 

Contraction of multicellular actomyosin cables 
remodel intercalated epithelial junctions to promote 
axis elongation 

3,7 

Actomyosin contractility promotes epithelial 
invagination during gastrulation 

8-10

Differential levels of cortical tension lead to sorting of 
germ layers 

11 

Dorsal closure occurs in Drosophila by actomyosin 
contractility 

12 

Mechanical resistance to dermal cell contraction 
regulates positioning and patterning of embryonic 
avian hair follicles. 

13 

Fluid shear forces regulate left-versus-right body 
asymmetry by the primary cilium and morphogen 
gradients 

14,15 

Organogenesis Deformations of germ band extension cause 
differentiation of stomodeal cells by mechanically-
inducing upregulation of Twist 

16 

Tensile forces from stretching of bronchial epithelium 
cause smooth muscle development 

17 

Shear forces from maternal blood flow promote 
cardiac tissues and fetal hematopoiesis  

18-20

Shear forces acting on primary cilia in kidney cells 
promote kidney development 

21 

Stress, strain, hydrostatic pressure, and fluid flow 
precede ossification and bone collar formation in 
limb development 

22 

Cell intrinsic forces and matrix interactions regulate 
branching morphogenesis 

23 
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Actomyosin contractility leads to assembly of 
fibronectin at a branching point, or cleft, in 
submandibular salivary gland development. 

24 

Soft ECM and laminin expression are required for 
mammary gland morphogenesis 

25 

Soft ECM and a decrease in actomyosin contractility 
promotes branching of endothelium 

26,27 

Matrix stiffness increases VEGFR2 expression to 
regulate biochemical signals in angiogenesis 

28 

Stem cell niche Physical adhesion to integrin receptors maintains 
stem and progenitor cell pools in germline and adult 
epidermal niches 

29-31

Positioning of stem cells within their niche affects 
stem cell fate and self-renewal in the hematopoietic 
stem cell niche, intestinal crypt, and hair follicle  

32 

Extrinsic forces from tissue movement maintains 
skeletal joint progenitors 

33 
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Appendix 2. Stem cells respond diversely to forces in models of mechanobiology 

Table S2. Stem cells respond diversely to forces in models of mechanobiology 
Topic Response Ref 
Mechanosensing ECM- or cell-cell adhesion 1 

Mechanosensitive ion channels (Piezo1) 2 
Primary cilium 3,4 

Mechanical homeostasis Mechanical forces regulate the affinity and 
formation/disassembly of focal adhesion receptors, 
as well as cytoskeletal assembly and actomyosin 
contractility 

1 

Mechanotransduction Rho-ROCK signalling induces nuclear transcription 
via activation and nuclear translocation of YAP, as 
well as activation of serum response factor  

5-7

Cytoskeletal forces are transmitted to the nucleus by 
the nuclear lamina, which can stretch and open 
chromatin structure 

8 

Extrinsic forces can deform the nucleus and directly 
cause upregulation of transcription 

9 

Self-renewal and 
proliferation of stem cells 

Increased stiffness of tropoelastin substrates led to 
an increase in expansion of hematopoietic stem and 
progenitor cells 

10 

Stiffness of electrospun substrates was found to 
regulate the self-renewal of induced pluripotent stem 
(iPS) cells 

11 

Compliant elastic matrices facilitated clonal 
expansion of adult and neonatal cardiomyocytes, by 
suppressing maturation and promoting de-
differentiation, modifying the sarcomere network, and 
increasing cell division. 

12 

Decreasing fibrillar stiffness in a synthetic niche 
enhanced proliferation of stem cells by enhancing 
traction forces and ligand clustering, independent 
from the overall substrate mechanical properties 

13 

Mechanical strain has been shown to increase self-
renewal and reduce differentiation of ES cells 

14 

Uniaxial stretch of MSCs upregulated the Wnt/beta-
Catenin pathway, suggesting that mechanical strain 
supports their capacity to proliferate 

15 

Soft substrates that match the intrinsic stiffness of 
ES cells maintained their pluripotency 

16 

Spatial properties and heterogeneities of the stem 
cell niche affect how stem cells transduce 
mechanical cues into changes of cell fate, as more 
random, less-ordered mechanical cues suppressed 

17 
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differentiation markers of MSCs and maintained 
stem cell lineage markers compared to a more 
ordered structure 

Differentiation of 
pluripotent stem cells 

Differentiation state of microtissues formed by ES 
cells scaled with the stiffness and viscosity of the cell 
aggregate, which is regulated by actomyosin 
contractility 

18 

Localized stresses induced spreading and regulated 
differentiation of ES cells 

19 

Soft micropillar substrate system was used to 
regulate the Hippo pathway in iPS cells to promote 
neural induction, similar to what is observed in 
embryonic development during neural plate 
specification and A-P axis formation during 
neurulation 

20 

Self-organization and 
assembly of pluripotent 
stem cells 

Mechanical properties and spatial orientation of ES 
cell constructs guide formation of germ layers that 
mimic embryonic development, mediated through 
cell-cell contact and cortex contractility that transmits 
forces in the cell layers 

21 

3D scaffolds can encapsulate embryoid structures of 
ES cells in a physically-defined manner, and tune 
germ layer specification and ES cell fate by 
manipulating cell-generated forces 

22 

By mimicking the soft biophysical architecture of 
embryoid bodies early in development, an artificial 
niche programmed self-organization of iPS cells to 
promote amniogenesis in a BMP-SMAD-dependent 
manner 

23 

Reprogramming of 
pluripotency 

Defined mechanical and biochemical cues of 
synthetic niches can also boost reprogramming of 
somatic cells into iPS cells, as indicated by the 
finding that low stiffness with a particular ECM 
composition jointly regulated mesenchymal-to-
epithelial transition and epigenetic remodelling to 
enhance re-programming 

24 

Differentiation of adult 
stem/progenitor cells 

Differentiation of MSCs derived from adipose or 
bone marrow tissue is regulated by the elasticity of 
their matrix 

25,26 

Hydrogel bulk mechanics directly contribute to 
differentiation fate, which is jointly regulated by the 
specific ECM proteins or immobilized ligands utilized 
for adhesion 

27 

N-cadherin ligands that mimic cell-cell adhesive
junctions increased the mechanical threshold for
YAP/TAZ signalling and reduced actomyosin

28 
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contractility compared to only RGD ligands that 
mimic cell-matrix adhesion 
Substrates that match the soft mechanics of bone 
marrow promoted the differentiation of 
megakaryocytes and generation of proplatelets 

29 

Neural stem cells were directed towards neuronal 
differentiation in soft conditions, and glial cells in 
stiffer conditions 

30 

MSC fate in 3D is controlled independently by 
stiffness, while diffusion and overall gel architecture 
were held constant 

25 

MSCs were responsive to mechanical gradients of 
stiffness, which were established by varying the level 
of crosslinking spatially along an axis 

31-33

Matrices that rapidly relax applied stress enhanced 
osteogenic differentiation and matrix production by 
MSCs. 

34,35 

Creep and stress-stiffening affected MSCs 
differentiation 

36,37 

Hydrostatic pressure promoted chondrogenesis of 
stem cells in vitro and their subsequent matrix 
production 

38 

Dynamic compression of MSCs by cyclic 
compressive strain increased the activity of 
downstream TGF-βb1 signalling involving the Smad-
2/3 pathways, and promoted chondrogenesis 

39 

Mechanical stimulation by cyclic stretching induced 
Notch signalling that led to osteogenic differentiation 
of MSCs and suppressed histone deacetylase 
expression 

40 

Fluid shear stress enhanced the osteogenic potential 
of MSCs 

41,42 

Artificial ECM revealed contribution of mechanical 
and matrix factors capable of programming adult 
stem cells in organoid systems 

43 

Mechanical memory YAP/TAZ signalling allows cells to store information 
from the past physical environments to influence cell 
fate, which suggests they possess a mechanical 
memory 

44 

Retention of mechanical memory is regulated by mi-
R21 levels, which gradually increased during priming 
on stiff substrates to promote the fibrogenic program 
in MSCs 

45 

Earlier stiffening over time induced more osteogenic 
differentiation compared to later stiffening in a 
dynamic system 

46 

192

Table S2. (continued)



Supplementary References 
1 Weng, S., Shao, Y., Chen, W. & Fu, J. Mechanosensitive subcellular rheostasis drives 
emergent single-cell mechanical homeostasis. Nat Mater 15, 961-967 (2016). 
2 Pathak, M. M. et al. Stretch-activated ion channel Piezo1 directs lineage choice in 
human neural stem cells. Proceedings of the National Academy of Sciences of the United
States of America 111, 16148-16153 (2014). 
3 Hoey, D. A., Tormey, S., Ramcharan, S., O'Brien, F. J. & Jacobs, C. R. Primary Cilia-
Mediated Mechanotransduction in Human Mesenchymal Stem Cells. Stem Cells 30, 2561-2570 
(2012). 
4 Chen, J. C., Hoey, D. A., Chua, M., Bellon, R. & Jacobs, C. R. Mechanical signals 
promote osteogenic fate through a primary cilia-mediated mechanism. Faseb Journal 30, 1504-
1511 (2016). 
5 Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature 474, 179-183 (2011). 
6 Vartiainen, M. K., Guettler, S., Larijani, B. & Treisman, R. Nuclear actin regulates 
dynamic subcellular localization and activity of the SRF cofactor MAL. Science 316, 1749-1752 
(2007). 
7 Connelly, J. T. et al. Actin and serum response factor transduce physical cues from the 
microenvironment to regulate epidermal stem cell fate decisions. Nature Cell Biology 12, 711-
U177 (2010). 
8 Tajik, A. et al. Transcription upregulation via force-induced direct stretching of chromatin. 
Nature Materials 15, 1287-1296 (2016). 
9 Pagliara, S. et al. Auxetic nuclei in embryonic stem cells exiting pluripotency. Nat Mater 
13, 638-644 (2014). 
10 Holst, J. et al. Substrate elasticity provides mechanical signals for the expansion of 
hemopoietic stem and progenitor cells. Nat. Biotechnol. 28, 1123-1128 (2010). 
11 Maldonado, M. et al. The effects of electrospun substrate-mediated cell colony 
morphology on the self-renewal of human induced pluripotent stem cells. Biomaterials 50, 10-19 
(2015). 
12 Yahalom-Ronen, Y., Rajchman, D., Sarig, R., Geiger, B. & Tzahor, E. Reduced matrix 
rigidity promotes neonatal cardiomyocyte dedifferentiation, proliferation and clonal expansion. 
eLife 4, e07455 (2015). 
13 Baker, B. M. et al. Cell-mediated fibre recruitment drives extracellular matrix 
mechanosensing in engineered fibrillar microenvironments. Nat Mater 14, 1262-1268 (2015). 
14 Saha, S., Lin, J., De Pablo, J. J. & Palecek, S. P. Inhibition of human embryonic stem 
cell differentiation by mechanical strain. Journal of Cellular Physiology 206, 126-137 (2006). 
15 Zhao, C. et al. The Effect of Uniaxial Mechanical Stretch on Wnt/beta-Catenin Pathway 
in Bone Mesenchymal Stem Cells. J. Craniofac. Surg. 28, 113-117 (2017). 
16 Lü, D., Luo, C., Zhang, C., Li, Z. & Long, M. Differential regulation of morphology and 
stemness of mouse embryonic stem cells by substrate stiffness and topography. Biomaterials 
35, 3945-3955 (2014). 
17 Yang, C. et al. Spatially patterned matrix elasticity directs stem cell fate. Proceedings of
the National Academy of Sciences of the United States of America 113, E4439-E4445 (2016). 
18 Kinney, M. A., Saeed, R. & McDevitt, T. C. Mesenchymal morphogenesis of embryonic 
stem cells dynamically modulates the biophysical microtissue niche. Sci. Rep. 4, 4290 (2014). 
19 Chowdhury, F. et al. Material properties of the cell dictate stress-induced spreading and 
differentiation in embryonic stem cells. Nature Materials 9, 82-88 (2010). 
20 Sun, Y. et al. Hippo/YAP-mediated rigidity-dependent motor neuron differentiation of 
human pluripotent stem cells. Nat Mater 13, 599-604 (2014). 

193



21 Vrij, E. et al. Directed Assembly and Development of Material-Free Tissues with 
Complex Architectures. Advanced Materials, 28, 4032-4039 (2016). 
22 Zoldan, J. et al. The influence of scaffold elasticity on germ layer specification of human 
embryonic stem cells. Biomaterials 32, 9612-9621 (2011). 
23 Shao, Y. et al. Self-organized amniogenesis by human pluripotent stem cells in a 
biomimetic implantation-like niche. Nat Mater 16, 419-425 (2017). 
24 Caiazzo, M. et al. Defined three-dimensional microenvironments boost induction of 
pluripotency. Nat Mater 15, 344-352 (2016). 
25 Huebsch, N. et al. Harnessing traction-mediated manipulation of the cell/matrix interface 
to control stem-cell fate. Nature Materials 9, 518-526 (2010). 
26 Engler, A. J., Sen, S., Sweeney, H. L. & Discher, D. E. Matrix Elasticity Directs Stem Cell 
Lineage Specification. Cell 126, 677-689 (2006). 
27 Wen, J. H. et al. Interplay of matrix stiffness and protein tethering in stem cell 
differentiation. Nature Materials 13, 979-987 (2014). 
28 Cosgrove, B. D. et al. N-cadherin adhesive interactions modulate matrix 
mechanosensing and fate commitment of mesenchymal stem cells. Nat Mater 15, 1297-1306 
(2016). 
29 Aguilar, A. et al. Importance of environmental stiffness for megakaryocyte differentiation 
and proplatelet formation. Blood 128, 2022-2032 (2016). 
30 Saha, K. et al. Substrate Modulus Directs Neural Stem Cell Behavior. Biophysical
Journal 95, 4426-4438 (2008). 
31 Tse, J. R. & Engler, A. J. Stiffness Gradients Mimicking In Vivo Tissue Variation 
Regulate Mesenchymal Stem Cell Fate. Plos One 6, 9 (2011). 
32 Sunyer, R. et al. Collective cell durotaxis emerges from long-range intercellular force 
transmission. Science 353, 1157-1161 (2016). 
33 Raab, M. et al. Crawling from soft to stiff matrix polarizes the cytoskeleton and 
phosphoregulates myosin-II heavy chain. The Journal of Cell Biology 199, 669-683 (2012). 
34 Chaudhuri, O. et al. Hydrogels with tunable stress relaxation regulate stem cell fate and 
activity. Nat Mater 15, 326-334 (2016). 
35 Chaudhuri, O. et al. Substrate stress relaxation regulates cell spreading. Nat Commun 6, 
6364 (2015). 
36 Das, R. K., Gocheva, V., Hammink, R., Zouani, O. F. & Rowan, A. E. Stress-stiffening-
mediated stem-cell commitment switch in soft responsive hydrogels. Nat Mater 15, 318-325 
(2016). 
37 Cameron, A. R., Frith, J. E. & Cooper-White, J. J. The influence of substrate creep on 
mesenchymal stem cell behaviour and phenotype. Biomaterials 32, 5979-5993 (2011). 
38 Angele, P. et al. Cyclic hydrostatic pressure enhances the chondrogenic phenotype of 
human mesenchymal progenitor cells differentiated in vitro. J. Orthop. Res. 21, 451-457 (2003). 
39 Mouw, J. K., Connelly, J. T., Wilson, C. G., Michael, K. E. & Levenston, M. E. Dynamic 
compression regulates the expression and synthesis of chondrocyte-specific matrix molecules 
in bone marrow stromal cells. Stem Cells 25, 655-663 (2007). 
40 Wang, J. et al. Mechanical stimulation orchestrates the osteogenic differentiation of 
human bone marrow stromal cells by regulating HDAC1. Cell Death Dis. 7, 12 (2016). 
41 Datta, N. et al. In vitro generated extracellular matrix and fluid shear stress 
synergistically enhance 3D osteoblastic differentiation. Proceedings of the National Academy of
Sciences of the United States of America 103, 2488-2493 (2006). 
42 Kreke, M. R., Huckle, W. R. & Goldstein, A. S. Fluid flow stimulates expression of 
osteopontin and bone sialoprotein by bone marrow stromal cells in a temporally dependent 
manner. Bone 36, 1047-1055 (2005). 

194



43 Gjorevski, N. et al. Designer matrices for intestinal stem cell and organoid culture. 
Nature 539, 560-564 (2016). 
44 Yang, C., Tibbitt, M. W., Basta, L. & Anseth, K. S. Mechanical memory and dosing 
influence stem cell fate. Nat Mater 13, 645-652 (2014). 
45 Li, C. X. et al. MicroRNA-21 preserves the fibrotic mechanical memory of mesenchymal 
stem cells. Nat Mater 16, 379-389 (2017). 
46 Guvendiren, M. & Burdick, J. A. Stiffening hydrogels to probe short- and long-term 
cellular responses to dynamic mechanics. Nature Communications 3, 9 (2012). 

195



Appendix 3. Neurturin-containing laminin matrices support innervated branching 
epithelium from adult epithelial salispheres  
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Abstract - Cell transplantation of autologous adult biopsies, grown ex vivo as epithelial 

organoids or expanded as spheroids, are proposed treatments to regenerate damaged 

branching organs. However, it is not clear whether transplantation of adult organoids or 

spheroids alone is sufficient to initiate a fetal-like program of branching morphogenesis in which 

coordinated branching of multiple cell types including nerves, mesenchyme and blood vessels 

occurs. Yet this is an essential concept for the regeneration of branching organs such as lung, 

pancreas, and lacrimal and salivary glands. Here, we used factors identified from fetal 

organogenesis to maintain and expand adult murine and human epithelial salivary gland 

progenitors in non-adherent spheroid cultures, called salispheres. These factors stimulated 

critical developmental pathways, and increased expression of epithelial progenitor markers such 

as Keratin5, Keratin14, FGFR2b and KIT. Moreover, physical recombination of adult salispheres 

in a laminin-111 extracellular matrix with fetal salivary mesenchyme, containing endothelial and 

neuronal cells, only induced branching morphogenesis when neurturin, a neurotrophic factor, 

was added to the matrix. Neurturin was essential to improve neuronal survival, axon outgrowth, 

innervation of the salispheres, and resulted in the formation of branching structures with a 

proximal-distal axis that mimicked fetal branching morphogenesis, thus recapitulating 

organogenesis. Epithelial progenitors were also maintained, and developmental differentiation 

programs were initiated, showing that the fetal microenvironment provides a template for adult 

epithelial progenitors to initiate branching and differentiation. Further delineation of secreted and 

physical cues from the fetal niche will be useful to develop novel regenerative therapies that 

197



instruct adult salispheres to resume a developmental-like program in vitro and to regenerate 

branching organs in vivo. 

The goal to regenerate organs with branched structures has resulted in approaches using 

stem/progenitor cells, scaffolds, and specific regulatory factors to provide a microenvironment 

that mimics organogenesis. Recently, progress has been made in culturing somatic tissues 

such as liver, lung, and kidneys (reviewed in Ref. [1]). However, a major barrier is our ability to 

engineer and/or direct adult tissue-derived stem/progenitors to form multi-cell-type 3D branched 

structures, recapitulating in vivo organogenesis. This is compounded by the lack of sufficient 

tissue-specific adult epithelial stem/progenitor cells, termed progenitors hereafter, obtained from 

small patient biopsies, and the problem of maintaining and expanding them ex vivo. 

To achieve functional branching organs, the correct spatial organization of the epithelial 

progenitors within their organ-specific microenvironment and innervation of the epithelial tissue 

are essential. One approach to culture adult epithelial progenitors involves dissociating tissues 

and placing the cells in floating spheroid culture, where tissue-specific epithelial progenitors 

proliferate, are maintained and/or expanded with specific media conditions (reviewed in Ref. 

[2]). Floating spheroids are distinct from organoids in that the cells are not embedded in an 

extracellular matrix (ECM), and rely on cell-cell adhesion and their own matrix production. 

Inducing organ-like structures in this floating cellular context is challenging, and thus spheroids 

from pancreas [3], prostate [4], intestine [5] and salivary glands [6] have been embedded in 

ECM, such as Matrigel, with specific growth factors to form organoids. Budding organ-like 

structures can also be produced from induced pluripotent stem cells [[7], [8], [9]], embryonic 

stem cells [10], or from single salivary, intestinal, lung, and brain cells [1,11]. These “mini-

organs” are easily replicated, making them ideal for drug testing and in vitro analysis. However, 
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the structures are limited in size and lack interactions with other cells types such as nerves and 

blood vessels and do not undergo complex branching morphogenesis, characteristic of 

developing branching organs. 

Another challenge with spheroids and organoids is the in vitro maintenance and expansion of 

progenitors without differentiation. Self-renewal of epithelial progenitors improved when tissue-

specific mesenchymal cells and ECM were used, as opposed to generic fibroblasts or ECMs 

[12]. While the inclusion of mesenchymal or endothelial cells enhanced lung and liver organoid 

growth and differentiation [[13], [14], [15], [16], [17]], their sole presence did not fully induce in 

vivo-like branching. Importantly, the developmental stage of the niche appeared critical for 

optimal progenitor expansion. ECM produced by fetal compared to adult mesenchymal cells, 

offered superior long-term adult mesenchymal progenitor expansion and maintained their 

differentiation potential [12,18]. This suggests that the physical and/or non-physical properties of 

tissue-specific fetal niches may improve adult progenitor expansion and differentiation in vitro. 

With respect to the fetal niche, we previously found that nerves and mesenchymal cells provide 

critical input for epithelial progenitor maintenance during submandibular gland (SMG) branching 

morphogenesis [19,20]. The neurons maintain and expand keratin 5 (K5)-expressing 

progenitors in acetylcholine and HBEGF-dependent pathways, while the mesenchyme produces 

stem cell factor (SCF) and FGF10, ligands that maintain and expand a second important pool of 

KIT + FGFR2b + fetal epithelial progenitors [20]. These KIT + FGFR2b + progenitors produce 

the neurotrophic factor neurturin (NRTN) [20], which increases neuronal survival and organ 

innervation [21,22]. In contrast, blocking the receptor for NRTN, or genetically deleting NRTN or 

its receptor, reduces SMG innervation [21,23,24]. The nerves in turn produce vasoactive 

intestinal peptide (VIP) to regulate tubulogenesis and lumen formation of the developing 

epithelial K5+ ducts [25], which results in enhanced branching morphogenesis. Considering that 

bidirectional epithelial-neuronal communication is essential for organogenesis, we hypothesized 
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innervation of adult epithelial progenitors may be critical to maintain and expand progenitors to 

initiate branching morphogenesis in vitro. 

Here, we use factors produced by the fetal microenvironment to maintain and expand adult 

salivary epithelial progenitors in the floating spheroid culture (termed salispheres). Furthermore, 

adult salispheres recombined in a laminin-111 ECM gel with a fetal mesenchymal 

microenvironment, which included neurons, required the addition of recombinant neurturin 

(NRTN) to the ECM to promote epithelial innervation and branching morphogenesis. These 

findings may improve regenerative approaches using adult epithelial progenitors that require the 

instructive capabilities of nerves within a complex microenvironment. Neurotrophic support 

enhanced innervation to induce epithelial branching morphogenesis with the rearrangement of 

cell types resembling in vivo organogenesis. 

2. Materials and methods

2.1. Salisphere culture 

Submandibular glands from adult mice (ICR and K5-venus strains) were dissociated into single 

cells and plated in basal media (BM; DMEM-F12, 1% glutamax, 10 μg/mL insulin (or ITS, 1x), 

1% N2, 1 μM dexamethasone, 20 ng/mL FGF2, and 20 ng/mL EGF) at 37 °C (5% CO2, 95% air 

atmosphere), as described previously [26]. The supplemented media (SM) had additional FGF7 

or FGF10 (100 ng/mL, R&D Systems, MN), recombinant mouse stem cell factor (SCF, 

100 ng/mL, R&D Systems, MN), the cholinergic-agonist carbachol (Cch, 10 nM, C4382, Sigma), 

and a ROCK-inhibitor (RI, 5 μM Y27632, Sigma). An EGFR-inhibitor (PD, 10 nM, PD168393, 

Calbiochem EMD Biosciences) was added (SM + PD). After three days of culture salispheres 

were analyzed for their size and number. To count the number, salispheres were diluted in PBS 

(1:30) and counted using a 10× objective. The diameter was measured from 40x images taken 

with the EVOS-microscope. The diameter and count were combined to give a morphometric-
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index in arbitrary-units (AU) by multiplying ½ the diameter squared by the count, 

((0.5*diameter)2)*count. 

2.2. qPCR 

Gene expression of progenitor cell-type and signaling-pathway markers were measured by 

qPCR at day zero (D0), three days (D3) and ten days (D10) to track changes in progenitor cell 

maintenance and expansion in culture. Other genes relevant for SMG development were 

screened on D10 salispheres. Primers were designed using Beacon Designer software. DNase-

free RNA was isolated from salisphere cell lysates and prepared using an RNAqueous-Micro kit 

and DNase removal reagent (Ambion, Inc. Austin, TX). cDNA (0.5–1 ng) was generated and 

analyzed by qPCR as previously published [27]. Melt curve analysis was used to verify the 

generation of a single amplicon. Expression levels were normalized by the delta-delta Ct 

method to both the housekeeping-gene Rsp29 and the experimental control group [19]. 

2.3. Immunostaining 

Salispheres were fixed in 1–4% PFA or ice-cold acetone-methanol (1:1) after being embedded 

in a drop of laminin-111 gel (4 mg/mL, Trevigen, MD) on track-etched polycarbonate filters 

(13 mm, 0.1 μm pore). Samples were blocked for 90 min with 10% donkey serum (Jackson 

Laboratories, ME), 1% BSA, and MOM IgG blocking-reagent (Vector Laboratories, CA) in 0.1% 

PBS-Tween-20, and incubated with primary-antibodies overnight at 4 °C, including rat-anti-Kit 

(1:100, R&D Systems, MN), rabbit-anti-Keratin-5 (1:2000, Covance Research, NJ), rat-anti-

Keratin-19 (1:300, Developmental Biology Hybridoma Bank, University of Iowa)), rabbit-Aqp5 

(1:200, Alomone Labs, Israel), mouse-anti-SMA (1:200, Sigma Aldrich, MO), mouse-anti-Ki67 

(BD Biosciences), rabbit-anti-Keratin-14 (1:2000, Covance Research, NJ) and rabbit-anti-E-

cadherin (1:100, Cell Signaling Technology, MA). Nuclei were stained with Hoechst (1:2000), 
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antibodies were visualized with Cy3-and Cy5-conjugated secondary-Fab fragment antibodies, 

and samples were imaged with confocal laser-scanning microscopy (CLSM, Zeiss 710 LSM 

microscopy, Zeiss, NY). K5-venus + salispheres were also imaged by EVOS fluorescent-

imaging and confocal-microscopy. 

2.4. Western blot analysis 

Salispheres were lysed for protein after 10 days of culture in RIPA Buffer (50 mM Tris-HCl pH 

7.4, 15 0 mM NaCl, 0.1% SDS, 0.5% Na deoxycholate and 1% NP40) and protein 

concentrations were determined using a BCA standard assay (Pierce, Rockford, IL). Invitrogen 

4–12% NuPAGE Bis-Tris Mini Gels were used for electrophoresis of 30–40 μg of protein per 

lane in reduced conditions, following manufacturer's instructions (Life Technologies, Carlsbad, 

CA). Proteins were then transferred to PDVF membranes using Invitrogen iBlot Dry Blotting 

System (Life Technologies, Carlsbad, CA). After transfer, blots were blocked with 5% 

dehydrated milk in 0.1% TBS-Tween for 1 h at room temperature. Blots were then incubated in 

each primary antibody for 1 h at room temperature or at 4 °C overnight. Prior to and following 1 h 

secondary incubation (IgG with HRP) at room temperature, blots were washed three times for 

5 min, two times for 30 min, and three times for 5 min again with 0.1% TBS-Tween. SuperSignal 

West Dura Chemiluminescent Extended Duration Substrate was used to expose blots (Pierce, 

Rockford, IL). All Western blots were analyzed using NIH ImageJ software and normalized to 

Gapdh (Research Diagnostics Inc., Flanders, NJ). The following antibodies were used for 

Western blot analysis: Keratin 5 (Covance, No. PRB-160P) 1:10,000 rabbit, c-Kit (Research 

Diagnostics, Inc., No. MAB1356) 1:1000 rat, Smooth Muscle Actin (Sigma Aldrich, No. A 2547) 

1:1000 mouse (monoclonal anti-alpha smooth muscle actin clone 1A4) and GAPDH (Research 

Diagnostics, Inc., No. RDI-TRK564-6C5) 1:10,000 mouse. 
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2.5. Fluorescence-activated cell sorting 

SMGs were prepared for FACS analysis as described [19] with the following modification. 

Analysis of KIT, FGFR2b, K14, and K5, was previously described [20], and antibodies labeled 

with fluorochromes using Dylight (ThermoScientific, NC) or LYNX (AbD Serotec, NC) 

conjugation kits, according to the manufacturer's instructions. Fluorescence levels were 

analyzed using FlowJo (Tree Star). 

2.6. Human salispheres 

Human submandibular specimens were procured by Dr. Robert Witt, Newark, DE, from patients 

undergoing head and neck surgery as previously described [28]. An exemption from the Office 

of Human Subjects Research at the National Institutes of Health was obtained as no patient 

identifiers were provided and the specimens were not coded. Salispheres were prepared using 

the same protocol for mouse salisphere isolation and culture, with 6–8 iterations of enzyme 

treatment to obtain cell suspension. 

2.7. Ex vivo recombination 

Salispheres from adult female ICR, membrane-Tomato mouse SMGs and human SMG biopsies 

were cultured in SM for seven to ten days. Salispheres were centrifuged and rinsed in FACs 

tubes with HBSS/1% BSA. We previously completed dose-response analysis to determine the 

NRTN concentration to use with SMG culture and ganglia culture (see Methods in Ref. [21]). A 

solution of 1 ng/μL NRTN + laminin-111 (Cultrex 3D Culture Matrix Laminin 1, 3 mg/mL, 

Trevigen, MD) was prepared by combining 1 μL of 25 μg/mL NRTN with 24 μL of 50% laminin-

111 in cold PBS. Salispheres were pelleted and then a 0.5 μL aliquot of pelleted spheres was 

mixed in a 0.5 μL drop of the 50% laminin/NRTN on a Sterlitech filter (0.1 μm, PC filter 

#177601) to achieve a final NRTN concentration of 0.5 ng/μL in the hydrogel. The plates 
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containing the filters were incubated at 37 °C for 5 min to polymerize the laminin-111. E13 

SMGs were harvested from ICR mice and digested with lipase and dispase as previously 

described. Each E13 SMG organ contains approximately 35,000 cells total, which contain 

~27,000 mesenchyme cells and ~700 neuronal cells. We combined 3–4 mesenchymes, which 

have ~1 PSG ganglia/mesenchyme, to each drop of laminin-111 and salispheres. Controls for 

the recombination experiments included - intact E13 SMGs cultured for 4 days, embryonic E13 

epithelium recombined with endogenous mesenchyme, and salispheres cultured in laminin-111 

gel without recombination. Recombination assays were cultured on filters at 37 °C for four days 

with 200 μL of DMEM/F12/P/S media with 150 μg/mL Vitamin C and 50 μg/mL transferrin. The 

media was replaced every 24 h. These assays were very consistent with salispheres from 

multiple preparations undergoing similar levels of branching in all experiments. Branching was 

quantified by Sholl analysis. Briefly, images were imported in FIJI, background subtracted, 

median filtered, thresholded (Otsu), skeletonized by plugin “Skeletonize 2D/3D″ , and pruned to 

match image [29]. Branching area was measured by the polygon tool and Sholl analysis was 

performed to measure N (sum of intersections) and to fit a Sholl analysis index for the degree of 

branching (Schoenen Ramification Index obtained from fitted profile) [30]. 

2.8. Immunostaining of recombined salispheres 

The recombination assays were fixed and permeabilized as described above. Then blocked 

overnight at 4 °C in 10% DS, 1% BSA, 1.8% IgG MOM and 0.1% PBST. Primary antibodies 

were incubated overnight at 4 °C in 16% MOM and 0.1% PBST: Pna-Rhodamine (1:75), rabbit 

anti-K5 (1:2000), mouse anti-Tubb3 (1:200), rabbit anti-Ecadherin (1:100), rat anti-perlecan 

(1:100). Primary antibodies for human-mouse recombination incubated overnight at 4 °C in 16% 

MOM and 0.1% PBST: mouse anti-Ki67 (1:100), goat anti-Kit (1:100), mouse anti-human 

nuclear antigen (1:100, Millipore), rabbit anti-Ecadherin (1:100), mouse anti-Tubb3 (1:200), rat 
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anti-integrinβ1 (1:100, Gift of Dr. K.M. Yamada) and rabbit anti-K5 (1:2000). Secondary 

antibodies incubated for 1 h at room temperature in 16% MOM protein and 0.1% PBST: 1:2000 

Hoescht, anti-Rabbit cy3 and cy5 (1:200), anti-Mouse cy2 (1:100), anti-goat cy 5 (1:200), and 

anti-rat cy3 and cy2 (1:200). 

2.9. Statistical analysis 

Error bars represent mean ± standard error of mean (SEM). Experiments were performed with 

multiple replicates from a minimum of three biologically independent experiments, as specified. 

Unpaired Student's t-tests, one-way ANOVA with Dunnett's or Tukey post-hoc tests, and 

multiple T-test comparisons with Holm-Sidak method were used to determine statistical-

significance of differences, P < 0.05, between the experimental groups and control (Prism, 

GraphPad Software). The differences in qPCR data were analyzed by the log (delta-Ct) 

transform in order to allow us to assume a normal distribution. We used ANOVA with post-hoc 

tests and multiple T-test comparisons for analyzing data with multiple genes and conditions to 

yield much more stringent statistical tests. Error bars show standard error of mean of at least 

three biological replicates unless otherwise noted. 

3. Results

3.1. Signaling pathways important for fetal organogenesis increase the number and size 

of adult salispheres expressing Krt5 and Kit 

First, we examined whether soluble cues from fetal SMG development could maintain adult 

SMG progenitors in floating salisphere culture. Adult SMG progenitors were cultured using the 

standard non-adherent floating salisphere assay, which generates salispheres from adult 

epithelial cells within 3 days [26,31,32]. Salispheres are aggregates of multiple cells, are often 

not derived from a single cell type, but are enriched for epithelial stem/progenitors. We 
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hypothesized soluble cues from fetal SMG development would help prevent differentiation, and 

either maintain or increase the cell number of adult progenitors. Fetal KIT + progenitors require 

FGFR2b ligands (FGF7 or FGF10 and heparan sulfate), and KIT receptor ligand (SCF) [20], 

while K5+ progenitor proliferation is induced by the cholinergic agonist carbachol (Cch). On the 

other hand, ductal K19 + differentiation of K5+ progenitors is blocked by inhibition of the EGF 

pathway (PD198509) [19]. Therefore, BM was compared to BM supplemented with FGFR2b 

ligands (FGF10 with heparan sulfate (HS) or FGF7), SCF, and Cch (SM), and/or PD198509 

(SM + PD). Our previous works have shown that FGF7 stimulates K5+ progenitor cells and 

FGF10 + HS promotes KIT + progenitor cells [33,34]. ROCK Inhibitor (RI) was included in both 

SM and SM + PD to increase survival of any single cell in non-adherent culture [35]. 

Initially, cells from transgenic K5-venus mice were used to visualize K5+ cells in real time (Fig. 

1A). We confirmed that adult K5-venus expression overlapped with endogenous K5 protein 

(Suppl. Fig. 1A), which is expressed in myoepithelial cells (αSMA + K14+) [[36], [37], [38]] and 

various duct cells (intercalated KIT+, striated, and excretory K14 + cells) [[39], [40], [41]] 

(Suppl. Fig. 1B–C). By three days (D3) in culture, more K5-containing spheres were visible in 

SM ± PD versus BM. In time (D10), even larger K5-venus expressing spheres were visible in 

both SM ± PD (Fig. 1A). The diameter and number of salispheres were measured at D10 to 

obtain a salisphere index, Index=R2N (R, radius of sphere; N, number of spheres) (Fig. 1B, 

graph). Culture in SM ± PD significantly increased the salisphere index, by increasing sphere 

diameter and count. Stimulating FGFR2b with either FGF7 (Fig. 1A–E) or FGF10 + HS (data not 

shown) resulted in a similar salisphere index, illustrating both ligands can be applied to increase 

the sphere index, which suggests a relative increase in epithelial progenitors compared to BM. 

In preliminary experiments we tested multiple concentrations of each growth factor or used 

concentrations previously published (data not shown) to obtain an optimal sphere index. 
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Fig. 1. Stimulating signaling pathways important for fetal organogenesis increases the number 
and size of adult salispheres.  
(A) Basal media (BM) was supplemented with FGFR2b ligand FGF7, KIT receptor ligand stem cell factor
(SCF), acetylcholine receptor agonist carbachol (Cch), and ROCK inhibitor (RI) to make supplemented
media (SM [FGF7]). EGFR inhibitor (PD198509) was added to make SM + PD [FGF7]. Fluorescent
images of adult salispheres obtained from K5-venus mice (green) at day three (D3) or D10 in culture.
Scale bar, 0.5 mm. (B) Bright field pictures of D10 salispheres cultured in BM, SM, or SM + PD. Scale
bar, 25 μm. Quantification of diameter, number (count), and index [Radius2 x Count] in arbitrary units (AU)
of D10 salispheres. N = 10 biological replicates. Mean ± SEM. *, P < 0.05, **, P < 0.01, one-way ANOVA
with post-Dunnett test compared to BM. (C-D) Amount of RNA (ng) obtained from D3 or D10 salispheres
in BM, SM and SM + PD, and qPCR analysis of Krt5, Krt19 and Kit. Fold changes of gene expression are
normalized to Rsp29 and D3 BM salispheres. N = 3 biological replicates. Mean ± SEM. *, P < 0.05, one-
way ANOVA with post-Dunnett test compared to BM. (E) Western blot analyses of salispheres at Day 10.
Graph depicts quantification of K5 and KIT normalized to GAPDH expression in arbitrary units (AU). N = 4
biological replicates, representative blot is shown.
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Although not a direct measure of cell number, total RNA content is used as a surrogate 

measure of cell number when comparing similar cell types, and cultured spheres with SM ± PD 

contained significantly more RNA than BM conditions (Fig. 1C). qPCR analysis showed an 

increased trend of Krt5 mRNA levels with time in SM ± PD compared to BM (Fig. 1D). 

Interestingly, the expression of the ductal differentiation marker Krt19 remained unchanged 

during culture, suggesting the EGFR inhibitor PD was not required to prevent K5+ cell 

differentiation to K19 + cells in culture. Importantly, SM ± PD media did significantly 

increase Kit expression with time compared to BM Day 3, although Kit expression at Day 10 

was not significantly different between the three groups. Western blot analysis of protein 

expression confirmed that SM ± PD media generated spheres expressing KIT and increased 

levels of K5 (Fig. 1E). The level of KIT protein expression at Day 10 was not different between 

the three groups, which was consistent with Kit gene expression at Day 10 (Fig. 1D). 

Together, these data suggest that spheres containing adult K5+ and KIT + progenitors were 

enhanced when supplemented with factors from the organ-specific fetal microenvironment. 

3.2. Multiple epithelial cell types expressing progenitor and myoepithelial markers are 

present in SM-cultured salispheres at D10 

Immunostaining and confocal imaging of murine K5-venus salispheres at D10 in BM conditions 

confirmed that they contain multiple cell types expressing K5 and KIT (Fig. 2A). However, 

salispheres cultured in SM [FGF7] contained more epithelial (ECAD, E-cadherin) cells 

expressing K5 and/or KIT (Fig. 2A), compared to those cultured in BM. Interestingly, various 

KIT/K5 subpopulations were observed in SM culture; KIT + K5+ (Fig. 2A, dotted arrows), KIT + 

K5- (Fig. 2A, arrows), and KIT-K5+ (Fig. 2A, arrowheads) cells. Similarly, myoepithelial cells 

expressing K5, K14 and αSMA (Fig. 2B–C, arrows) as well as basal ductal K5/14 + cells (Fig. 

2B–C, arrowheads) and differentiated K19 + cells (Fig. 2C, dotted arrows) were observed. 
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These data suggest that SM maintains the presence of myoepithelial cells, various KIT + 

progenitors, basal and differentiated duct cells in culture. 

Fig. 2. Fetal cues in adult murine salisphere culture (SM) reduce expression of secretory 
markers and increase cell number of various progenitors.  
(A-C) Images of 10 μm confocal sections through D10 salispheres cultured in BM or SM [FGF7], (A) 
showing K5-venus expression with staining for E-cadherin (ECAD, red), KIT (cyan) and/or nuclei (DAPI, 
blue). Arrowhead, K5+KIT-cells. Arrow, K5-KIT + cells. Dotted arrow, K5+KIT + cell. (B-C) confocal 
analysis of αSMA (myoepithelial marker), K19 (ductal marker), endogenous K5, K14, and/or nuclei (DAPI, 
blue). (B) arrows indicate αSMA + K19-K5+ cells, arrowheads indicate αSMA-K19-K5+ cells. (C) arrows 
represent K19-K14+αSMA + cell; arrowheads indicate a K19-K14+αSMA-cell. Dotted arrow shows 
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(Continued) K19 + duct cell. Scale bar, 50 μm. (D) FACS analysis (% of total cells) of D10 salispheres 
cultured in BM, SM [FGF7] or SM [FGF10 + HS] media. N = 3 biological samples. Mean ± SEM. *, P < 
0.05, **, P < 0.01, one-way ANOVA with post-Dunnett test compared to BM D10. (E) Gene expression of 
D10 salispheres in BM or SM [FGF7], normalized to Rsp29 and D3 BM salispheres (--). N = 3 biological 
samples. Mean ± SEM. *, P < 0.05, **, P < 0.01, one-way ANOVA with post-Dunnett test. 

Quantification by FACS analysis (Fig. 2D) confirmed a ~ 3-fold increase in the number of K5-

venus expressing cells (21 ± 4% vs. 65 ± 7%) in D10 SM [FGF7 or FGF10 + HS] compared to 

BM. The fraction of KIT + cells was increased 3-fold (7 ± 2% vs. 19 ± 2%) in SM [FGF10 + HS] 

compared to BM, as well as a trend of increasing FGFR2b + cells (7 ± 2% vs. 11 ± 3%). The 

fraction of K14 + cells was increased in SM [FGF7] compared to BM. These data suggest that 

salisphere culture with SM [FGF7 or FGF10 + HS] promoted an increased number of K5+ cells, 

and that adult KIT+/FGFR2b + cells are stimulated in SM [FGF10 + HS], which is consistent 

with our previous reports on fetal KIT+/FGFR2b + cells [20,34]. 

Next, we measured expression of genes related to epithelial KIT/FGFR2b, EGFR signaling and 

acinar cells by qPCR (Fig. 2E) at D10. The expression of epithelial marker Cdh1, and 

downstream targets of KIT/FGFR2b signaling, Etv5 and Ccnd1, were similar in both D10 BM 

and SM [FGF7] when compared to BM conditions at D3 (dotted line, time when initial spheres 

form), suggesting FGFR2b-dependent signaling and proliferation at D10 remained at similar 

levels as D3 in BM. There was no difference in Egfr expression, which is expressed in ducts, or 

its downstream transcription factor Egr1, suggesting that ductal differentiation did not change in 

SM. Similarly, expression of Aqp5, which is expressed on acinar cells and intercalated duct cells 

proximal to the acini [42], did not significantly change in SM. However, we found a significant 

reduction of Amy1 and Muc10, markers of mature secretory acinar cells in SM conditions, 

suggesting SM reduces terminal acinar differentiation over BM conditions. Lastly, the 

myoepithelial marker, Acta2, was significantly higher in BM or SM versus D3 BM conditions, 
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confirming our previous protein results (Fig. 2B–C) that myoepithelial cells survive and grow 

during salisphere culture. 

Taken together, we conclude that salispheres cultured in SM still maintain multiple epithelial cell 

types within the spheres, with increased expression of progenitor and myoepithelial cell 

markers, and reduced markers of terminal acinar differentiation. 

3.3. SM also maintains human epithelial progenitors and myoepithelial cells in salisphere 

culture 

We next investigated whether the beneficial effects of SM conditions were translated to human 

salisphere culture. Using cells from primary human salivary gland biopsies, D10 spheres in SM 

[FGF7] conditions formed similar to murine salispheres (Suppl. Fig. 2A). Immunostaining 

showed that D10 SM salispheres contained epithelial (integrin-β1, ITGB1) cells that expressed 

K5, K14, KIT and/or αSMA (Fig. 3A). This pattern of protein expression was consistent with 

murine salispheres, in which the spheres contain multiple epithelial cell types. The latter 

included KIT + progenitors, which are present in various human ducts and all or not co-express 

K5 and/or K14 (Suppl. Fig. 2B). FACS analysis of D10 SM [FGF7] spheres confirmed a 

consistent presence of ~30–60% KIT+, FGFR2b+, K5+ and K14 + cells. Similar to the mouse 

model, gene expression levels indicated that KIT/FGFR2b signaling remains present during SM 

culture (D10 versus D3, dotted line). Myoepithelial markers, KRT14 and KRT5 were significantly 

increased together with an increased trend in ACTA2. Most strikingly, we also found a 

decreasing trend in maturing secretory acinar markers (PIP, MUC7, PSP) over time in SM. 
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Fig. 3. Adult human salispheres in SM contain multiple cell types expressing progenitor and 
myoepithelial markers.  
(A) Confocal 10 μm section of stained D10 salispheres cultured in SM [FGF7] for epithelial marker β1
integrin (ITGB1), K5, αSMA, K14, KIT, and/or nuclei (DAPI, blue). Scale bar, 50 μm. (B) FACS analysis
(% of cells) of KIT+, FGFR2b+, K5+ and K14 + cells present in D10 SM cultured salispheres. N = 3
biological samples. Mean ± SEM. (C) Gene expression of human D10 salispheres cultured in SM [FGF7],
normalized to RPS29 and SM D3 (dotted line). *, P < 0.05, one-way ANOVA with post-Dunnett test
compared to D3, N = 4 biological samples.

Overall, these data indicate that human-derived spheres in SM culture also keep the presence 

of various human progenitors, and myoepithelial cells, and most importantly reduce terminal 

differentiation of acinar cells. 
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3.4. Adult murine salispheres only undergo branching morphogenesis in a fetal 

mesenchymal microenvironment when innervated 

An ex vivo fetal recombination model was used to examine whether D10 SM-cultured adult 

salispheres could undergo branching morphogenesis in a fetal niche. Adult human or mouse 

salispheres were placed in laminin-111 extracellular matrix hydrogel to recombine with fetal 

mouse mesenchyme (Mes) containing developing blood vessels, and the parasympathetic 

ganglia (PSG) from embryonic day 13 (E13) SMGs (Fig. 4A). Based on our previous work 

showing that NRTN improves PSG survival and axon outgrowth [19,21,22], we hypothesized 

that NRTN could indirectly promote branching morphogenesis of adult SMG salispheres by 

enhancing neuronal survival and growth. The laminin hydrogel was used to provide matrix 

adhesive ligands and to physically position the salispheres in close proximity to mesenchyme 

tissue (Mes) and/or PSG in order to mimic the spatial orientation of developing organ buds (E13 

epi + Mes + PSG). 
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Fig. 4. Adult murine salispheres only undergo branching morphogenesis when innervated within 
a complex fetal microenvironment containing mesenchyme and parasympathetic nerves treated 
with NRTN.  
(A) Cartoon depicting the recombination of adult mouse salispheres that were cultured in SM [FGF7] for
10 days prior to encapsulation in laminin-111 hydrogels. Recombination conditions include E13
parasympathetic ganglia (PSG), mesenchyme containing blood vessels (Mes), and/or recombinant
NRTN. Murine E13 SMG epithelia were recombined as a positive control. (B) Phase images at days 1
and 4 after recombination. Scale bar, 0.5 mm. (C) Confocal 10 μm sections of D4 recombined assays of
(A), following staining for nerves (TUBB3, green), epithelia (ECAD – red), ducts (K19 - cyan) and/or nuclei
(DAPI, blue). Scale bar, 100 μm. (D) Branching density (N/mm2) and index for degree of branching (Sholl
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(Continued) Ramification Index) from Sholl Analysis [29] of D4 recombinations ± NRTN. *, unpaired two-
tailed t-test, P < 0.05. (E) Magnified confocal 10 μm sections showing D4 recombinations ± NRTN stained 
for nerves (TUBB3, green) and epithelial ducts (ECAD - red, K19 - cyan). Scale bar, 100 μm. (F) Fold 
changes of gene expression of neuronal markers in D4 recombined mouse salispheres with or without 
NRTN, normalized to housekeeping gene Rps29 and Spheres + Mes + PSG. N = 4 biological samples. 
Mean ± SEM. *, unpaired two-tailed t-test, P < 0.05. 

First, human spheres were recombined within the fetal mouse microenvironment (Suppl. Fig. 

3A). We used a Human Nuclear Antigen (HNA) antibody to confirm that cells in the spheres 

were human-derived. HNA staining was only observed in the human epithelial E-cadherin 

(ECAD) compartment, confirming the absence of any contaminating mouse-derived epithelial 

cells. The human cells in recombined spheres did proliferate, based on KI67 protein staining, 

and expressed either KIT and/or AQP5. The human salispheres in some cases did grow in 

association with TUBB3+ nerves (arrow, Suppl. Fig. 3A), but branching was not observed. 

There was a significant increase in expression of CDH1 (an epithelial marker), FGFR2b 

signaling (ETV4, MYC), KRT5, KRT14, ACTA2 (a myoepithelial marker), and markers of ductal 

differentiation KRT19 and EGFR (Suppl Fig. 3B). However, expression of acinar 

markers AQP5, AMY1, PIP and MUC19 were reduced compared to an adult human SMG. This 

suggested that, as expected, multiple epithelial cell types were enriched in the recombination 

assay, but that maturing secretory acinar cells did not develop within 4 days of recombination. 

The human cells mainly remained as large salispheres within the mouse fetal niche and did not 

undergo branching morphogenesis, even after 4 weeks in culture (not shown). Further, human 

salispheres did not undergo branching with the addition of human mesenchymal supplements 

(SM without PD or ROCK inhibitors) when recombined with PSG + NRTN, but rather grew as 

aggregates of spheres (Suppl. Fig. 3C). Cross-species incompatibility of mouse fetal tissue with 

adult human cells may have contributed to this result. 
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In contrast, syngeneic recombination of mouse adult salispheres with the fetal mouse niche did 

initiate branching morphogenesis of adult salispheres. In a similar assay, we compared 

salispheres encapsulated in a laminin-111 hydrogel recombined with the PSG-containing 

mesenchyme (Mes + PSG) +/− NRTN after 4 days (D4) of culture, compared with primary SMG 

epithelium in laminin recombined (E13) with PSG-containing mesenchyme as a positive control 

in the assay for branching morphogenesis, and spheres in laminin without recombination as a 

negative control (Fig. 4A). Remarkably already by D4, increased epithelial morphogenesis was 

observed with salispheres recombined with fetal mesenchyme, PSG and NRTN (Fig. 4B–C). 

The spheres branched in a similar manner to control SMG epithelium. Spheres cultured in the 

laminin-111 hydrogel simply aggregated without branching, as expected. Surprisingly, when 

salispheres were recombined with mesenchyme and PSG alone they did not undergo branching 

morphogenesis, as we initially predicted, and although the spheres were enlarged in size, the 

PSG neurons did not innervate the epithelium. In contrast, when salispheres were recombined 

with laminin-111 ECM containing NRTN, with mesenchyme and PSG, the spheres self-

assembled, were innervated by PSG neurons (TUBB3, green), and initiated branching 

morphogenesis, as shown by the formation of ductal structures (K19, cyan) and endbuds 

(ECAD, red) similar to the fetal epithelium (Fig. 4C). Quantification of skeletonized branching 

patterns by Sholl analysis showed a trend of higher branching density (N/mm2) and significantly 

higher degree of branching (Sholl ramification index) of Sph + Mes + PSG + NRTN compared to 

Sph + Mes + PSG without NRTN (Fig. 4D). 

Higher magnification confocal projections confirmed that neurons (TUBB3) sparsely survived 

when salispheres were recombined with mesenchyme and PSG without NRTN, suggesting that 

cues to induce innervation are low or absent under these conditions (Fig. 4E). In contrast, 

innervation was stimulated in recombined salispheres in laminin-111 ECM containing NRTN 
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with mesenchyme and PSG, as well as in fetal epithelial recombinations, suggesting that 

exogenous NRTN in the ECM, in addition to NRTN produced by fetal epithelium, stimulate 

neuronal survival and innervation. The receptor for NRTN, GFRα2, is expressed on the PSG not 

in the epithelium and so the effect of exogenous NRTN on the epithelium is mediated by the 

nerves not by NRTN stimulating the epithelium directly [19,22]. K19 staining further illustrated 

that the salispheres formed ductal structures and reestablished a proximal-distal axis within the 

tissue (Fig. 4E), thus recapitulating fetal organogenesis. We previously showed that fetal SMG 

epithelium expresses NRTN [20], which is why the epithelial recombination was used as a 

positive control in the assay. We confirmed there was increased expression of Tubb3, a marker 

of neurons, as well as Ret, a coreceptor for NRTN, in recombined salispheres with NRTN 

compared to recombination without NRTN (Fig. 4F). There was also a trend of increased 

expression of Vacht and Vip, both functional markers of nerves. Vacht is a marker of cholinergic 

activity and VIP was shown to increase epithelial tubulogenesis in SMGs [21]. 

Immunostaining with peanut agglutinin (PNA+), which binds the epithelial surface and highlights 

epithelial morphology, showed epithelial branching structures with highly dense innervation 

(TUBB3+) along the proximal epithelial ducts where K5+ progenitors were maintained (Fig. 5A). 

The branching structures contained KIT + progenitors in the distal endbuds, which were 

proliferating (KI67+) and expressed the water channel AQP5, a marker for intercalated ducts 

and acinar cells (Fig. 5B). Thus, cells expressing K5, KIT and AQP5 were localized in the 

branching adult structures in a similar pattern as in fetal epithelium undergoing branching 

morphogenesis. This suggests that progenitors within spheres rapidly re-organized themselves 

within the fetal microenvironment to establish tissue polarity in a similar manner observed during 

fetal organogenesis. Salisphere recombination with laminin-111 ECM containing NRTN + Mes + 

PSG not only induced a morphogenesis pattern similar to recombined fetal epithelium, but also 
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showed similar rapid growth kinetics over 4 days (Fig. 4B–C). The epithelial buds and 

encapsulated spheres showed very little organization at D1, but became fully assembled and 

branched by 4 days. Furthermore, we confirmed that branched epithelial structures were 

derived from adult salispheres rather than residual fetal epithelium left in the mesenchyme, by 

recombining adult mouse spheres from membrane-bound Tomato (mT)-expressing mice with 

mesenchyme from control mice. Confocal sections clearly illustrated ductal and end-bud 

structures derived from adult salispheres in the embryonic mesenchyme (Suppl. Fig. 4A–B). 

Fluorescence imaging of K5 epithelium and Tubb3+ nerves further support the dependence on 

Mes + PSG + NRTN to generate innervated branching epithelial structures (Suppl. Fig. 4C). We 

hypothesized that the fetal mesenchyme could be replaced by the addition of SM supplements 

(without ROCK or PD inhibitors). However, salispheres recombined with PSG + NRTN + Suppl 

formed aggregates without branching morphogenesis, even when cultures were extended to 

Day 8 (Suppl. Fig. 4D). 
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Fig. 5. Innervated salisphere-derived branching epithelial structures resemble an ex vivo fetal 
gland.  
D4 recombined mouse adult salispheres (A) and fetal epithelium (B) in laminin hydrogels with Mes, PSG 
and NRTN were stained for Peanut Agglutinin (PNA, red) to outline the epithelia, TUBB3 (green) for 
nerves, K5 (cyan), KIT (cyan), AQP5 (red), KI67 (green) for proliferation and/or DAPI (blue) for nuclei. 
Confocal images of 10 μm sections. Scale bars, 100 μm  (A) and 50 μm (B). 

We further characterized the epithelial gene expression profile of the D4 recombined adult 

salispheres ± NRTN. Interestingly, we did not find significant changes for genes involved in 

KIT/FGFR2b signaling, ductal differentiation and/or myoepithelial markers (Suppl. Fig 5A). 

These data suggest all the cell types survive in the recombinations, with or without NRTN in the 

ECM. However, this is in striking contrast to the immunostaining that clearly shows the 

organization and morphogenesis ± NRTN is different (Fig. 4B–E). In addition, similar to the 
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human salisphere recombinations, we were unable to detect mature secretory acinar markers 

(Psp, Smgc) by D4. However, when recombined glands + NRTN were cultured longer (D8), we 

were able to observe detectable gene expression levels of Psp and Smgc compared to D4 E13 

SMGs, which had also begun to undergo acinar differentiation (Suppl. Fig 5B). In addition, 

compared to an intact E13 SMG at D4, the recombined adult salispheres ± NRTN expressed 

significantly lower levels of Ccnd1 and Fgfr2b, and significantly higher levels of Krt5 and Pecam, 

as well as an increasing trend of higher Acta2 and Egfr expression (Suppl. Fig. 5C). 

Thus, we show that recombined adult spheres in a laminin-111 ECM + NRTN + PSG and a 

complex mesenchymal microenvironment grow as innervated branching structures with proper 

alignment of ductal and acinar cells similar to in vivo development. 

4. Discussion

The regeneration of complex branching adult organs will require multiple cell types and factors, 

including growth support for nerves and blood vessels. A major challenge in regenerative stem 

cell therapies is providing sufficient cues to support branching morphogenesis of cells expanded 

in ex vivo culture, which may lose their capacity for morphogenesis. Here we show how 

neurotrophic growth factor delivery within a laminin-111 ECM hydrogel has the potential to 

promote morphogenesis of epithelial progenitors by stimulating neuronal growth and interaction 

with epithelial cells, which is necessary to recapitulate in vivo organogenesis. We used the 

intrinsic complexity of the fetal mesenchymal microenvironment as a model system to 

investigate whether we could stimulate fetal-like branching morphogenesis of adult epithelial 

salispheres. We discovered that branching was enhanced by the addition NRTN. Importantly, 

the fetal microenvironment contains neuronal cells. However, additional neurotrophic factor 

delivery was necessary to promote epithelial innervation, and allow adult progenitors to initiate 

the developmental program of branching morphogenesis. This approach has significant 
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potential to improve therapeutic regeneration of transplanted tissue-specific progenitor 

populations or develop implantable artificial tissues. 

It has been appreciated for a long time that branching morphogenesis of fetal epithelium 

requires the physical presence of the surrounding mesenchymal niche [43]. More recently the 

importance of nerves [19] and blood vessels [44,45] within this niche has been reported. 

Although secreted growth factors can support epithelial proliferation and morphogenesis in 3D 

ECM in the absence of nerves and mesenchyme [33,46], the epithelial cultures do not 

recapitulate the robust branching morphogenesis that occurs in the endogenous mesenchyme. 

The addition of recombinant NRTN improves parasympathetic innervation of the epithelium 

which aligns with its role as a critical neurotrophic factor for salivary gland innervation during 

development. In fact, genetic deletion in mice of NRTN or its receptor Gfrα2, results in small 

parasympathetic ganglia and the mice have multiple defects in epithelial function due to reduced 

innervation of the gastrointestinal and reproductive tracts as well as the lacrimal and salivary 

glands [23,24]. It remains to be determined if the delivery of NRTN along with adult salispheres 

into an in vivo adult gland will be necessary to improve innervation and regeneration of the 

transplanted cells in the adult microenvironment. 

In our experiments, human salispheres were unable to branch within a murine fetal 

microenvironment in a similar manner to mouse salispheres, even with the delivery of NRTN 

and recombinant human growth factors in the media. We conclude that there may be species-

specific cues from human nerves necessary to initiate innervation and branching 

morphogenesis of the human salispheres. Deciphering these differences between species will 

be important for human tissue regeneration. 
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Regeneration of adult salivary glands does occur in rodent models of degeneration caused by 

ductal ligation. After removal of the ligature, histological structures can be observed that 

resemble fetal branching morphogenesis, within the context of an adult microenvironment [47]. 

Importantly, the gland only regenerates if the nerve to the gland is intact. In our recombination 

studies with salispheres, basal K5+ progenitors within the ductal structures remained in close 

proximity to nerves, similar to fetal organogenesis. In the proximal endbud, basal 

KIT + progenitors surrounded the luminal progeny with a distal-proximal axis, again similar to 

fetal organogenesis. Moreover, a pattern of gene expression occurred in the adult progenitors 

similar to fetal organ development. Together, these data suggest that innervation causes adult 

epithelial progenitors to induce fetal-like gene expression and establish cellular architecture 

which initiates branching morphogenesis. 

An important goal for tissue regeneration is to transplant cells that survive, adapt and function 

when implanted. Intact fetal salivary and lacrimal glands, pancreas, and kidneys were 

transplanted in adult rodent environments where they survived and initiated organ-specific 

functions [[48], [49], [50]], suggesting the adult niche can support a fetal organ transplant. 

Others developed a functional human liver from an iPSC-derived liver organoids with endothelial 

and mesenchymal stem cells, which integrated within the local environment and the endothelial 

cells in reconnected with the host circulation within 48 h [51]. The physical and biological 

properties of the microvasculature and surrounding ECM are tissue specific and mesenchymal 

cell-driven condensation of epithelial progenitors, endothelial cells and mesenchymal stem cells 

are thus also critical for transplantation of organoids [8]. Thus far, orthotopic gland 

transplantation of mouse embryonic stem cell-derived salivary gland epithelial aggregates 

developed into structures with mature acinar cells that became innervated by the recipient mice 

[10]. Interestingly, an additional recombination of the aggregates with fetal E13.5 mesenchyme 
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was not necessary for this maturation. This suggests that major differences may lie between 

fetal aggregates and adult spheres, as used in our study, which may require the need for 

additional neuronal cells and/or NRTN. 

Yet, our experiments do not directly address whether the fetal niche may have different effects 

than an adult niche. Stage-specific signals from fetal niches direct differentiation in ES or iPS-

derived cells differently [12]. Fetal rather than adult mesenchyme, induced more differentiation 

of embryonic stem cell-derived dental epithelial cells [52]. Here, we show that secreted signals 

from the fetal niche that stimulate FGFR2b, KIT and muscarinic signaling, expand adult 

epithelial progenitors. We previously showed that K5 expressing progenitors produce multiple 

secreted Wnt signals to induce innervation of the duct early in organogenesis [45] and others 

have shown a role for Wnt ligands [11,53] during regeneration. The specific role of Wnt 

signaling in our experimental model of innervation and branching morphogenesis remains to be 

defined. Further, the potential role of other neuronal cell types, such as Schwann cells or their 

precursors [54], derived from the co-encapsulated parasympathetic ganglion were not explored 

here, but likely contribute to branching morphogenesis of adult epithelial progenitors. 

In summary, we show that adult epithelial progenitors can be maintained and/or expanded in 

salisphere culture by factors critical for organogenesis. Salispheres embedded in a laminin-111 

ECM containing NRTN form a complex branching tissue when combined with a complex fetal 

microenvironment that includes neuronal cells. The branching morphogenesis resembles fetal 

organogenesis, with the correct positioning of epithelial progenitors, their progeny, and induction 

of fetal gene expression. We propose that support of the neuronal niche, will be essential for 

regenerative approaches that involve innervation of adult progenitors, so they undergo 

branching morphogenesis and enable functional organ regeneration. 
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Supplementary 

Suppl. Fig. 1. Evaluation of K5-venus adult murine SMG. (A) Confocal section (2mm) of intercalated duct 
(ID) and acinus (Ac), showing epithelial cells stained for K5-venus (green), endogenous K5 (red), and nuclei (blue, 
DAPI). Yellow indicates overlap of K5-venus with endogenous K5. Scale bar, 20 µm. (B-C) Confocal imaging striated 
duct (SD), intercalated duct (ID), and excretory duct (ED). K5-venus (green) expressing cells also express K14 (red), 
aSMA (blue) and/or KIT (red). Arrowhead, myoepithelial cell co-expressing K5-venus, K14 and aSMA. (B) Arrow, 
striated duct (SD) cells expressing K5-venus. Dotted arrow, intercalated duct (ID) cells expressing K5-venus. 
Asterisk, excretory duct (ED) cells co-expressing K5-venus and K14. (C) KIT+ ID cells are K5-venus negative 
(asterisk) or K5-venus positive (arrow). Scale bar, 20 µm. 
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Suppl. Fig. 2. Evaluation of human salivary gland cells in SM culture or in vivo. (A) 
Representative bright field picture of human salisphere at D10 in SM [FGF7] culture. Scale bar, 0.5 mm. (B) Confocal 
images of human SMG stained for K5, K14, aSMA, KIT and /or nuclei (DAPI). Top panel: intercalated duct (ID), arrow 
shows K5+ cell, arrowheads indicate K5+K14+aSMA+ cells. Striated duct (SD), asterisks indicate K5+ cells. 
Excretory duct (ED), arrow shows K5+ cell, asterisks are K5+K14+ cells. Lower panel: ID, arrow indicates KIT+K5+ 
cell. SD, arrow shows KIT+K5+ cell, asterisk indicates KIT+ cell. ED, arrow shows KIT+ cell, asterisks indicates 
KIT+K5+ cell, arrowhead shows K5+ cell. Scale bar, 20 µm. 
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Suppl Fig. 3. Human salispheres recombined in fetal niche express markers of KIT+ and K5+ 
progenitors. (A) Top row - Immunostaining of human nuclear antigen (HNA, red) and E-cadherin (ECAD, green) 
indicated the presence of human epithelial cells in the mouse recombined environment. Ki67 staining (green) shows 
proliferation. AQP5 staining (red) is not organized in apical membranes but is cytoplasmic. KIT (cyan) protein 
expression is present. Scale bar, 50 μm. Bottom row – Immunostaining of beta-3-tubulin (TUBB3, green), integrin-
beta-1 (ITGB1, red), and keratin 5 (K5, cyan) of single confocal sections and a composite maximum intensity 
projection, which show small TUBB3+ nerves (white arrow) in association with the recombined spheres. Scale bar, 
100 μm.  (B) Fold changes of gene expression of multiple genes present in recombined human 
salispheres+Mes+PSG+NRTN. Data was normalized to adult human SMGs (huSMG) and housekeeping gene 
(RSP29) (dotted line). Mean±SEM. N=6 biological samples. *, P < 0.05; Multiple t-test with 5% False Discovery Rate 
(FDR). (C) Phase images of human salispheres (HuSph) encapsulated in laminin with controls (+NRTN, 
+NRTN+Suppl, +PSG+NRTN+Suppl, +Mes+PSG+NRTN+Suppl), as well as standard recombination
(+Mes+PSG+NRTN). SM media (without ROCK or PD inhibitors) were added as supplements when indicated and
changed after 3 days (+Suppl). Scale bar, 0.5 mm.
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Suppl Fig. 4. Branching morphogenesis of mouse salispheres in fetal mesenchyme + PSG +/- 
NRTN. (A) Salispheres (Sph) expressing mTomato (red) were recombined with wild type Mes+PSG+NRTN and 
compared to recombination without NRTN. Scale bar, 100 μm. Higher power image: Fluorescence and phase 
contrast image shows mTomato+ (red) branching structures (dotted curved lines) that developed from recombined 
salispheres in the presence of NRTN. Scale bar, 100 μm. (B) Confocal sections of spheres+Mes+PSG+NRTN 
recombinations show mTomato+ (red) and E-cadherin+ (cyan) ductal structures (arrow) with basally located nuclei 
(blue) and a lumen (arrow). Sections through end-bud structures (*) show expression of basement membrane protein 
perlecan (PLN, green). Scale bar, 50 μm. (C) Fluorescence microscopy of keratin 5 (K5, red) and beta-3 tubulin 
(Tubb3, green) of mouse salispheres in laminin hydrogels recombined with fetal Mes +/- PSG (white arrow) +/- 
NRTN. Scale bar, 0.5 mm. (D) Phase images of salispheres encapsulated in laminin with controls (+NRTN, 
+NRTN+Suppl, +PSG+NRTN+Suppl, +Mes+NRTN, +PSG+NRTN) after 4 days, as well as after 8 days for
+Mes+NRTN, which show enlargement and aggregation of spheres, but visible branching. SM media (without ROCK
or PD inhibitors) were added as supplements when indicated and changed after 3 days (+Suppl). Scale bar, 0.5 mm.
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Suppl Fig. 5. Mouse salispheres in fetal niche express FGFR/Kit signaling, ductal, and acinar 
markers. (A) Fold change in gene expression of Spheres+Mes+PSG+/-NRTN at 4 days post-recombination. Data 
was normalized to Spheres+Mes+PSG and Rps29. N=3 biological samples. Differences between +/- NRTN were not 
statistically significant, multiple t-test with 5% FDR. (B) Qualitative gene expression analysis of Psp and Smgc in D8 
Spheres+Mes+PSG+NRTN compared to D4 intact E13 gland. Data was normalized to D4 intact E13 gland and 
Rps29. N=4 biological samples for E13, N=2 for Spheres+Mes+PSG+NRTN. (C) Fold change in gene expression of 
Spheres+Mes+PSG+/-NRTN at 4 days post-recombination, compared with an intact E13 SMG at day 4. Data was 
normalized to E13 SMG D4 and Rps29. *, statistically significant differences compared to E13 SMG at D4, two-way 
ANOVA and Dunnet’s multiple comparisons test, N=4 biological samples, P<0.05. ND, not detected. 
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Appendix 4. Synthetic Light-Curable Polymeric Materials Provide a Supportive Niche for 
Dental Pulp Stem Cells 

This Appendix 4 includes research performed during my Ph.D. in collaboration with co-mentor 

Dr. Adam Celiz, who was a visiting post-doc in the Mooney Group and now is faculty in 

Bioengineering at Imperial College, London. This research was published in Kyle H. Vining1,2, 
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Abstract – Dental decay is the most prevalent oral disease worldwide, with an estimated 3 billion 

untreated cases of tooth decay, and is increasing despite improvements in prevention and 

treatments.(310) Dental decay is treated by surgically removing infected dentin and restoring 

tooth structure and function with a material. Exciting progress is being made in regenerative 

dentistry,(311) which may promote natural repair of dental tissues through dentin and pulp 

regeneration from stem cells. Previous work has shown the potential of endogenous dental pulp 

stem cells (DPSCs) for promoting dentin repair.(312) In addition, scaffolds for encapsulating 
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stem cells(313) and delivering growth factors or drugs(314, 315) are promising approaches for 

dentin and pulp regeneration. However, currently available dental scaffold materials do not 

adequately support regeneration.(316) Dental surgery is unique from other surgical sites, 

because teeth are directly exposed to the oral cavity, and therefore, must be filled with a 

permanent restoration rather than degradable materials. Existing synthetic polymer-based 

chemistries in dental materials cannot be used in direct contact with cells and vital tissue for 

regeneration, because they contain residual methacrylate monomers, such as bisphenol A 

glycidyl methacrylate (BisGMA), which negatively impact cells by disrupting regulatory cellular 

signaling.(317)  

Regenerative therapies would benefit from a new class of bio-instructive restorative materials 

that support the underlying native function of dental pulp cells, such as DPSCs, to differentiate 

into dentin-producing cells, while also restoring the tooth to protect vital tissue from mechanical, 

microbial, thermal, and chemical injury.(318) Here we aim to identify synthetic polymeric 

materials that provide a supportive niche for DPSCs to differentiate to odontoblasts, which are 

the cells that regenerate dentin, as well as demonstrate potential clinical utility in a relevant 

animal model. Polymer microarrays have previously been used to identify novel materials for 

stem cell research,(177, 319, 320) and here we applied this approach to rapidly identify 

candidate chemistries for regenerative dental materials. The general strategy involved first 

determining the ability of DPSCs from human donor teeth to adhere in vitro on the various 

materials in the array, followed by scale-up of the lead materials, and a more complete 

characterization of materials properties and the biological response (Figure 1a). The adhesion 

assay allowed for rapid identification of top-performing polymers from a large and chemically 

diverse material library. The polymer microarray was prepared from commercially-available 

monomers of wide chemical diversity, including mono- and multi-functional acrylates, 
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methacrylates, acrylamides, and methacrylamides with assorted side-chain chemistries totaling 

119 unique homopolymers (Table S1) on a cell non-adherent poly(2-hydroxyethyl methacrylate) 

(pHEMA) background.(177) The monomers were selected from commercial vendors based on 

their low-viscosity for compatibility with the array-printing manufacturing process.(319) Adhesion 

was chosen for the screen, because cells must first be able to adhere to a substrate in order to 

be impacted functionally. DPSC adhesion and gene expression were examined in later 

experiments as metrics of the ability of the top-performing polymers to support dentinogenesis. 

Cells were seeded onto arrays in serum-free conditions to provide a more defined environment 

for examining the effects of polymer chemistries on cell adhesion. Serum contains a significant 

fraction of albumin and other carrier proteins, which can vary with each batch and may confound 

the specific material-cell interactions that we intend to study. Thus, serum-free media conditions 

allow for more specific examination of the intrinsic ability of polymers to enable cell adhesion. 

Cell adhesion was measured after 24 and 48 hours by fluorescence imaging of cells stained for 

cell nuclei (DAPI, blue) and F-actin (phalloidin, green) (Figure 1b). Quantification by an index of 

cell area multiplied by cell count yielded three top-performing polymers, which corresponded to 

hydrophobic acrylate monomer HexA (hexyl acrylate), and triacrylates TMPTA 

(trimethylolpropane triacrylate) and PETA (pentaerythritol triacrylate) (Figure 1c-d). Derivatives 

of TMPTA, TMPETA (trimethylolpropane ethoxylate triacrylate) and TMPPTA 

(trimethylolpropane propoxylate triacrylate), were also identified by count and area (Figure 1c). 

From the top-performing chemistries identified within the library, the triacrylate monomers, 

TMPTA and PETA, were chosen to investigate further, over the monofunctional acrylate HexA 

because triacrylates in general cure more rapidly, which is advantageous for in-situ bulk 

polymerization of a dental restorative material. Multifunctional acrylates polymerize by both 

chain-growth and network polymerization. Conversely, the monofunctional acrylate HexA 

polymerizes only via chain-growth into linear polymer chains of a physically crosslinked 
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thermoplastic, rather than a more rigid covalently crosslinked polymer network.(321) Further, 

HexA performed lower than TMPTA in all cell adhesion metrics (Figure 1c). 

Figure 1. Rapid identification of triacrylate polymers as candidate bio-instructive dental 
restorative materials.  
a) Schematic of general strategy: human dental pulp stem cells (DPSCs) were prepared for screening a
library of 119 monomers of diverse chemistries on a polymer microarray that enabled rapid identification
of candidate chemistries for therapeutic use in dentistry. Candidate polymers were then scaled-up for
further chemical and biological characterizations to assess their ability to support DPSCs, followed by
application in a dental injury model (red arrow). b) Fluorescence imaging of cells on TMPTA, PETA, and
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(Continued) HexA, stained for F-actin (green) and nuclei (blue), at high (80,000 cells per array, bottom-
row) and low seeding density (8,000 cells per array, top-row), scale bar 100 µm. c) Image analysis was 
performed to quantify the mean cell count and area on each polymer, and the two metrics were also 
combined to provide a comparison of cell adhesion. Candidate polymers were identified by comparing the 
mean count, area, or index of each polymer to the overall mean. Red diamonds on the scatterplots and 
red histogram bars below correspond to candidate polymers in either cell count, area, or combined index, 
which are statistically significantly different from overall mean in each group, p<0.05, n=5 per marker. 
Blue diamonds on the scatterplots were not statistically significantly different from the overall mean in 
each group. Chemical abbreviations - TMPTA (trimethylolpropane triacrylate), PETA (pentaerythritol 
triacrylate), HexA (hexyl acrylate), TMPETA (trimethylolpropane ethoxylate triacrylate), and TMPPTA 
(trimethylolpropane propoxylate triacrylate). d) Chemical structures of best-performing monomers, 
TMPTA, PETA, and HexA, which were selected according to combined index, as well as structure of tri-
thiol (trimethylolpropane tris(3-mercaptopropionate)) for thiol-ene polymerization to scale-up monomers 
into bulk polymer formulations. e) Storage (closed circles) and loss (open circles) moduli of thiol-ene 
polymerization of TMPTA during UV-irradiation (initiated at 30-seconds, red dashed line), measured by 
oscillatory shear rheology (1 Hz, 1% strain). f) Chemical structure of methyl-analog of TMPTA, trimethylol 
propane trimethacrylate (TMPTMA), and compressive moduli, measured by bulk compression and AFM, 
and tensile strength of bulk thiol-ene-crosslinked polymers TMPTA, PETA, and TMPTMA, * statistically 
significant difference, p<0.05. 

Next, thiol-ene chemistry was employed to scale-up polymerization of the monomers TMPTA 

and PETA by adding a structurally-related tri-thiol compound and photoinitiator (Figure 1d).  

These rapidly cured by UV-irradiation into bulk polymers in approximately 10 seconds, with 

storage moduli of ~107 Pascals (Figure 1e). Rapid bulk crosslinking of TMPTA is consistent with 

previous findings that multifunctional acrylates polymerize faster than multifunctional 

methacrylates due to less steric hindrance and higher radical stability.(322) In order to directly 

confirm in later studies whether DPSC adhesion was specific to triacrylates, a structurally similar 

trimethacrylate, trimethylolpropane trimethacrylate (TMPTMA) (Figure 1f), was polymerized in a 

similar manner and tested in parallel. The bulk polymers exhibited similar compressive moduli, 

measured by unconfined uniaxial compression, of around 300 MPa (Figure 1f), which is 

consistent with the bulk compressive moduli of resins used in commercial dental materials.(323) 

Nanoscale atomic force microscopy (AFM) measurements showed the surface of the triacrylate 

and trimethacrylate polymers achieved an elastic modulus of ~2 GPa (Figure 1f and S1a), which 

is on the order of the range of dentin stiffness (~10 GPa) measured by nanoindentation.(324) 

Biaxial tension experiments showed PETA had a higher tensile strength, close to 40 MPa, as 
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compared to a mean of between 20-30 MPa for TMPTMA and TMPTA (Figure 1f). Each of 

these analyses, which utilize distinct methodologies, are measuring different aspects of the 

mechanical properties, but together indicate these polymers have appropriate properties for 

dental restorative materials. After curing, the alkene and thiol groups were not detectable by 

Fourier-transform infrared spectroscopy (Figure S1b), and sulphur species from the tri-thiol were 

detected on the polymer surface using time-of-flight secondary-ion mass spectrometry (ToF-

SIMS) (Figure S1c). Fast bulk curing, as well as high stiffness and strength, suggest these 

triacrylate polymeric materials are suitable for in-situ curing, which is ideal for clinical 

applications in dentistry. 

We confirmed thiol-ene polymerized bulk materials TMPTA and PETA adhered DPSCs in 

serum-free conditions over 48 hours in similar numbers and viability as tissue culture plastic 

(TCP); conversely, no cells adhered to pHEMA (Figure 2a), suggesting the thiol-ene chemistry 

maintained the adherent phenotype observed from the initial screen. Next, we determined 

DPSC adhesion and proliferation over 48 hours in serum-free media on the bulk polymers, 

compared to the commercial gold-standard methacrylate monomer used in dental fillings, 

BisGMA,(325) as well as a structurally-related trimethacrylate control, trimethylol propane 

trimethacrylate (TMPTMA). DPSC cell count and phase images over 48 hours showed DPSCs 

were adherent to TCP and TMPTA, but not to TMPTMA or BisGMA (Figure 2b). DPSCs initially 

adhered as viable single cells on all materials, but failed to spread, de-adhered and did not 

reach confluence on TMPTMA and BisGMA (Figure S2). These results suggested that cell 

adhesion was specific under these conditions to the selected triacrylate polymers, as TMPTA 

and its methyacrylate-analog TMPTMA shared the same branched trimethylolpropane core 

structure, were polymerized with the same thiol-ene chemistry, and exhibited similar 

physicochemical surface properties (Figure S1c). Further investigation is warranted to 
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determine whether it is possible to rescue TMPTMA’s non-adherent phenotype, since it is 

structurally similar to TMPTA. DPSCs initially adhered as viable single cells on all materials, but 

failed to spread, de-adhered and did not reach confluence on TMPTMA and BisGMA (Figure 

S2). DPSCs on TMPTA and TCP showed trends of increased cell number from 8-to-48 hours 

(Figure 2b). Significantly higher numbers of cells on TMPTA and PETA were positive for nuclear 

proliferation marker Ki67 at 24 and 48 hours, compared to BisGMA (Figure 2c). Initially 

proliferating Ki67+ cells on TMPTMA and BisGMA (8 hours) lost adhesion over 48 hours (Figure 

2b; S3). Subconfluent seeding of DPSCs on TMPTA and PETA in the presence of serum (10% 

fetal bovine serum, FBS) led to continued proliferation over 72 hours (Figure S4). Overall, these 

results are consistent with data from the initial screen, which showed all the 37 monofunctional 

or multi-functional methacrylates from the candidate chemistries were not one of the top 

polymers (Figure 1c and Table S1). Further, hexyl methacrylate, which is structurally-related to 

HexA, was not included in the top polymers. The integrin-β1 subunit is involved in cell adhesion, 

through its heterodimerization with integrin subunits such as α1, α2, α3, α5, and αV, and 

subsequent binding to extracellular ligands. We hypothesized that the integrin-β1 receptor 

subunit was required for DPSCs to adhere to the extracellular matrix that the cells express and 

deposit onto the triacrylates. A blocking anti-β1 antibody was used, in media containing 1% FBS 

to reduce non-specific adsorption of the blocking antibody, at a concentration of 5 µg/mL. Anti-

β1 inhibited cell adhesion on TMPTA, PETA, TMPTMA and BisGMA, while it did not significantly 

affect cell adhesion on the TCP control (Figure 2d and S5). Together, these results demonstrate 

that DPSCs adhere and proliferate on TMPTA and PETA in an integrin-β1-dependent manner.  
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Figure 2. DPSCs adhere to triacrylate polymers and proliferate in a β1-integrin-dependent 
manner.  
a) Images of thiol-ene-polymerized TMPTA and PETA with adhered DPSCs in serum-free medium at high
confluence after 48 hours, with quantitation of relative cell numbers and viability, compared to tissue
culture plastic control TCP and negative control polyHEMA. Scale bar 100 µm. b) Phase images (scale
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(Continued) bar 200 µm), and relative DPSC cell count and viability in serum-free medium at 8- and 48-
hours compared to negative control BisGMA and structurally-related trimethacrylate TMPTMA (** below 
counting limit). c) Quantification of proliferation marker Ki67 in adhered DPSCs in serum-free medium on 
TMPTA, PETA, TMPTMA, and BisGMA from 8 to 48 hours, * statistically significant difference from 
BisGMA control, p<0.05, n=3. d) Cell counts of DPSCs after 48-hour culture on TCP, TMPTA, PETA, 
TMPTMA, or BisGMA in media containing blocking anti-integrin-β1 receptor subunit antibody (anti-ITGβ1) 
or vehicle control, * statistically significant difference, p<0.05, n=6. e) Relative gene expression of DPSCs 
adhered in serum-free medium for 8 and 48 hours on TMPTA, PETA, TMPTMA, TCP, or BisGMA for 
collagen type I (COL1A1), collagen type II (COL2A1), collagen type IV (COL4A4), vitronectin (VN), HRAS, 
and LEF1, normalized to GAPDH and BisGMA-8h, * statistically significant difference, p<0.05, n≥4. 

To investigate the impact of adhesion, a commercial gene screening array (Table S2) was used 

to measure the expression of a wide range of genes associated with β1-signaling (Figures S6-

7). Gene expression of cells on TMPTA, PETA, TMPTMA, and TCP were compared to the 

BisGMA control at 8 and 48 hours to determine how triacrylates differentially regulate integrin-

β1-signaling pathways. Significantly impacted genes were defined as those expressed by 

DPSCs on triacrylates at 8 hours higher than 2-fold (Figure S8a), and these were validated in 

three subsequent independent experiments at 8 and 48 hours by quantitative polymerase chain 

reaction (qPCR). The significantly impacted genes included matrix proteins collagen-1 

(COL1A1), collagen-2 (COL2A1), collagen-4 (COL4A4), and vitronectin (VN), cell signaling 

genes HRAS, LEF1, and SRC, proliferation gene mitogen-associated protein kinase-3 

(MAPK3), cytoskeletal marker G-actin-1 (ACTG1), and integrin receptor beta-1 subunit (ITGB1) 

(Figures 2e and S8b). Gene expression of COL1A1 was maintained on TCP, TMPTA, and 

PETA, but not on BisGMA and TMPTMA, and COL2A1, COL4A4, and VN increased on 

BisGMA and TMPTMA, but not on TCP and TMPTA (Figure 2e). Furthermore, DPSCs on 

BisGMA and TMPTMA upregulated expression of genes associated with cell survival, HRAS, 

LEF1 andSRC, compared to TCP and TMPTA (Figures 2e and S8b). LEF1 is a transcription 

factor involved in Wnt/beta-catenin signaling pathways, which can impair odontoblast 

differentiation.(326) It is important to note that these analyses measured gene expression in the 

very few numbers of cells that remained adhered on BisGMA and TMPTMA at 48 hours. We 
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speculate these remaining cells upregulate COL2A1, COL4A4, and VN expression as a 

compensatory mechanism to remain adherent, even though they have a significant reduction in 

COL1A1 expression. ITGB1 expression slightly increased on TMPTA and PETA after 48 hours 

(Figure S8b). Together, these data suggest that collagen-1 expression and integrin-β1 receptor 

binding are correlated with DPSC adhesion to triacrylates TMPTA and PETA. This finding 

suggests these materials can functionally support DPSCs, because dental pulp stem cells 

express β1 integrin during differentiation.(327) Conversely, DPSCs fail to adhere well on 

BisGMA and the methacrylate-analog (TMPTMA) controls, and appear to compensate by 

upregulating other matrix genes and cell survival genes.  

These data are consistent with previous literature that showed expression of the β1 heterodimer 

of integrin α5-β1 is required to promote cell survival in the absence of serum when adhered to 

fibronectin-coated surfaces.(328) Adhesion to the TMPTA and PETA polymers via integrin α5-

β1 may help promote DPSCs to survive in serum-free conditions similar to TCP control, 

whereas DPSCs on BisGMA and TMPTMA materials may exhibit limited adhesion via integrin 

α5-β1. In addition, previous literature showed α1-β1 integrin expression is a negative regulator 

of collagen-I expression.(329) Initially when seeded without serum, presumably there is limited 

availability of collagen ligands and less activation of α1-β1 integrin. Collagen-1 expression is 

downregulated over 48 hours on BisGMA and TMPTMA, possibly due to the role of α1-β1 

activation, whereas collagen-1 expression is maintained on TMPTA and PETA similar to TCP 

control. Further work investigating the role of integrins in regulating cell adhesion to these 

triacrylates is warranted in the future.  

The triacrylate materials did not require any chemical modification or pre-adsorption of proteins 

after polymerization for direct signaling on cells, but rather the data are consistent with the 
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hypothesis that the materials support cells to produce and adhere via their own adsorbed matrix 

proteins. Mammalian cells often can adhere to surfaces of synthetic materials even in the 

absence of serum proteins or precoating of the substrate with adhesive proteins – many cell 

types adhere very well to tissue culture plastic under these conditions.  In these situations, it is 

believed that cells adhere via the proteins they actively synthesize and secrete or which are 

already present on the cell surface, which subsequently interact with the surface of the 

material.(330, 331) It is possible that the higher reactivity and stability of triacrylate free-

radicals(322) enhanced bulk polymerization compared to TMPTMA and BisGMA, which 

improved interaction with cells and extracellular matrix and other absorbed proteins. A goal of 

future work is to determine in detail how macromolecular, mechanical, and biochemical cues of 

these materials direct the cell behavior, including the specific role of adsorbed proteins. 

To further evaluate the compatibility of triacrylates with DPSCs, we investigated the relative 

gene expression of DPSCs in long-term serum-free culture on TMPTA and PETA compared to 

TCP. DPSCs expressed lower levels of osteocalcin (BGLAP), RUNX2, and TGFB1 on TMPTA 

after 21 days compared to TCP, indicating they differentiated less on TMPTA than TCP (Figure 

S9a). Trends were similar for PETA, but not statistically significant. We next confirmed that 

these effects were not due to residual monomer leaching into the media, as conditioned media 

from TMPTA and PETA added to cells on TCP did not cause significant differences in gene 

expression compared to TCP control (Figure S9a). Next, osteogenic conditions were used to 

determine whether triacrylates TMPTA and PETA are permissive for DPSC differentiation in an 

appropriate chemical environment, compared to TCP control. After 21 days, DPSCs on TMPTA 

and PETA expressed increased levels of the osteogenic differentiation markers(332) alkaline 

phosphatase (ALPL), BGLAP, osteopontin (SPP1), and staniocalcin (STC1), but the dentin 

marker DSPP was not detected (Figure 3a). With the addition of the growth factor TGFβ1, 
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DPSCs were able to differentiate into odontoblasts, as confirmed by expression of the dentin-

specific marker dentin sialophosphoprotein (DSPP)(333) on TMPTA and PETA (Figure 3b) at 

Day 21 compared to Day 7. The cells clustered into aggregates on TCP, TMPTA, and PETA in 

the presence of TGFβ1, indicative of a contractile phenotype, which was associated with a 

reduction in ALPL, COLA1A, and SPP1 (Figure S9b) that may have resulted from increased 

cell-cell contact and reduced cell-matrix interactions. TMPTA and PETA supported DPSC 

mineralization under osteogenic differentiation conditions (Figure 3c and S9c), which was 

quantified by alizarin red staining. Together, these differentiation data suggest that TMPTA and 

PETA-based materials are compatible with stem cell behavior, although material cues alone are 

not sufficient to induce differentiation. Rather, the polymeric materials provide a supportive 

niche that allows DPSCs to respond appropriately to biochemical cues. Thus, these triacrylate 

materials could comprise a new, first-generation regenerative dental filling that supports stem 

cells to respond to regenerative therapies.  They can be rapidly cured into bulk materials with 

minimal residual monomer, have rigid mechanical properties similar to existing fillings and 

dentin, and provide a supportive niche for dental pulp stem cells. Triacrylates TMPTA and PETA 

are likely to be compatible with regenerative treatments, such as delivery of stem cells in 

degradable scaffolds or delivery of bioactive molecules that promote endogenous repair 

mechanisms. 
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Figure 3. Triacrylate polymers supported DPSC osteogenic and odontogenic differentiation, and 
can be placed in direct contact with the dentin-pulp interface to mimic their use in regenerative 
dentistry.  
a) Relative gene expression of proliferation marker cyclin-D1 (CCND1) and differentiation markers
smooth muscle actin (ACTA2), alkaline phosphatase (ALPL), osteocalcin (BGLAP), RUNX2, osteopontin
(SPP1), and staniocalcin (STC1) by DPSCs before placement on polymer (D0), and on TCP, TMPTA,
and PETA after culture for 21 days in osteogenic media, normalized to GAPDH and D0.  Statistically
significant differences (*) between D0 and the material conditions were determined by two-way ANOVA,
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(Continued) p<0.05, n ≥ 3. b) DPSCs cultured in osteogenic media + TGFβ1 expressed elevated levels 
of dentin-specific marker dentin sialophosphoprotein (DSPP) after 21 days compared to 7 days, 
normalized to GAPDH and D0, * statistically significant difference, two-way ANOVA, p< 0.05. c) Relative 
mineralization of DPSCs after 14 days of culture in osteogenic media with (red) or without (blue) TGFβ1 
on TCP, TMPTA, and PETA, normalized to cells on TCP in non-osteogenic conditions (TCP control, 
white), * statistically significant difference, p<0.05, n = 6. d) Hard tissue histological section of TMPTA in 
direct contact with molar pulp defect at the time of pulp injury, day 0. Scale bar 100 µm. Dotted line – 
dental preparation, f – composite filling, r – TMPTA resin layer, p – dental pulp, d – dentin, v – blood 
vessel. 

Regenerative therapies in dentistry would be indicated for treating pulp exposure injuries in 

adult human teeth, because they cause irreversible damage that results in necrosis of the 

tissue and otherwise require root canal surgery(334) (ClinicalTrials.gov NCT00187837 and 

NCT00187850). Restoring the dentin-pulp complex, including DPSCs, odontoblasts, and dentin, 

with regenerative therapies will likely require multiple components, including a permanent 

restorative material that biochemically and mechanically interfaces with regenerating tissue and 

remaining dentin. The potential clinical utility of TMPTA in these types of traumatic irreversible 

dental pulp injuries was subsequently explored by examining if the triacrylate-trithiol monomer 

solution could be cured into bulk materials inside irreversibly-injured molars of 6-week male rats 

in direct contact with pulp tissue. Other animal models that cause reversible pulp injury and vital 

dentin regeneration do not accurately mimic clinical cases with non-vital injured teeth indicated 

for regenerative therapies. After proper hemostasis and isolation, the TMPTA-thiol bulk 

monomer solution was applied to the injury site and was cured inside the tooth with visible light 

irradiation. Conventional commercial dental materials, calcium hydroxide paste and a resin 

composite filling, were used as controls. All animals were ambulatory, ate and grew normally, 

and exhibited normal patterns of behavior, suggesting there were no systemic negative effects 

of the treatment. Animals were sacrificed immediately after injury and after 8-weeks for fixation, 

decalcification, resin-embedding, and hard tissue sectioning for histology. Hard tissue 

histological sections showed the TMPTA filling (r) cured in direct contact with pulp (p) and dentin 

(d) tissues at day 0, with a conventional dental composite filling (f) on top (Figure 3d). Further,
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the oral cavity showed no signs of pathology or infection, restored teeth were intact, TMPTA 

was retained in contact with the pulp tissue after 8-weeks, and the pulp tissue qualitatively 

appeared similar to that resulting from the use of the calcium hydroxide and resin composite 

control (Figure S9a). Similar to human clinical cases of pulp exposure restored with dental 

composites, the pulp tissue became calcified as a result of irreversible pulpal injury and 

necrosis, and thus suffered loss of potential for vital dentin regeneration. MicroCT imaging 

qualitatively showed no major differences in the mineralized-to-total volume ratio between 

conditions, and TMPTA alone performed similarly as TMPTA + resin composite restoration 

(Figure S9b). We propose the triacrylates TMPTA and PETA could be used clinically with stem 

cell therapies as therapeutic biomaterials in direct contact with pulp tissues to promote 

regeneration of the dentin-pulp complex, while also functioning as a dental filling material that 

mechanically supports tooth structure in the oral cavity (Figure S10). A key issue for the clinical 

use of the multifunctional acrylates is their compatibility in vivo. These types of materials are 

widely used as cross-linkers in commercial industrial applications such as UV-curable inks, 

coatings, and paints. There are reports of skin exposure to multifunctional acrylate monomers 

causing sensitization in humans. In mice, topical application only at high doses (above 1 mg/kg) 

was inflammatory and carcinogenic.(335) However, very small doses are used here (~ 0.1 µg/kg 

TMPTA), and the monomer is rapidly cured into a bulk polymer with minimal residual monomer. 

Together with the in vitro characterizations of their biological response, these data suggest the 

triacrylates TMPTA and PETA, unlike existing synthetic materials in dentistry, provide a stem 

cell-compatible restorative material that can be used in direct contact with pulpal tissues, and 

thus improve the state-of-the-art in clinical dentistry.  

In summary, triacrylate-based materials have significant promise as novel, bio-instructive, 

restorative materials for regenerative dentistry. They can be cured rapidly into bulk polymers 
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without detectable residual monomer, provide robust mechanical properties, support DPSC 

regenerative-related functions, and can be placed directly at the dentin-pulp interface in a 

severe model of dental pulp injuries. Additionally, human periodontal ligament fibroblasts 

adhered in vitro to TMPTA and PETA in a similar fashion as to TCP (Figure S11) suggesting 

these materials could be utilized more broadly beyond restorative dentistry. Furthermore, the 

triacrylate TMPTA provides antimicrobial properties, because TMPTA was previously 

discovered to resist biofilm formation of Staphylococcus aureus and uropathogenic Escherichia 

coli.(336) Thus, these triacrylate-based materials could be broadly useful as medical devices by 

instructing multiple biological functions. 

Experimental Section 

Cell culture: For adhesion experiments, human DPSCs were seeded at 75,000 cells/cm2 on 

either polymer-coated TCP or TCP alone in serum-free aMEM (Gibco) complete media 

(Supplementary Information). After 48-hours, bright-field microscopic images and cells were 

retrieved for counting. Live/dead staining assay was performed using Live/Dead 

Viability/Cytotoxicity kit (Life Technologies). Integrin inhibition experiments used an anti-β1 

blocking antibody at 5 µg/mL (mab1959, Milipore) in 1% FBS. For differentiation experiments, 

DPSCs were cultured in serum-free media until they reached confluency, followed by 

supplementation with 10% fetal bovine serum, 285 μM L-ascorbic acid, 10 mM beta-glycerol 

phosphate, 0.01 μM dexamethasone, and +/- 10 ng/mL of recombinant human TGFβ1 

(PeproTech). Fresh media was replaced every 2-3 days. Cells were lysed at 7- and 21-days for 

RNA isolation and subsequent quantitative polymerase chain reaction (qPCR) (Supplementary 

Information). The level of mineralization during differentiation was determined by an 
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osteogenesis quantitation kit (EMD Millipore), which involved Alizarin Red staining, acetic acid 

extraction, and quantification based on absorbance at 405 nm.  

High-throughput screening and scaling-up polymer chemistries: Polymeric microarrays were 

prepared as described.(177) Briefly, 119 commercially available monomers of 250-400 µm 

diameter were printed and photo-polymerized on polyHEMA coated slides in microarrays, with 

six replicates per array. DPSCs were seeded at high (80,000 cells per array) or low (8,000 cells 

per array) densities in serum-free media for 24- and 48-hours, respectively. For scale-up, 

candidate monomers from the screen were mixed with a thiol-ene crosslinking reagent, 

trimethylolpropane tris(3-mercaptopropionate), at a molar ratio of 1.4:1 (acrylate:thiol) and 1% 

w/v of photo-initiator 2,2-dimethoxy-2-phenylacetophenone. In a typical 12-well dish, mixed 

monomer solution (400 µL) was added to each well and irradiated with 365 nm UV-irriadiation 

for 5 minutes at an intensity of 20 mW/cm2. Polymer coatings were UV-sterilized for 30 minutes, 

then washed three times with Hanks' balanced salt solution (HBSS). 

Mechanical characterizations: Oscillatory rheology was performed using AR-G2 stress 

controlled rheometer (TA Instruments). Compressive and tensile tests were measured by an 

Instron 3342 single column apparatus. The elastic moduli of cylindrical bulk polymers with high 

aspect-ratio (10 mm width, 2 mm height) were measured by the initial slope of stress-strain 

during application of unconfined uniaxial compression to 15% strain with a deformation rate of 1 

mm min-1. Bulk polymers were fabricated in dog-bone geometry for measuring ultimate tensile 

strength, with application of biaxial tension at strain rate of 1 mm min-1 until rupture. 

Immunostaining and confocal imaging: Samples for immunocytochemical staining and 

subsequent confocal imaging were fixed in 4% paraformaldehyde for 10 minutes, washed three 
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times with DPBS (+Ca/+Mg), permeabilized in 0.5% Triton X-100 for 10 minutes, washed in 

0.1% Tween-20 in PBS, blocked in 5% goat serum and 1% BSA overnight at 4C, and stained at 

RT for 2-hours. Anti-Ki67 (350502, BioLegend), Alexa Fluor 488-phalloidin, anti-Ki67 Alexa 

Fluor-594 (350528, BioLegend), DyLight goat anti-mouse 594, and ProLong Gold with DAPI 

were used for staining. Fluorescent cell culture images were captured on an EVOS microscope, 

confocal images were captured using Zeiss LSM 710, polymer microarrays were imaged on an 

automated stage fluorescence microscope Zeiss Axio Observer Z1, and histological samples 

were imaged on a Zeiss Axio Imager Z2. Zen Black software was used for image acquisition 

and processing of confocal, microarray, and histologic images. Polymer microarray images were 

analyzed with 5 replicates per condition for manual cell counting on ImageJ and for cell area by 

MATLAB quantification. Staining for Ki67 was analyzed in at least three images per field with 

thresholding and counting on ImageJ. 

Rodent model of dental pulp injury: All animal procedures were approved by Harvard IACUC 

and followed all state and federal regulations. The dental pulp injury model was adapted from a 

previous study.(312) Each male Sprague Dawley rat at 6-weeks old was properly anesthetized 

and cavity preparations to excavate pulpal tissue were made on the occlusal aspect of maxillary 

first and second molars with a high speed conventional handpiece and a #1/2 carbide round bur 

(0.8 mm diameter) with simultaneous irrigation of sterile saline solution. Adequate hemostasis 

was obtained by cotton-pellet pressure. Bulk monomer solution of TMPTA was placed at the 

base of the cavity and cured with visible-light irradiation. Subsequently, the tooth was restored 

with a composite resin (3M-ESPE) associated with a one-step adhesive system (Single-Bond, 

3M-ESPE). Calcium hydroxide paste without TMPTA and resin composite without TMPTA were 

used as controls. Animals were sacrificed at 8-weeks and fixed via intracardiac perfusion of 4% 

paraformaldehyde (PFA) (Sigma Aldrich) in phosphate-buffered saline (PBS). Maxillary 
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segments were dissected and subsequently fixed overnight in 4% PFA in PBS at 4°C. For 

histology, specimens were decalcified in 14% EDTA in PBS, pH 7.4 for 2 weeks with changes 

every 2-3 days. Resin embedding and hard tissue sectioning were performed by the Harvard 

Medical School Electron Microscopy Core. 

Statistical analysis: Error bars represent standard error of mean. Statistical tests were 

performed on polymer microarray data using Kruskal-Wallis test with Dunn’s multiple 

comparisons test, and on scaled-up cell count and qPCR data using two-way ANOVA and Sidak 

post-hoc test, p<0.05. For qPCR, statistical tests were performed on the log-2 transform of the 

relative expression values.  
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Supplementary Experimental Methods and Supporting Data 

Time-of-flight secondary-ion mass spectrometry (ToF-SIMS) analysis –  

ToF-SIMS measurements were conducted using a ToF-SIMS 4 (IONTOF GmbH) instrument 

operated using a 25 kV Bi3+ primary ion source exhibiting a pulsed target current of ∼1pA. 

Samples were scanned at a pixel density of 100 pixels per mm, with 8 shots per pixel over a 

given area. An ion dose of 2.45×1011 ions per cm2 was applied to each sample area ensuring 

static conditions were maintained throughout. Both positive and negative secondary ion spectra 

were collected (mass resolution of >7000), over an acquisition period of 15 scans (the data from 

which were added together). Owing to the non-conductive nature of the samples, charge 

compensation was applied in the form of a low energy (20eV) electron floodgun.  

Multivariate analysis - Principal component analysis (PCA) –  

The ToF-SIMS spectral data were analyzed using principal component analysis (PCA) as 

previously described. All positive and negative ion peak intensities in a ToF-SIMS spectrum 

were normalized to the total secondary ion counts to remove the influence of primary ion beam 

fluctuation. The positive and negative ion intensity data were arranged into one concatenated 

data matrix. PCA analysis was carried out using the Eigenvector PLS Toolbox 5.2. All datasets 

were mean-centered and square root mean scaled. 

Atomic Force Microscopy (AFM) – 

AFM of polymer samples was performed using a Dimension Icon FastScan instrument (Bruker) 

in PeakForce tapping quantitative nanomechanical mapping (QNM) mode using silicon nitride 

cantilevers. Force–indentation curves were fit using the DMT model with a pyramid indenter. 

Preparation of primary human DPSCs and PDLFs – 
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DPSCs were acquired commercially from Lonza (Poietics human DPSCs, PT-5025) after 12 

passages. According to the manufacturer, over 90% of cells tested positive for CD105, CD166, 

CD29, CD90, and CD73, and over 95% were negative for CD34, CD45, and CD133. The 

DPSCs were expanded in culture for 2 passages and then cryopreserved in complete growth 

media and 7.5% DMSO. DPSCs were thawed for subsequent experiments in aMEM (Gibco) 

complete media, containing 1% penicillin-streptomycin (P/S), 100 µM L-ascorbic acid, and 20% 

fetal bovine serum. Human periodontal ligament fibroplasts (PDLFs) were commercially 

obtained from extracted human teeth (Lonza, CC-7049) at passage 2 and cultured in stromal 

growth media (Lonza) for 2 additional passages prior to cryopreservation as previously 

described. Incubation conditions were 37C at 5% CO2. 

Quantitave polymerase chain reaction (qPCR) measurements – 

RNA was isolated with PureLink RNA Micro Kit (Invitrogen), quantified by NanoDrop 

spectrophotometer, and cDNA was reverse-transcribed by iScript Advanced Reverse 

Transcription Supermix for RT-qPCR (Bio-Rad).  Real-time quantitative PCR was performed 

using CFX96 or CFX394 (Bio-Rad) in duplicate with 10 ng of cDNA and 2x AdvancedSSO 

SYBR Green Supermix (Bio-Rad) in each reaction. Screening was performed to assess a wide 

range of genes associated with integrin signaling by using a Bio-Rad PrimePCR Integrin 

Outside-In Signaling H384 plate. Individual qPCR measurements were repeated on at least 

three replicate samples using Bio-Rad PrimePCR primers. Relative gene expression was 

computed by the delta-delta Ct method, which compared Ct values to a control sample and 

reference gene (GAPDH). See Table S3 for list of individual gene primers. 

Micro-computed tomography imaging (MicroCT) 
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MicroCT images were acquired at the Harvard Center for Nanoscale Systems with a tungsten 

filament in reflection mode (105 kV, 205 uA, 4 frames per projection). Following 3D 

reconstruction on VG studio, the coronal pulp in each tooth was segmented to calculate the 

mineralized volume of reparative dentin.  
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Figure S1. Physicochemical characterizations of thiol-ene-crosslinked triacrylate polymers. A) 

Representative spectrum of atomic force microscopy mechanical measurements of TMPTA, 

which showed high elastic moduli (~2 GPa) similar to TCP and dentin ~10 GPa, scale bar 100 

nm. B) The residual acrylate and thiol chemical groups were measured on the surface of thiol-
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(Continued) ene polymerized-TMPTA by Fourier-transform infrared spectroscopy, which 

showed significant attenuation of the acrylate and thiol peaks after curing. C) Comparison of 

the surface chemistry of arrayed (open symbols) and scaled-up polymers TMA (green 

diamond), TMPTA (red triangle), PETA (black square), and TMPETA (blue circle) was 

performed using principal component analysis (PCA) of the respective ToF-SIMS spectra. PCA 

revealed significant differences in surface chemistry between samples with principal 

component 1 represented the majority of chemical variance (53%) which was assigned to the 

substrate background poly(2-hydroxyethyl methacrylate) (pHEMA) moieties in the arrayed 

samples and thiol functionality present in the scaled-up polymers. 

Figure S2. Live-dead staining at 8 and 48 hours showed that cells adhered to TMPTA exhibited 

similar viability as TCP, but significantly fewer viable cells were present on TMPTMA and 

BisGMA. Live – calcein (green), Dead – ethidium homodimer-1 (red). Scale bar 400 µm.  
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Figure S3. Confluent DPSCs under serum-free conditions express proliferation marker Ki67. 

Confocal microscopy of Ki67 immunostaining (red) and F-actin (green) at 8 and 48 hours on 

TMPTA, PETA, TMPTMA, and BisGMA, scale bar 100 µm.  
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Figure S4. DPSCs maintain expression of proliferation marker Ki67 over 72 hours in serum-

containing media. a) DPSCs seeded at subconfluent density (2.5 x104 cells/cm2) on TMPTA and 

PETA in serum-free media show a reduction in Ki67 expression over 72 hours, as shown by 

fluorescence imaging of cells stained for F-actin (green) and Ki-67 (red). Scale bar 100 µm. b) 
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(Continued) DPSCs on TMPTA and PETA in serum-containing media continued to proliferate 

over 72 hours. DPSCs were adhered at low seeding density (2.5 x104 cells/cm2) initially in 

serum-free media, which was replaced at 24 hours with media containing 10% FBS. 

Fluorescence imaging of Ki67 (red) and F-actin (green) staining show the growth and recovery 

of Ki67+ cells. Scale bar 100 µm. c) Quantification of average number of Ki67+ cells at 24, 48 

and 72 hours on TMPTA and PETA, * statistically significant difference from TMPTA-serum 

free condition, p<0.05, n ≥8. 

Figure S5. DPSCs adhere to and remain viable on triacrylates in an integrin-dependent 

manner. Phase images at 8 and 48 hours showed cells did not remain adhered on the 

triacrylates TMPTA and PETA, as well as BisGMA, when treated with an anti-β1 antibody to 

block the integrin β1 receptor subunit, while it had no significant effect on the tissue culture 

control TCP. Scale bar 400 µm. 
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Figure S6. Gene expression analysis of DPSCs adhered after 8 hours to TCP, TMPTA, PETA, 

TMPTMA, TCP relative to BisGMA control. a) Differential expression of gene markers of β1 

integrin signaling from a commercial gene array, using the BioRad PrimePCR Integrin Outside-

In Signaling 384-well plate, normalized to GAPDH, n=2. Dotted line indicates unity between 
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(Continued) polymer and BisGMA. b) Scatterplots used to identify differentially expressed 

genes (defined as above 2-fold threshold). 
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Figure S7. Gene expression analysis of DPSCs adhered after 48 hours to TCP, TMPTA, PETA, 

TMPTMA, and TCP relative to BisGMA control. a) Differential expression of gene markers of β1 

integrin signaling from a commercial gene array, using the BioRad PrimePCR Integrin Outside-

In Signaling 384-well plate, normalized to GAPDH, n=2. Dotted line indicates unity between 

polymer and BisGMA. b) Scatterplots used to identify specific differentially expressed genes 

(defined as above 2-fold threshold). 
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Figure S8. Candidate genes regulated by materials conditions. a) Ranked absolute relative 

gene expression of DPSCs adhered after 8 and 48 hours to TCP, triacrylates (mean of TMPTA 

and PETA), TMPTMA, and TCP, normalized to BisGMA control at 8 hours and GAPDH from the 

BioRad PrimePCR Integrin Outside-In Signaling gene array. b) Confirmation of specific 

candidate genes by qPCR, in particular SRC, MAPK3, ACTG1, and ITGB1 expression in 

DPSCs on BisGMA, TCP, TMPTA, PETA, and TMPTMA after 8 and 48 hours, normalized to 

BisGMA control at 8 hours and GAPDH, * statistically significant difference, two-way ANOVA, 

p<0.05, n >3. 
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Figure S9. Gene expression of DPSCs on material conditions after long-term culture. a) 

Relative gene expression of osteocalcin (BGLAP), RUNX2, and TGFB1 in DPSCs on TCP, 

TMPTA and PETA after 21 days in serum-free media, as well as cells on TCP exposed to 

conditioned media from TMPTA and PETA (CM), * statistically significant difference, two-way 

ANOVA, p<0.05, n > 3. b) Relative expression of alkaline phosphatase (ALPL), collagen, type I 
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(Continued) (COL1A1), and osteopontin (SPP1) in DPSCs when cultured 7 and 21 days in 

osteogenic media with the addition of TGFβ1 on TCP, TMPTA, and PETA, normalized by 

GAPDH and Day 0, 

*statistically significant difference, two-way ANOVA, p>0.05, n = 3. c) Alizarin red staining of 

DPSCs on TCP, TMPTA, and PETA at 14 days under osteogenic conditions with (Diff + TGFβ1) 

or without (Diff) growth factor TGFβ1. DPSCs in TGFβ1-media contract into a cluster of cells on 

TMPTA and PETA (white arrow). Scale bar 5 mm. 

Figure S10. a) Hard tissue histological sections of TMPTA in direct contact with molar pulp 

defect at 8-weeks after injury (white asterisks), compared to control of calcium hydroxide paste 

and commercial dental resin composite (black asterisk). Scale bar 100 µm. b) MicroCT analysis 

of dental pulp calcifications. MicroCT images and mineralized-volume to total-volume ratio, as 

measured at 8 weeks for treatment with commercially available dental resin composite, 
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(Continued) composite + calcium hydroxide paste, TMPTA, or TMPTA + commercial resin 

composite. Scale bar 1 mm. No statistically significant differences between groups, one-way 

ANOVA, p>0.05, n = 2. 

Figure S11. Proposed clinical application of triacrylate-based dental material to treat dental pulp 

injury following partial resection of pulp tissue (red) in molars and application of regenerative 

therapy (arrow). Triacrylate biomaterial (green) is placed in direct contact with treated pulp 

tissue to restore the dentin-pulp interface, because it supports DPSC regenerative behavior, 

and then is light-cured using traditional visible-light irradiation. Proper dental form and function 

are restored with a traditional dental composite material (blue). Alternatively, triacrylate-based 

materials could be used to develop one-step bio-instructive dental composite filling materials 

that are compatible with the dental pulp cells, as well as restore the tooth. 
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Figure S12. Triacrylate polymers TMPTA and PETA promoted adhesion of primary human 

periodontal ligament fibroblasts similar to tissue culture control (TCP). Phase images show 

confluent monolayers, scale bar 1 mm. Quantification of cell number, relative to highest cell 

number, and cell viability after 48 hours in serum-free media. 

Table S1. Monomer list for polymer microarray 
Monomer chemical name 

Glycidyl methacrylate 
N-(Butoxymethyl)acrylamide 
N-Hydroxyethyl acrylamide
Benzyl 2-n-propyl acrylate
Norbornyl methacrylate
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Isobornyl methacrylate 
Methylthioethyl methacrylate 
Caprolactone 2-(methacryloyloxy)ethyl ester 
Hexadecafluoro-9-(trifluoromethyl)decyl acrylate 
N-(Isobutoxymethyl)acrylamide 
Tetrahydrofurfuryl acrylate 
Hexafluoropent-1,5-diyl diacrylate 
Tert-butylcyclohexylacrylate 
Tricyclodecane-dimethanol diacrylate 
Butanediol-1,3 diacrylate 
Poly(ethylene glycol) methyl ether acrylate 
N-[2-(1H-indol-3-yl)ethyl]acrylamide 
N-[Tris(hydroxymethyl)methyl]acrylamide 
N-(3-Methoxypropyl)acrylamide 
Ter-butyl methacrylate 
Stearyl methacrylate 
Phenyl methacrylate 
Isodecyl methacrylate 
Acryloyloxy-β,β-dimethyl-γ-butyrolactone 
Poly(ethylene glycol) phenyl ether acrylate 
Hydroxypropyl acrylate 
Dimethylamino-propyl acrylate 
Isobutyl acrylate 
Hydroxypivalyl hydroxypivalate bis[6-(acryloyloxy)hexanoate] 
Tetra(ethylene glycol) diacrylate 
Di(ethylene glycol) diacrylate 
Acrylamide 
N-Phenylmethacrylamide
Tri(ethylene glycol) methyl ether methacrylate
Glycerol dimethacrylate
Isobutyl methacrylate
Lauryl methacrylate
t-Butyl cyclohexyl methacrylate
Caprolactone 2-(methacryloyloxy)ethyl ester
Poly(propylene glycol) acrylate
Glycerol propoxylate triacrylate
Isodecyl acrylate
Isooctyl acrylate
Trimethylolpropane benzoate diacrylate
3-Hydroxy-2,2-dimethylpropyl 3-hyrdoxy-2,2-dimethylpropionate diacrylate
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Ethylene glycol dimethacrylate 
1,4-Bis(acryloyl)piperazine 
N-(1,1,3,3-tetramethylbutyl)acrylamide 
Hydroxybutyl methacrylate 
Acryloyloxy-2-hydroxypropyl methacrylate 
Decyl methacrylate 
Ethylene glycol phenyl ether methacrylate 
Diethylaminoethyl methacrylate 
Ethylhexyl methacrylate 
Pentaerythritol triacrylate 
N-Methylmethacrylamide
Di(ethylene glycol) 2-ethylhexyl ether acrylate
Lauryl acrylate
Hexanediol ethoxylate diacrylate
Bisphenol A ethoxylate diacrylate
Dimethylamino-ethyl acrylate
N-(4-Hydroxyphenyl)methacrylamide
Methacrylamide
N-[3-(Dimethylamino)propyl]acrylamide
Vinyl methacrylate
Cyclohexyl methacrylate
Ethylene glycol methyl ether methacrylate
Ethylhexyl methacrylate
Tridecafluoro-2-hydroxynonyl acrylate
Poly(propylene glycol) methyl ether acrylate
Glycidyl acrylate
Benzyl acrylate
Epoxidized acrylate
Ethylene glycol diacrylate
Hexamethylene diacrylate
Neopentyl glycol diacrylate
N,N'-Ethylenebisacrylamide
Sulfopropyl acrylate potassium salt
Di(ethylene glycol) methyl ether methacrylate
Butyl methacrylate
Tetrahydrofurfuryl methacrylate
Poly(ethylene glycol) methyl ether methacrylate
Poly(ethylene glycol) methacrylate
Hexyl methacrylate
Hydroxy-3-phenoxypropyl acrylate
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Hydroxy-3-phenoxypropyl acrylate 
Di(ethylene glycol) ethyl ether acrylate 
Hexyl acrylate 
Glycerol 1,3-diglycerolate diacrylate 
Neopentyl glycol propoxylate diacrylate 
Ethylene glycol methyl ether acrylate 
Diacetone acrylamide 
N-(Hydroxymethyl)acrylamide 
Butoxyethyl methacrylate 
tetraethyleneglycol dimethacrylate 
Furfuryl methacrylate 
Tert-butylamino-ethyl methacrylate 
Ethylene glycol dicyclopentenenyl ether methacrylate 
Tri(ethylene glycol) dimethacrylate 
Butylamino carbonyl oxy ethyl acrylate 
Trimethylolpropane ethoxylate triacrylate 
Poly(propylene glycol) 4-nonylphenyl ether acrylate 
Trimethylhexyl acrylate 
Poly(propylene glycol) diacrylate 
Trimethylolpropane ethoxylate methyl ether diacrylate 
[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide 
N-tert-Butylacrylamide
mono-2-(Methacryloyloxy)ethyl succinate
N-[3-(Dimethylamino)propyl]methacrylamide
Methyl 3-hydroxy-2-methylenebutyrate
Methacryloyloxy)ethyl acetoacetate
Benzyl methacrylate
Ethyl-cis-B-cyano-acrylate
Hydroxybutyl acrylate
Trimethylolpropane propoxylate triacrylate
Isobornyl acrylate
Propargyl acrylate
Butanediol diacrylate
Methyl-1,2-ethanediyl bis[oxy(methyl-2,1-ethanediyl)]diacrylate

Table S2. BioRad PrimePCR_Integrin Outside-In Signaling H384 Plate 
Gene Gene Name PrimePCR ID 
ACTB actin, beta qHsaCED0036269 

ACTG1 actin, gamma 1 qHsaCED0005010 
ACTN1 actinin, alpha 1 qHsaCED0002731 
ACTN4 actinin, alpha 4 qHsaCID0012278 
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CTNNB1 catenin (cadherin-associated protein), beta 1, 
88kDa qHsaCID0010363 

COL1A1 collagen, type I, alpha 1 qHsaCED0002181 
COL1A2 collagen, type I, alpha 2 qHsaCED0003988 
COL2A1 collagen, type II, alpha 1 qHsaCED0001057 
COL4A1 collagen, type IV, alpha 1 qHsaCID0010223 
COL4A2 collagen, type IV, alpha 2 qHsaCED0004426 
COL4A3 collagen, type IV, alpha 3 (Goodpasture antigen) qHsaCID0013308 
COL4A4 collagen, type IV, alpha 4 qHsaCID0016411 
CCND1 cyclin D1 qHsaCID0013833 

FN1 fibronectin 1 qHsaCID0012349 
FLNA filamin A, alpha qHsaCID0010844 

GAPDH glyceraldehyde-3-phosphate dehydrogenase qHsaCED0038674 
GSK3B glycogen synthase kinase 3 beta qHsaCID0010097 
GRB2 growth factor receptor-bound protein 2 qHsaCED0004795 
HPRT1 hypoxanthine phosphoribosyltransferase 1 qHsaCID0016375 
ITGA2 integrin, alpha 2 qHsaCID0016134 
ITGA3 integrin, alpha 3 qHsaCID0010823 
ITGA5 integrin, alpha 5 qHsaCID0021495 
ITGAV integrin, alpha V qHsaCID0006233 
ITGB1 integrin, beta 1 qHsaCED0005248 

ILK integrin-linked kinase qHsaCED0038739 
JUN jun proto-oncogene qHsaCED0018770 

LAMB1 laminin, beta 1 qHsaCID0006489 
LEF1 lymphoid enhancer-binding factor 1 qHsaCED0001977 

MAPK1 mitogen-activated protein kinase 1 qHsaCID0006818 
MAPK3 mitogen-activated protein kinase 3 qHsaCID0010939 

MAP2K1 mitogen-activated protein kinase kinase 1 qHsaCID0011553 
gDNA PrimePCR DNA Contamination Control Assay qHsaCtlD0001004 
PCR PrimePCR Positive Control Assay qHsaCtlD0001003 
RT PrimePCR Reverse Transcription Control Assay qHsaCtlD0001001 

RQ1 PrimePCR RNA Quality Assay qHsaCtlD0001002 
RQ2 PrimePCR RNA Quality Assay qHsaCtlD0001002 
PTK2 PTK2 protein tyrosine kinase 2 qHsaCED0001879 

RAC1 ras-related C3 botulinum toxin substrate 1 (rho 
family, small GTP binding protein Rac1) qHsaCED0001330 

TBP TATA box binding protein qHsaCID0007122 

TCF7L2 transcription factor 7-like 2 (T-cell specific, HMG-
box) qHsaCID0012510 

AKT1 v-akt murine thymoma viral oncogene homolog 1 qHsaCID0011338 
AKT2 v-akt murine thymoma viral oncogene homolog 2 qHsaCED0037964 
AKT3 v-akt murine thymoma viral oncogene homolog 3 qHsaCID0036448 

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene
homolog qHsaCED0023908 

VCL vinculin qHsaCID0020885 
AC002094.1 Vitronectin qHsaCED0001902 

RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 qHsaCED0001147 
SRC v-src sarcoma viral oncogene homolog (avian) qHsaCED0004489 
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Gene Gene Name PrimePCR ID 

AC002094.1 (VN) Vitronectin qHsaCED0001902 

ACTA2 Smooth muscle actin qHsaCID0013300 

ACTG1 Actin, gamma 1 qHsaCED0005010 

ALPL Alkaline phosphatase qHsaCED0045991 

BGLAP Osteocalcin qHsaCED0038437 

CCND1 Cyclin D1 qHsaCID0013833 

COL1A1 Collagen, type I, alpha 1 qHsaCED0043248 

COL2A1 Collagen, type II, alpha 1 qHsaCED0001057 

COL4A4 Collagen, type IV, alpha 4 qHsaCID0016411 

DSPP Dentin sialophosphoprotein qHsaCED0002962 

GAPDH Glyceraldehyde-3-phosphate 
dehydrogenase qHsaCED0038674 

HRAS Harvey rat sarcoma viral 
oncogene homolog 

qHsaCED0023908 

ITGB1 integrin, beta 1 qHsaCED0005248 

LEF1 Lymphoid enhancer-binding 
factor 1 

qHsaCED0001977 

MAPK3 Mitogen-activated protein 
kinase 3 

qHsaCID0010939 

RUNX2 Runx-2 qHsaCED0044067 

SPP1 Secreted phosphoprotein 1, 
osteopontin 

qHsaCED0057074 

STC1 Staniocalcin qHsaCID0006115 

SRC v-src sarcoma viral oncogene
homolog (avian)  

qHsaCED0004489 

References 

References of this Appendix are cited in the main References section of the Dissertation. 

Table S3. BioRad PrimePCR assays for qPCR 
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Appendix 5. Calculation of theoretical molarity of Nb-Tz crosslinks 

1 g VLVG  
5.747 mmol total of groups -COOH on 1 g of VLVG alginate  
5% modification of alginate carboxyl groups with Nb/Tz gruops = 0.28735 mmol 

1 g/L = 1000 mg/1000 mL = 0.1 wt% 
1wt% vlvg = 10g/L  
= 2.8735 mM -COOH groups Nb/Tz  
= 57.47 mM -COOH groups total  

Crosslinking calculations:  

Gels were made with 1.0 wt% Nb-Tz modified alginate and 0.5% VLVG unmodified alginate 

10 mg/mL = 1wt% Nb-Tz  
• 0.25 NT = 0.8wt% Tz, 0.2wt% Nb
• 0.375 NT = 0.7267 wt% Tz, 0.273 wt% Nb
• 1 NT = 0.5wt% Tz, 0.5wt% Nb
• 57.47 mM total -COOH groups - 2.8735 mM -COOH groups Nb/Tz

◦ = 54.5965 mM -COOH groups remaining for ionic crosslinks

0.5 wt% VLVG 
• 28.735 mM -COOH groups

Ionic crosslinks of -COOH groups can only form at Glucuronic acid groups, which form "G-
blocks". These G-rich regions form the ionic crosslinks  

G/M ratio = >1.5 (Provona UP VLVG specs)  
G content = ≥ 60% (Provona UP VLVG specs) 

• ...assume = 70%
• = 70% of carboxyl groups are available for ionic crosslinking

30 mM Calcium crosslinking of alginate gels 
• 1.5%, 1 L alginate

◦ 54.5965 mmol available -COOH from Nb/Tz alginates (1wt%)
◦ 28.735 mmol -COOH groups from VLVG (0.5wt%)
◦ = 83.3315 mmol -COOH groups free

• x 70% G-content
◦ = 83.3315 x 70% = 58.33205 mmol -COOH available in G residues

• 1 calcium ion occupies two chains of alginate
◦ 29.166 mmol -COOH crosslinks available in G-units

• 30 mmol calcium provided = saturating concentration of calcium

This means that each unit of G crosslinks are closed together by calcium ions, so we can 
assume the total concentration of ionic crosslinks of G-units is 30 mM in all conditions. 

In Nb-Tz gels, some of these are coupled by Nb-Tz covalent bonds. 
• 70% of Nb/Tz modifications will be on G-units
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• 0.25 NT - 0.20% of 2.8735 mM -COOH groups on each Nb-alginate and Tz-alginate are
modified with Nb/Tz groups for crosslinking

◦ = 0.5747 mmol potential for Nb-Tz crosslinking
◦ only 70% of Nb/Tz modifications will be on G units
◦ = 70% x 0.5747 = 0.40229 mmol of Nb-Tz can crosslink together at G-units
◦ since all G-block ionic crosslinks are saturated, we can assume all these G-block

modified Nb/Tz groups will covalently crosslink. the non-G-block groups are
sterically hindered, because the non-ionically crosslinked regions are too far
apart for the Nb/Tz groups to react

◦ Molarity of Nb-Tz crosslinks of G-units = 0.40229 mM
• 0.375 NT - 0.273% of 2.8735 mM -COOH groups on each Nb-alginate and Tz-alginate

are modified with Nb/Tz groups for crosslinking
◦ = 0.7844655 mmol potential for Nb-Tz crosslinking
◦ 70% are on G-units available for ionic crosslinking
◦ 70% x 0.7844655 = 0.54912585 mmol of Nb-Tz can crosslink together
◦ Molarity of Nb-Tz crosslinks of G-units = 0.54912585 mM

• 1 NT - 0.5% of 2.8735 mM -COOH groups on each Nb-alginate and Tz-alginate are
modified with Nb/Tz groups for crosslinking

◦ =1.43675 mmol potential for Nb-Tz crosslinking
◦ 70% are on G-units available for ionic crosslinking
◦ 70% x 1.43675 = 1.005725 mmol of Nb-Tz can crosslink together
◦ Molarity of Nb-Tz crosslinks of G-units = 1.00 mM
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Appendix 6. Extracellular matrix mechanics regulate transfection and SOX9-directed 
differentiation of mesenchymal stem cells 

This Appendix 6 includes research conducted in collaboration with visiting Ph.D. student 

Adriana Martinez Ledo, who I mentored on her project that developed a collagen-alginate 

hydrogel transfection system to guide chondrogenic programming of mesenchymal stem cells. 

This research was submitted for publication, Adriana M. Ledo3, Kyle H. Vining1,2, Ana Senra4, 

Maria J. Alonso3, Marcos Garcia-Fuentes3*, David J. Mooney.1,2* Submitted October 2019.  

*Co-corresponding authors

1 John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, 

MA 02138, USA 

2 Wyss Institute for Biologically Inspired Engineering, Harvard University, Cambridge, MA 

02138, USA 

3 Department of Pharmacy and Pharmaceutical Technology, IDIS Research Institute, CIMUS 

Research Institute, University of Santiago de Compostela, 15782 Santiago de Compostela, 

Spain 

4 Histology Unit, CIMUS Research Institute, University of Santiago de Compostela, 15782 

Santiago de Compostela, Spain  

Abstract - Gene delivery within hydrogel matrices can potentially direct mesenchymal stem cells 

(MSCs) towards a chondrogenic fate to promote regeneration of cartilage. Here, we investigated 

whether the mechanical properties of the encapsulating hydrogel could enhance transfection 

and chondrogenic programming of primary human bone marrow-derived MSCs. We developed 

collagen-I-alginate interpenetrating polymer network hydrogels with tunable stiffness and 

adhesion. The hydrogels were activated with nanocomplexed SOX9 polynucleotides to direct 
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chondrogenic differentiation of MSCs. MSCs transfected within the hydrogels showed higher 

expression of chondrogenic markers compared to MSCs transfected in 2D prior to 

encapsulation. Nanocomplex uptake and resulting expression of transfected SOX9 were jointly 

enhanced by increased stiffness and cell-adhesion ligand density in the hydrogels. Further, 

transfection of SOX9 effectively induced MSCs chondrogenesis and reduced markers of 

hypertrophy compared to control matrices. These findings highlight the importance of matrix 

stiffness and adhesion as design parameters in gene-activated matrices for regenerative 

medicine. 

1. Introduction

Directing differentiation of adult or embryonic stem cells is a key approach in regenerative 

medicine,1,2 in order to generate specified cells to restore missing, damaged, or diseased 

tissue3,4. Existing devices on the market utilize growth factors delivered from polymer matrices 

to promote differentiation of tissue-resident stem cells,5,6 but the devices require high doses of 

growth factors. Further, the devices have poor control over growth factor release kinetics, and 

can lead to side effects and complications7–9. Gene therapy approaches based on viral vectors 

have been recently commercialized and could address problems of protein stability and dosing, 

but they pose concerns in terms of immunogenicity and integration-mediated genotoxicity10.  

Hydrogels may aid in overcoming the limitations of protein-based regenerative strategies and 

viral vector approaches by delivering polynucleotides in three-dimensional (3D) materials to 

induce the expression of growth factors and transcription factors that regulate tissue 

development11,12. Known as Gene-Activated Matrices (GAMs), previous approaches were based 

on delivery of plasmid DNA (pDNA), but mRNA may enhance transfection efficiency in these 

systems13–15. However, the physical and biochemical effects of the hydrogel matrix itself remain 
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to be considered. Previous studies on gene transfer on two-dimensional (2D) substrates have 

demonstrated that material stiffness16 and adhesion properties17 both impact transfection, and 

ECM proteins have also been shown to promote transfection18,19. Yet, conclusions obtained 

from 2D studies do not always translate to 3D systems20–23 due to the higher complexity of cell 

transfection within these environments24,25. Moreover, the mechanical properties of GAMs may 

complement the effect of transcription factors, because cell fate can be regulated intrinsically by 

stiffness, elasticity, and stress-relaxation26–30.  

Here, we investigated whether the mechanical properties of a GAM environment could enhance 

3D gene transfer, and whether these properties could also support chondrogenesis. To this end, 

we developed a set of interpenetrating polymer networks (IPNs) of collagen-I and alginate. 

These IPNs allow one to independently tune the stiffness of the matrix, without significantly 

affecting the  architecture, polymer concentration or adhesion ligand density31, and their 

composition resembles that of the native cartilaginous tissue32,33. In addition, collagen-I-alginate 

IPNs are a suitable platform for GAM design, because they can be easily loaded with 

nanocomplexed polynucleotides. We fabricated GAMs with tunable stiffness and cell-adhesion 

ligand densities and studied their capacity to promote the transfection of SOX9, a pivotal 

transcription factor in chondrogenesis34,35. We characterized the effect of GAM mechanics on 

SOX9 expression kinetics and nanocomplex internalization and compared their chondrogenic 

marker expression to that obtained after 2D transfection. These results show how hydrogels can 

be used to increase non-viral gene delivery and improve GAMs for use in regenerative 

medicine.  

2. Materials and methods
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2.1 Cell culture 

Human adipose derived Mesenchymal Stem Cells (MSCs) and human bone marrow derived 

MSCs were acquired from ATCC and isolated from fresh unprocessed bone marrow (Lonza), 

respectively. Briefly, bone marrow samples were diluted in cold PBS pH 7.2 (Gibco) 

supplemented with 2% v/v heat inactivated fetal bovine serum (Gibco) and filtered (pore size 

100 µm). Then, the diluted cell suspension was added over Lymphoprep (Stemcell 

Technologies) and centrifuged (800xg, 30 min, 20°C) yielding an interphase of mononuclear 

cells. CD14 microbeads (Miltenyi Biotech) were used for the depletion of CD14+ cells by 

magnetic separation and MSCs were allowed to adhere to tissue culture flasks. MSCs were 

cultured in α-MEM (Gibco) supplemented with 10 ng/ml rhFGF basic (Peprotech), 1% penicillin-

streptomycin (Gibco) and 10% (adipose MSCs) or 20% (bone marrow MSCs) heat inactivated 

fetal bovine serum. Cells were detached from the plates using TrypLE enzyme solution (Gibco) 

and plated at 5000-7500 cells/cm2. Media was changed every 2-3 days and cells were split at 

70-80% confluency. For experiments involving ROCK inhibition, Y-27632 was added to cell

culture media at 10 µM. 

2.2 Preparation of 3DFectIN complexes 

For 3D transfection experiments, 25 µl of transfection complexes were prepared per 150 µl of 

total IPN mix. Complexes were assembled in OptiMEM (Gibco) at 3:1 3DFectIN:pDNA/mRNA 

ratio (µl:µg), following the manufacturer’s instructions. Briefly, a solution containing 1.5 µg of 

SOX9 pDNA/mRNA was added over a solution containing 4.5 µl of 3DFectIN reagent (OZ 

Biosciences) in a 1/1 v/v ratio, mixed by pipetting up-down and incubated for 20 min at room 

temperature. To investigate the distribution of the complexes within the IPNs, SYBRGold-

labeled pDNA complexes were prepared. A pDNA aqueous solution was labeled by mixing with 

a 50X DMSO solution of SYBR®Gold Nucleic Acid Gel Stain (Invitrogen) in a ratio 1:1 (µg:µl) 
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and incubated for 5 min at room temperature before complex formation. Complexes were then 

encapsulated within the IPNs and visualized under fluorescence microscopy (EVOS FL Cell 

Imaging system). 

2.3 IPNs preparation 

Low viscosity, low MW sodium alginate was purchased from Pronova (UP VLVG). Before its 

use, alginate was dialyzed against deionized water for 2 days (3.5 kDa cutoff) and lyophilized. 

Dry alginate was then reconstituted at 8.0% w/v in Hank’s Balanced Salt Solution with HEPES 

(HBSS, 20 mM HEPES) without calcium and magnesium prior to IPN formation. Ice-cold bovine 

collagen type-I (Advanced Biomatrix) was mixed with 1 M HEPES and 10X HBSS solutions at 

1:50 and 1:10 v/v ratios to the amount of collagen needed, respectively, and pH was adjusted to 

7.4 with NaOH 1 M. Calcium carbonate nanoparticles (nano-PCC, Multifex-MM, Specialty 

Minerals) were encapsulated within the IPNs to crosslink the alginate, and Ca2+ release was 

triggered by a media acidification induced by the addition of glucono delta-lactone (GDL). 

Before encapsulation, nanoparticles were suspended in RNase free water (Invitrogen) at 1% 

w/v, sonicated for 15 s at 70% amplitude and 4 °C (Branson Sonifier) and maintained under 

magnetic stirring to prevent sedimentation. GDL (Merck) was dissolved in HBSS (4% w/v) and 

incorporated to the IPN mix at a fourfold molar excess with respect to calcium, immediately 

before IPN molding. For transfection experiments, pDNA and mRNA complexes were prepared 

as previously described (2.2) and mixed with hMSCs prior to their encapsulation within the 

IPNs, yielding the GAMs. hMSCs were suspended at 22.5 x 106 cells/ml in OptiMEM and added 

to the IPN at a density of 1.5 x 106 cells/ml. 

All the different components were blended in 2 ml glass vials placed on an ice bath under 

magnetic stirring. HBSS supplemented with 20 mM HEPES was added first to reach the final 
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volume of IPN mix.  This buffer was supplemented with NaOH to yield a 7 mM concentration of 

NaOH in the final mix. The ice-cold collagen solution was then included, and while it was 

stirring, transfection complexes were mixed with hMSCs by pipetting up-down and then added 

to the collagen solution. Once this mix was homogeneous, calcium carbonate nanoparticles 

were incorporated, followed by the addition of alginate.  Finally, the solution of GDL was added 

and IPNs were casted in 96 or 48 well plates (Thermo Fisher Scientific). IPNs were then allowed 

to gel for 30 min at room temperature (alginate crosslinking) and 30 min at 37 °C (collagen 

crosslinking). Due to the drop in pH caused by the hydrolysis of GDL, pH was balanced by the 

addition of HBSS 20 mM HEPES during the first 4h after IPN crosslinking. Once pH was 

stabilized, culture media was added on top of the IPNs. Culture media was refreshed every 2-3 

days.  

2.4 Mechanical Characterization of IPNs  

IPN mechanical properties were characterized with an AR-G2 stress controlled rheometer (TA 

Instruments). IPNs without cells and gene complexes were prepared as described above and 

placed onto the surface plate of the rheometer immediately before gelation. Right after, a 20 

mm 2° aluminum cone was put into contact with the IPN creating a 20 mm gel disk. To prevent 

sample dehydration, the exposed gel surfaces within the rheometer geometry were surrounded 

with a wet Kimwipe, and 800 µl of HBSS were carefully added after the first step of IPN gelation. 

IPNs were allowed to gel at 25 °C for 30 min (alginate crosslinking) followed by 30 min of 

collagen crosslinking at 37 °C, and mechanical properties were measured over time as 

previously described36. The storage modulus at 1% strain and 1 Hz was recorded periodically 

until it reached its equilibrium value (30-60 min). Then, a strain sweep (0.1-20% strain) was 

performed to confirm this value was within the linear elastic regime, followed by a frequency 

sweep (0.1-10 Hz). No pre-stress was applied to the IPNs for these measurements. For stress-
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relaxation measurements, strain was raised during 1 s to 15% and then held constant, while the 

load was recorded as a function of time. Both the sweeps and stress-relaxation analysis were 

performed at 37 °C.  

2.5 Cell retrieval for gene expression and flow cytometry analysis  

At the desired time points, cells were retrieved from the GAMs before RNA extraction and 

fluorocytometric analysis. Media was aspirated and GAMs were washed twice with PBS 

(Gibco). GAMs were then removed from the plates with a spatula and placed in 1.5 ml tubes 

before a two-step enzymatic digestion. Fresh enzyme solutions were prepared in Ca2+, Mg2+ 

PBS (Gibco) supplemented with 1% bovine serum albumin (Sigma). In a first step, 350 µl of a 

solution containing 34 U/ml alginate lyase (Sigma) and 300 U/ml collagenase type I (Gibco) 

were added per 200 µl of GAMs and incubated for 15 min at 37 °C under horizontal shaking 

(300 rpm, Heidolph Titramax platform shaker). Next, samples were centrifuged (5 min, 400xg) 

and the enzyme solution was removed. A second digestion was performed with 350 µl of a 

solution containing 300 U/ml collagenase and GAMs were further incubated for 15 min and 

centrifuged to discard the collagenase solution. For RNA extraction, the resulting pellet was 

mixed with 1 ml of 0.05M ice cold EDTA by pipetting up-down and then centrifuged again. This 

step was omitted for flow cytometry samples. Finally, the cell pellet was washed with 1 ml ice 

cold PBS and placed on ice until further analysis.  

Total RNA was extracted with the SPEEDTOOLS total RNA extraction kit (Biotools) following 

the manufacturer’s instructions. RNA concentration was quantified using a Nanodrop 2000 

spectrophotometer (Thermo Fisher Scientific). 

2.6 Uptake studies 
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Uptake of the transfection complexes within the GAMs was evaluated using a Cy5-labeled 

pDNA. For this, pcDNA3.1(+) (Addgene) was labeled with the Cy®5 Label IT® Tracker™ kit 

(Mirus) following the manufacturer’s instructions and subsequently loaded in the transfection 

complexes. Complexes were then encapsulated within the GAMs together with MSCs and 

cultured for different lengths of time, after which cells were analyzed via flow cytometry and 

confocal microscopy. For flow cytometry analysis, MSCs were retrieved from the GAMs as 

previously described (section 2.5) and analyzed on a BD FACSCalibur. Cells were gated to 

eliminate interferences from remaining traces of polymers (Fig. S1) and the percentage of Cy5+ 

cells among the gated population was quantified. To evaluate the uptake via confocal 

microscopy, GAMs were cultured on glass coverslips. At the time of analysis, MSCs were fixed 

in 10% buffered formalin for 20 min at room temperature followed by permeabilization with 

Triton X-100 (0.2% v/v in PBS) for 10 min. Cells were then stained with DAPI (Sigma-Aldrich) 

and Alexa Fluor™ 488 Phalloidin (Thermo Fisher Scientific) and imaged on a Leica TCS SP5 

confocal microscope. Cy5 Raw Fluorescence Intensity (RFI) per cell was quantified using 

ImageJ software after selecting the cell contours in the corresponding confocal images.  

2.7 cDNA synthesis and qRT-PCR 

Reverse transcription was carried out using 100-500 ng of total RNA per sample in a 30 µl final 

reaction volume. First, total RNA was mixed with random primers and dNTPs (Invitrogen) and 

kept at 65 °C for 5 min. Samples were then incubated with a mix of RNase OUT, 5x first strand 

buffer and DTT (Invitrogen) for 2 min at 37 °C and subsequently placed on ice. Finally, reverse 

transcriptase (M-MLV, Invitrogen) was included and the cycle was continued as follows: 10 min 

at 25 °C, 50 min at 37 °C and 15 min at 70 °C. The resulting cDNA (5-10 ng) was used to 

assemble qRT-PCR reactions in a final volume of 20 µl containing Universal PCR Mastermix 

and TaqMan assays (Applied Biosystems, Table S1). The thermal cycling was done in a 
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StepOne Real Time PCR System (Applied Biosystems) performing a 10 min hold at 95 °C 

followed by 40 cycles of 15 sec at 95 °C and 1 min at 60 °C. Gene expression values were 

normalized to internal controls (Actin β and GAPDH) and presented either as the log2(ΔCt) or 

the fold change relative to cells plated in 2D before the experiments using the comparative 2-∆∆Ct 

method37.  

2.8 Chondrogenic differentiation 

Chondrogenesis experiments were performed with adipose hMSCs below passage 10. IPNs 

(200 µl) were casted in 48 well plates and cultured for 21 days in Complete Chondrogenic 

Medium (CCM) consisting of DMEM high-glucose 1 mM pyruvate (Gibco), 100 nM 

dexamethasone (Sigma-Aldrich), 50 μg/ml ascorbic acid 2-phosphate (Sigma-Aldrich), 40 μg/ml 

L-proline (Sigma-Aldrich), 1% ITS Premix supplement (Becton Dickinson), 1%

penicillin/streptomycin (Gibco) and 10 ng/ml transforming growth factor-β3 (Peprotech). Media 

was replaced every 2 days in all experiments. GAMs were activated with 2 µg of SOX9 mRNA 

per GAM, and their chondrogenic potential was compared to non-activated matrices. At the end 

of the experiments, GAMs were retrieved for analysis. Gene expression of chondrogenic 

markers SOX9, aggrecan (ACAN), collagen type-II (COL2A1) and collagen type-X (COLX) was 

assessed by qRT-PCR. SOX9, aggrecan and collagen type-X were also detected by 

immunohistochemistry (IHC).  

2.9 Immunohistochemistry 

GAMs were retrieved from tissue culture plates, washed with PBS twice and fixed with 10% 

buffered formalin at room temperature for less than 24 h. After fixation, samples were 

maintained in 70% ethanol until dehydration and paraffin sectioning. Sections of 4 µm thickness 

were cut and allowed to adhere to poly-L-lysine treated glass slides overnight at 55 °C. Before 
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staining, sections were dewaxed in xylene and hydrated with graded ethanol, and antigens were 

retrieved in Tris-EDTA buffer during 20 min at 95 °C (PT Link, Agilent). Samples were 

pretreated with hydrogen peroxide and blocked with serum free protein block (Dako; Agilent) 

before incubation with primary antibodies against SOX9 (ab5535, Merck), aggrecan (ab3778, 

Abcam), and collagen type-X (ab49945, Abcam). Primary antibodies were diluted in antibody 

diluent (Dako) at 1:500 (SOX9), 1:100 (aggrecan) and 1:1000 (collagen type-X) and incubated 

overnight at 4 °C. Then, samples were incubated with goat secondary antibodies labeled with 

HRP (Dako) at 1:100 for 1 h and stained with 3,3’-diaminobenzidine (DAB). Negative controls 

were obtained by omitting the primary antibodies (Fig. S2). All samples were observed using an 

Olympus BX43 microscope equipped with an Olympus XC50 camera. Mean Intensities were 

quantified with the IHC macro of the Fiji software38 while the percentage of positive cells was 

calculated by dividing the number of stained cells by the total number of cells.  

2.10 Statistical Analysis 

The statistical analysis was performed using GraphPad Prism. Data were analyzed with either 

the D’Agostino & Pearson or the Shapiro-Wilk normality tests. Where applicable, data are 

reported as the mean ±SD. Data were compared using One-way ANOVA with Tukey’s post-hoc 

multiple comparison test and unpaired two-tailed t tests and p-values less than 0.05 were 

considered to be statistically significant.  

3. Results

3.1 Characterization of collagen-I-alginate interpenetrating networks (IPNs) 

Collagen-I-alginate IPNs with tunable mechanical properties were fabricated to investigate the 

influence of stiffness and adhesion properties on the transfection efficiency of Gene-activated 

288



matrices (GAMs). To determine the effect of each property independently, we designed a set of 

IPNs that would allow us to change both variables separately. Analysis with oscillatory rheology 

was used to tune IPN stiffness based on CaCO3 concentration, and four IPNs were fabricated 

with storage modulus (G’) from 150 to 1500 Pa at a fixed frequency of 1 Hz and 1% strain after 

60 min of gelation (Fig. 1A, S3). A strain sweep was performed to confirm the values were 

within the linear elastic regime (Fig. S4). Within this range of stiffness, we modulated cell-

adhesion ligand density by adjusting the collagen:alginate w:w ratio from 1:1 to 1:10. In contrast 

to collagen, alginate presents no intrinsic integrin-binding domains for cells and hence higher 

collagen:alginate w:w ratios confer higher adhesion ligand density. Accordingly, the resulting 

IPN set can be divided in four groups: IPNs of low stiffness and high cell-adhesion ligand 

density (Soft 1:1), IPNs of low stiffness and very high adhesion ligand density (Soft 1:2), IPNs of 

high stiffness and high adhesion ligand density (Stiff 1:2) and IPNs of high stiffness and low 

adhesion ligand density (Stiff 1:10). The paired comparison between the different groups 

enabled us to explore the effect of stiffness (Soft 1:2 vs Stiff 1:2) and cell-adhesion ligand 

density (Soft 1:1 vs Soft 1:2 and Stiff 1:2 vs Stiff 1:10) on gene transfer efficiency.  

Frequency dependent storage moduli were characterized over a frequency range of 0.1 to 1 Hz, 

and indicated that the IPNs exhibited some degree of viscoelasticity, as previously observed31 

(Fig. S4). IPN viscoelasticity was further characterized by stress relaxation behavior, with half-

times (τ  ½) of 10-300 s depending on the collagen:alginate w:w ratio (Fig. S5). A stress 

relaxation half-time of 100 s is in agreement with previous results for low viscosity, low MW 

alginate gels, and has been identified as the optimum τ  ½ to allow cell-mediated gel 

remodeling39, which is necessary for regeneration of osteochondral tissues like cartilage40. 
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Figure 1. IPNs show tunable stiffness and cell-adhesion ligands and can be loaded with 
nanocomplexed polynucleotide molecules to generate Gene-activated Matrices (GAMs). 
A) Schematic showing the modulation of IPN mechanical properties through crosslinker concentration
and polymer ratio. The IPN is illustrated as brown collagen fibers and grey alginate polymer chains. The
calcium ions crosslinking the G-blocks of the alginate network (zig-zag structures) are shown as red dots.
Objects are not drawn to scale. B) Storage modulus at 1 Hz and 1% strain after 1 h of IPN crosslinking
and detailed composition of the IPN set. C) Schematic showing the experimental setups used for the
transfection assays.

3.2 Increased stiffness and cell-adhesion ligand density enhance IPN transfection 

efficiency 

The transcription factor SOX9 has pivotal roles in chondrogenic specification, and transfection 

of human, bone marrow-derived MSCS with SOX9 in 2D was compared to GAMs to determine 
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the role of encapsulation and matrix mechanics on transgene expression. To prepare GAMs, 

IPNs were loaded with SOX9 sequences within the hydrogel matrix, as depicted in Fig. 1C. In a 

first step, MSCs were transfected in 2D and then encapsulated within the polymer matrices in 

order to evaluate whether this encapsulation was able to alter transgene expression levels. To 

this end, SOX9 pDNA transfections were performed with the commercial reagent 

Lipofectamine® 2000 and transfected cells were loaded within the IPNs after retrieval from 2D. 

qRT-PCR analysis revealed that MSCs retrieved from the IPNs exhibited an increased SOX9 

expression compared to transfected cells before encapsulation, pointing to some degree of cell 

transfection taking place within the gels (Fig. 2A). We hypothesized that remaining pDNA 

complexes from 2D transfection were encapsulated along with the cells in the IPNs. To examine 

this hypothesis, Lipofectamine® complexes were loaded with Cy5-labeled pDNA and observed 

during 2D transfection with fluorescence microscopy, which showed that pDNA complexes 

remained adhered to the cells even after retrieval by enzymatic separation (Fig. S6). This result 

confirms that residual complexes were encapsulated within the IPNs together with the cells, and 

thus 3D transfection was likely also occurring. IPNs of higher stiffness promoted the highest 

transgene expression levels, suggesting that mechanics enhances transfection. To specifically 

determine the role of mechanics on 3D transfection, SOX9 pDNA sequences were first 

nanocomplexed with 3DFectIN® reagent and subsequently loaded into the IPNs to prepare 

SOX9 GAMs. The encapsulation of MSCs within these GAMs promoted their 3D transfection by 

overexpression of SOX9. In agreement with the previous results, qRT-PCR data showed a 

higher SOX9 expression in matrices of higher stiffness. In addition, lower collagen:alginate w:w 

ratios were associated with reduced gene transfer efficiency (Fig. 2B). In the case of stiff GAMs, 

where the collagen:alginate ratio was modulated from 1:2 to 1:10, this negative impact was 

found to correlate to an increased destabilization of the nanocomplexes with lower 

collagen:alginate ratios (Fig. S7). For soft GAMs, changing collagen:alginate ratio from 1:1 to 
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1:2 did not induce nanocomplex aggregation (Fig. S7) but resulted in a dramatic decrease in 

SOX9 overexpression, suggesting an effect of cell-adhesion ligand density on transfection. 

Figure 2. Matrix stiffness and adhesion exert a positive effect on MSC transfection. 
A) SOX9 overexpression 48 h after encapsulation of pDNA-transfected cells within the IPNs. Gene
expression levels were normalized to GAPDH and presented as relative to the levels in 2D transfected
cells before encapsulation. One-way ANOVA with a Tukey’s post-hoc multiple comparison test was
performed to compare SOX9 expression levels to the levels in transfected cells before encapsulation
(++P≤0.01; +++P≤0.001; (n=3) and between the IPNs (**P≤0.01) (n=3). B) SOX9 expression 48 h after
pDNA transfection within the Gene-activated Matrices (GAMs). Gene expression levels were normalized
to GAPDH expression and compared to the levels in MSCs before encapsulation. One-way ANOVA with
a Tukey’s post-hoc multiple comparison test was performed to compare gene expression levels between
the GAMs (***P≤0.001; ****P≤0.0001) (n=3).  C) MSC morphology within the IPN set (F-actin in green,
nuclei in blue). Scale bar = 25 µm for all the images. D) qRT-PCR quantification of Cyclin D1 (CCND1)
expression 48h after pDNA 3D transfection. Gene expression levels were normalized to GAPDH and
expressed as log2 (ΔCts). The dotted line represents 0.9 log2 (ΔCt), and is used to highlight the GAMs
with higher CCND1 levels. GAMs are described by their stiffness and collagen:alginate w:w ratios (1:1 to
1:10).
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In accordance with previous studies, we observed that soft matrices promoted spread cell 

morphologies whereas stiff matrices resulted in rounded cell shapes31 (Fig. 2C). We 

hypothesized that efficient cell attachment might be necessary for cytoskeletal organization, 

which in turn could modify the intracellular transport of the complexes. Indeed, for both Soft 1:1 

and Stiff 1:2 GAMs, transfection was affected by the state of cell cytoskeleton, as demonstrated 

by the decrease in SOX9 overexpression after the addition of the ROCK inhibitor Y-27632 (Fig. 

S8). Together with adhesion ligand density, gene transfer efficacy was also increased with 

stiffness, as evidenced by the differences between Soft 1:2 and Stiff 1:2 GAMs. Stiffness has 

been previously shown to promote transfection efficiency in 2D environments by increasing cell 

proliferation16. Our experiments showed a similar trend, with higher transfection efficiencies 

being linked to a higher expression of the cyclin D1 gene (CCND1), which regulates the cell 

cycle21,41 (Fig. 2D).   
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Figure 3. IPN stiffness increases the uptake of the pDNA condensates. 
A) Confocal images of hMSCs within IPNs showing the location of pDNA condensates. Scale bars = 10
µm for all the images. B) Quantification of Raw Fluorescence Intensity (RFI) per cell of A) (Unpaired two-
tailed t test, n =3, **P≤0.01). C) SOX9 expression kinetics after pDNA transfection within stiff and soft
GAMs with 1:2 collagen:alginate w:w ratio. Gene expression levels were measured by qRT-PCR,
normalized to GAPDH expression and compared to the levels in MSCs before encapsulation.

We next hypothesized that changes in transfection efficiency could be related to varying cellular 

internalization of the nanocomplexes. Two GAMs with the same collagen:alginate ratio and 

different stiffness: Soft 1:2 and Stiff 1:2 GAMs, were selected to investigate this hypothesis. 

Transfection complexes were prepared with Cy5-labeled pDNA and their localization within the 

cells was tracked by confocal microscopy, as well as quantified by flow cytometry. As observed 

in Figure 3A-B, stiff GAMs induced higher nanocomplex accumulation within the cells 

compared to soft GAMs. Accordingly, flow cytometry analysis also showed a higher Mean 

Fluorescence Intensity of Cy5-labelling of MSCs loaded with pDNA in within stiff GAMs (Fig. 

S9).  Further, analysis of the kinetics of transgene expression showed that stiff GAMs 

maintained over time higher SOX9 expression than soft GAMs (Fig. 3C). This suggests that the 

effects of GAM mechanics are maintained long-term, and consequently are an important 

parameter for design of GAMs.  

3.3 Chondrogenic differentiation of hMSCs in enhanced by stiff GAMs 

We next determined if the GAM properties could also impact chondrogenic differentiation 

induced by SOX9 overexpression. First, the effect of the IPNs after 2D transfection was 

determined by transfecting MSCs in 2D with Lipofectamine® 2000 complexes prior to loading 

cells within IPNs and induction with chondrogenic supplements. mRNA sequences were used 

for these differentiation experiments instead of pDNA, due to their proven higher potency 

relative to pDNA37,42-43. Given the positive effect of stiffness on transgene expression observed 

for Stiff 1:2 IPNs, and the better suitability of their mechanical properties relative to loads born 
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by articular cartilage32,33, we selected these matrices for the chondrogenic differentiation 

experiments. As expected, SOX9-transfected MSCs showed higher levels of SOX9 mRNA 

expression compared to control (non-transfected) cells (Fig. 4A), but this higher mRNA 

expression did not translate into significant differences in SOX9 protein expression as assessed 

by immunohistochemistry (Fig. 4B-C). Importantly, transfection with SOX9 resulted in the 

downregulation of the hypertrophic marker collagen type-X at the protein level, suggesting that 

SOX9 transfection could be a strategy to improve the quality of the regenerated cartilage (Fig. 

4B-C). Contrary to what we expected, aggrecan (ACAN) expression was significantly decreased 

in SOX9-transfected IPNs compared to controls, both at the mRNA and protein level (Fig. 4A-

C), suggesting that the stepwise procedure involving a prior 2D transfection was not suitable for 

inducing the expression of this ECM protein.  
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Figure 4. SOX9 2D transfection and subsequent cell encapsulation within the IPNs results in the 
reduction of collagen type-X expression.  
A) Gene expression of chondrogenic markers SOX9, aggrecan (ACAN) and collagen type-X (COLX)
(Unpaired two-tailed t test, n =3, *P≤0.05, **P≤0.01). B) Immunostaining for SOX9, aggrecan and
collagen type-X in IPN sections at 40x magnification (Unpaired two-tailed t test, n =3, ***P≤0.001). C)
Quantification of chromogen intensity in immunostained sections. Data represent the mean ±SD.

We next evaluated the effect of GAM-mediated SOX9 transfection on chondrogenic 

differentiation in encapsulated cells. First, mRNA-GAM transfection was confirmed to induce a 

similar transgene expression profile as observed for pDNA-GAMs (Fig. S10). Next, MSCs were 

loaded within Stiff 1:2 GAMs containing SOX9 mRNA and subjected to 21 days of differentiation 
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conditions, after which cells were retrieved for assessment of chondrogenic markers. As 

expected, SOX9-GAMs promoted a higher SOX9 gene expression than control (non-activated) 

matrices (Fig.5A). Although gene expression of chondrogenic marker aggrecan was not 

statistically higher compared to control matrices, there was a significant upregulation of collagen 

type-II (COL2A1) mRNA expression after SOX9 transfection (Fig. S11). Conversely, COL2A1 

was not detected in control matrices. In agreement with the results obtained for the stepwise 

procedure, the levels of the hypertrophic marker collagen type-X (COLX), were lower in 

hydrogels with SOX9-GAMs, both at the mRNA and protein level, which illustrates the role of 

SOX9 overexpression in controlling MSC hypertrophy (Fig. 5A, C). Importantly, no reduction in 

aggrecan mRNA expression was observed after SOX9 transfection (Fig. 5A), suggesting that 

the encapsulation of MSCs within SOX9-GAMs and the resulting SOX9 upregulation, might be 

more suitable to induce the expression of chondrogenic markers as compared to the stepwise 

procedure.    
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Figure 5. SOX9 3D transfection within the GAMs induces MSC chondrogenic specification and 
reduces premature hypertrophy.  
A) Gene expression of chondrogenic markers SOX9, aggrecan (ACAN) and collagen type-X (COLX)
(Unpaired two-tailed t test, n =3, *P≤0.05, ****P≤0.001). B) Immunostaining for SOX9, aggrecan and
collagen type-X in GAM sections at 40x magnification. C) Quantification of positive cells in
immunostained sections (Unpaired two-tailed t test, n =3, **P≤0.01). Data represent the mean ±SD.

4. Discussion

Our data indicate that higher collagen:alginate w:w ratios and higher hydrogel stiffness exert a 

positive effect on transgene expression. This positive effect is consistent with a similar trend 

observed for transfections performed in 2D and has been related to an increased cell 

298



proliferation rate16 and a more efficient vesicular transport mediated by the microtubular 

network22,44. In agreement with these studies, we observed a higher gene expression of cell 

proliferation marker CCND1 within GAMs of higher stiffness and adhesion ligand density. In 

addition, our data suggest that the increased efficacy of stiff GAMs is related to a higher cell 

uptake of the gene condensates. Although more studies are required to elucidate the underlying 

mechanism, we anticipate that the endocytic pathway and subsequent intracellular trafficking 

followed by the condensates are responsible for this stiffness-mediated effect, based on 

cytoskeletal dynamics22. These transfection results are distinct from previous reports of 

hyaluronic acid (HA)-based hydrogels, where soft gels induced higher cell proliferation and 

transgene expression levels than stiff gels45. However, those studies tuned hydrogel stiffness 

with polymer concentration and utilized covalent crosslinking by Michael addition, which yields 

more elastic materials due to permanent covalent bonds, compared to the reversible ionic 

crosslinking in our system40.  

GAM-mediated SOX9 upregulation enhanced the expression of chondrogenic markers 

aggrecan and collagen type-II compared to control matrices, and reduced premature production 

of the hypertrophic marker collagen type-X34. Contrary to what we expected, the higher SOX9 

gene expression levels observed in the GAMs, did not translate to a higher protein expression 

compared to control matrices. Indeed, we observed a high SOX9 protein expression in both 

matrices, with nearly all cell nuclei positively stained. Considering that both conditions utilized 

chondrogenic induction media, it is reasonable to think that this media itself46, together with the 

cues provided by the hydrogel47, is driving a sufficient SOX9 mRNA upregulation to result in 

maximum SOX9 protein expression. Additionally, a growing number of microRNAs (miRNAs) 

are being identified that regulate SOX9 expression during chondrogenesis48–50. In particular, 

miR-1247 has been recently identified to control SOX9 expression at the level of translation, 
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resulting in decoupled mRNA-protein expression51.  Along these lines, we did not observe a 

significant increase in aggrecan expression in the GAMs compared to the control matrices, 

which may be a consequence of the similar SOX9 protein levels. In this regard, it is important to 

note that aggrecan expression was downregulated after transfection of SOX9 in 2D, as opposed 

to the transfection occurring within the GAM. This suggests that the direct transfection of MSCs 

in the 3D matrix confers an advantage over 2D cell transfection procedures, which is particularly 

interesting since GAM-mediated transfection allows for in situ cell reprogramming strategies that 

simplify their application in the clinical setting43,52.  

Consistent with previous findings34, SOX9 overexpression reduced the levels of the hypertrophic 

marker collagen type-X in GAMs compared to control matrices, both at the mRNA and protein 

levels. Given the limitations of current cartilage engineering devices,  the observed reduction in 

collagen type-X is noteworthy, because tissue engineered cartilage usually presents an 

impaired balance of collagen type-II and collagen type-X, leading to a hypertrophic cartilage of 

poor mechanical properties53.  

5. Conclusions

The results in this study show that matrix stiffness and cell-adhesion ligand density are key 

factors promoting gene delivery in collagen-I-alginate GAMs. These GAMs can be activated with 

SOX9 and promote MSC chondrogenesis with low hypertrophy levels, resulting in an improved 

chondrogenic marker expression compared to the encapsulation of 2D transfected MSCs in 

control matrices. These results indicate that matrix mechanics can be adjusted in order to 

design more efficient GAMs for in situ cell reprogramming in tissue engineering.  
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Supporting Information 

Supplementary methods 

2D Lipofectamine® 2000 transfection 

For 2D transfections, cells were plated in 96 well plates approximately 12 h prior to transfection 

at a density of 90000 (U87MG) or 75000 (hMSCs) cells/cm2. Four hours before transfection, 

media was changed to OptiMEM reduced serum medium (Gibco). For transfections performed 

in the presence of alginate and CaCl2, both compounds were diluted in OptiMEM at the desired 

final concentrations and added to the cells immediately before transfection. Then, 50 µl of 

Lipofectamine complexes (Gibco), at 0.5:1 Lipofectamine:DNA/RNA ratios (µl:µg), were 

prepared in OptiMEM following manufacturer’s instructions. Briefly, a solution containing 1 µg of 

mRNA/pDNA was added over a solution containing 0.5 µl of Lipofectamine® 2000 reagent in a 

1/1 v/v ratio, mixed by pipetting up-down and incubated for 20 min at room temperature. 

Complexes were added over the cells drop-by-drop and incubated for 6 hours. Subsequently, 
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complexes were aspirated and cells were maintained in regular growing media until analysis. 

The transfection reaction was escalated for plates of higher surface areas.  

Table S1. List of Taqman assays employed for qRT-PCR experiments. 

TaqMan assays (Applied Biosystems) 

SOX9 (human) Hs00165814_m1 

ACAN (human) Hs 00153936_m1 

COL2A1 (human) Hs00264051_m1 

COL10A1 (human) Hs00166657_m1 

ACT B (human) Hs99999903_m1 

GAPDH (human) Hs99999905_m1 
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Figure S1. Gating scheme for the evaluation of Cy5-pDNA association to MSCs. 

Figure S2. Negative controls in immunohistochemistry sections obtained from Stiff 1:2 IPNs by 

omitting the primary antibodies.  

Figure S3. Evolution of the storage modulus with time. Storage modulus at 0.5% strain and 1 

Hz was recorded periodically until it reached its equilibrium value. Curve inflections reflect the 
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change in temperature to 37°C for collagen crosslinking, and the addition of HBSS to avoid IPN 

dehydration. Data is representative of at least three measurements for each condition. 
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Figure S4. Strain and frequency sweeps of the IPN set. Frequency dependent rheology of soft 

(A) and stiff (B) IPNs performed at 1% strain after gelation was completed. Strain sweep (1 Hz)

of soft (D) and stiff (D) IPNs. Data represent the mean ±SD. 

Figure S5. Quantification of timescale at which the stress is relaxed to half its original value, 

τ1/2, in stress-relaxation tests (shear stress 15% in 1 s) (One-way ANOVA, n=3, *P<0.05). 
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Figure S6. Location of Cy5-labeled pDNA complexes in cells retrieved from tissue culture plates 

after 2D pDNA transfection. Transfection complexes were incubated with hMSCs for 4 h and 

media was changed afterwards (t=0). Cells were cultured for 72 h and then retrieved by 

enzymatic separation and transferred to a new plate. Images were taken one day after retrieval 

(t=1 d post-retrieval).  
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Figure S7. Alginate impairs 2D transfection and promotes the aggregation of the pDNA 

condensates within the IPNs. A) Effect of alginate and CaCl2 on 2D transfection. Fluorescence 

micrographs of 3T3 fibroblasts 72 h after YFP DNA transfection with Lipofectamine® 2000 

reagent in the presence of increasing alginate and CaCl2 concentrations. Scale bar = 100 µm for 

all the images. B) Distribution of labeled pDNA 3DFectIN® complexes within the IPNs and a 

control 0.5% w/v collagen gel. Optical (top) and fluorescence (bottom) micrographs. Scale bar = 

200 µm for all the images. 
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Figure S8. Effect of ROCK inhibition on GAM transfection efficiency. hMSCs were transfected 

with SOX9 pDNA within the IPNs in the absence or presence of Y-27632. 

Figure S9. Flow cytometry analysis of the Mean Fluorescence Intensity of MSCs encapsulated 

within soft and stiff GAMs loaded with Cy5-labeled pDNA. 
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Figure S10. SOX9 expression 24 h after MSC encapsulation within mRNA-GAMs. Gene 

expression levels were measured by qRT-PCR, normalized to GAPDH expression and 

compared to the levels in MSCs before encapsulation. One-way ANOVA was performed to 

compare gene expression levels (**P≤0.01; ***P≤0.001; ****P≤0.0001) (n=3).  Data represent 

the mean ± SD.  

Figure S11. Gene expression of collagen type 2 after MSC encapsulation within SOX9-GAMs. 

Data represent the mean ±SD.  
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Appendix 7. Human bone marrow donors 

Data Donor Lot Age Gender Race 

Figure 6.3 Donor 8 0000847823 30 Female AA 

Figure 6.4 Donor 1 0000732183 22 Male AA 

Donor 2 0000760557 21 Male AA 

Figure 6.5A Donor 2 0000760557 21 Male AA 

Figure 6.5B-C Donor 1 0000732183 22 Male AA 

Donor 2 0000760557 21 Male AA 

Figure 6.6 Donor 1 0000732183 22 Male AA 

Donor 2 0000760557 21 Male AA 

Figure 6.7 Donor 4 0000789470 22 Male AA 

Figure 6.8 Donor 5 0000805152 24 Male AA 

Figure 6.9 Donor 3 0000770348 24 Female AA 

Figure 6.10 Donor 8 0000847823 30 Female AA 

Figure 6.11A Donor 2 0000760557 21 Male AA 

Figure 6.11A Donor 3 0000770348 24 Female AA 
Figure 6.11B-C 
images Donor 4 0000789470 22 Male AA 

Figure 6.11B 
scatterplot Donor 7 0000817985 27 Male O 

Figure 6.12 Donor 4 0000789470 22 Male AA 

Figure 6.13 Donor 5 0000805152 24 Male AA 

Figure 6.14 Donor 4 0000789470 22 Male AA 

Figure 6.15 Donor 3 0000770348 24 Female AA 

Figure 6.16 Donor 6 0000643483 25 Male H 

Figure 6.17A-B Donor 5 0000805152 24 Male AA 

Figure 6.17C-D Donor 7 0000817985 27 Male O 

Figure 6.18A-B Donor 1 0000732183 22 Male AA 

Figure 6.18A-B Donor 2 0000760557 21 Male AA 

Figure 6.18C Donor 2 0000760557 21 Male AA 

Figure 6.18C Donor 3 0000770348 24 Female AA 

Figure 6.28 Donor 7 0000817985 27 Male O 
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Appendix 8. Tables of bulk RNA-seq analyses of Jak2-V617F monocytes in viscous and 
elastic hydrogels  

Table 1. Significant pathways enriched by elasticity in Jak2-V617 monocytes. 

Pathway P value Q value 

mmu00100 Steroid biosynthesis 0.000126502 0.020366871 
mmu04810 Regulation of actin cytoskeleton 0.000826272 0.066514923 
mmu04141 Protein processing in endoplasmic 
reticulum 0.003405617 0.175071627 

mmu04144 Endocytosis 0.004349606 0.175071627 
mmu04350 TGF-beta signaling pathway 0.006905444 0.201043481 
mmu00900 Terpenoid backbone biosynthesis 0.008082702 0.201043481 
mmu04510 Focal adhesion 0.009049598 0.201043481 
mmu04630 Jak-STAT signaling pathway 0.009989738 0.201043481 
mmu04010 MAPK signaling pathway 0.011301186 0.202165669 
mmu04530 Tight junction 0.014782141 0.237992472 
mmu04740 Olfactory transduction 0.022715283 0.332469148 
mmu04620 Toll-like receptor signaling pathway 0.027775156 0.340707778 
mmu04910 Insulin signaling pathway 0.028762721 0.340707778 
mmu04062 Chemokine signaling pathway 0.03117042 0.340707778 
mmu04012 ErbB signaling pathway 0.032897885 0.340707778 
mmu04320 Dorso-ventral axis formation 0.033859158 0.340707778 
mmu04340 Hedgehog signaling pathway 0.036987263 0.350291142 
mmu04662 B cell receptor signaling pathway 0.039181195 0.350454022 
mmu04621 NOD-like receptor signaling pathway 0.042585999 0.351282978 
mmu04360 Axon guidance 0.043637637 0.351282978 
mmu04670 Leukocyte transendothelial migration 0.046269776 0.35473495 
mmu04920 Adipocytokine signaling pathway 0.070865494 0.518606566 
mmu04976 Bile secretion 0.074100007 0.518700052 
mmu04660 T cell receptor signaling pathway 0.084909062 0.53317689 
mmu04330 Notch signaling pathway 0.084928011 0.53317689 
mmu04722 Neurotrophin signaling pathway 0.0861031 0.53317689 
mmu04380 Osteoclast differentiation 0.091937857 0.548222037 
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Table 2. Significant pathways enriched in viscous hydrogels in Jak2-V617 monocytes. 

Pathway P value Q value 

mmu03010 Ribosome 2.50E-08 4.02E-06 
mmu00190 Oxidative phosphorylation 0.0031133 0.250620672 
mmu00760 Nicotinate and nicotinamide metabolism 0.007212543 0.329530722 
mmu04142 Lysosome 0.008187099 0.329530722 
mmu00240 Pyrimidine metabolism 0.018524637 0.596493306 

Table 3. Genes enriched in elastic hydrogels in Jak2-V617 monocytes. 

Gene 
symbol 

PANTHER molecular function Category Log2 
Fold 
change vs 
viscous 
gels 

Adj P value 

Ereg Proepiregulin Growth factor 3.835940598 0.015499305 

Arhgef3 Rho guanine nucleotide 
exchange factor 3 Rho pathway 0.731307872 0.016998345 

Areg Amphiregulin Growth factor 3.408225655 0.029073796 

Acvrl1 Serine/threonine-protein kinase 
receptor R3 

TGF-beta 
recetpor 
serine/threonine 
protein kinase 
receptor 

1.058920167 0.032084746 

Dpysl2 Dihydropyrimidinase-related 
protein 2 metalloprotease 0.702704318 0.038874481 

Rhob Rho-related GTP-binding protein 
RhoB Rho pathway 1.259725058 0.069730211 
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Table 4. Genes enriched in viscous hydrogels in Jak2-V617 monocytes. 

Gene 
symbol 

PANTHER molecular function Category Log2 
Fold 
change vs 
elastic gels 

Adj P value 

H2-Eb1 H-2 class II histocompatibility
antigen, E-B beta chain MHC II 1.407799702 6.11E-05 

Ciita MHC class II transactivator 1.435016594 0.000383511 

Lilrb4a Leukocyte immunoglobulin-like 
receptor subfamily B member 4 1.098861559 0.00394989 

H2-Aa H-2 class II histocompatibility
antigen, A-K alpha chain MHC II 1.272826974 0.025815262 

Mx1 Interferon-induced GTP-binding 
protein Mx1 

Interferon 
signaling 0.862592772 0.029073796 

Ccnd1 G1/S-specific cyclin-D1 Cell cycle 2.15214005 0.055162012 
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Appendix 9. Table Statistical tests. 

Data Test 

Passed 
Normality 
test? 

Variances 
significantly 
different 
(p < 0.05)? Data analyzed 

P-
value* 

Figure 6.2C - 
modulus 

Unpaired t test, two-
tailed Yes No Alg – 5, 

NbTz - 12 0.3720 

Figure 6.2C – 
loss angle 

Unpaired t test, two-
tailed Yes No Alg – 5, 

NbTz - 12 0.0012 

Figure 6.2D 
Unpaired t test, 
Welch correction, 
two-tailed 

Yes Yes Alg – 5, 
NbTz - 6 0.0227 

Figure 6.3 Unpaired t test, two-
tailed Yes No 3 each <0.0001 

Figure 6.9A Unpaired t test, two-
tailed Yes No 3 each 0.001 

Figure 6.9B Unpaired t test, two-
tailed Yes No 3 each 0.0013 

Figure 6.9C Unpaired t test, two-
tailed Yes No 3 each <0.0001 

Figure 6.11A 
Mann Whitney non-
parametric test, two-
tailed 

No n/a Viscous – 57, 
Elastic - 43 <0.0001 

Figure 6.11B 
Mann Whitney non-
parametric test, two-
tailed 

No n/a Viscous – 30, 
Elastic – 32 0.0021 

Figure 6.13A – 
HLA-DR MFI 

Ordinary one-way 
ANOVA Yes No 3 each 

Tukey’s multiple 
comparisons 

Viscous control vs 
Viscous IPI-549 0.0154 

Viscous control vs 
Elastic control <0.0001 

Viscous control vs 
Elastic IPI-549 0.1080 

Viscous IPI-549 vs 
Elastic control <0.0001 

Viscous IPI-549 vs 
Elastic IPI-549 0.0021 

Elastic control vs 
Elastic IPI-549 <0.0001 

Figure 6.13A – 
CD11b+CD11c+ 

Ordinary one-way 
ANOVA Yes No 3 each 

Tukey’s multiple 
comparisons 

Viscous control vs 
Viscous IPI-549 <0.0001 

Viscous control vs 
Elastic control <0.0001 
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Viscous control vs 
Elastic IPI-549 0.0039 

Viscous IPI-549 vs 
Elastic control <0.0001 

Viscous IPI-549 vs 
Elastic IPI-549 <0.0001 

Elastic control vs 
Elastic IPI-549 <0.0001 

Figure 6.17B 
Unpaired t test, 
Welch correction, 
two-tailed 

Yes Yes Viscous – 10, 
Elastic – 9 0.0029 

Figure 6.17C 
Unpaired t test, 
Welch correction, 
two-tailed 

Yes Yes Viscous – 30, 
Elastic – 32 <0.0001 

Figure 6.17D – 
HLA-DR MFI 

Ordinary one-way 
ANOVA Yes No 3 each 

Tukey’s multiple 
comparisons 

Viscous control vs 
Viscous anti-IL6R 0.9744 

Viscous control vs 
Elastic control <0.0001 

Viscous control vs 
Elastic anti-IL6R <0.0001 

Viscous anti-IL6R 
vs Elastic control <0.0001 

Viscous anti-IL6R 
vs Elastic anti-
IL6R 

<0.0001 

Elastic control vs 
Elastic anti-IL6R 0.9994 

Figure 6.17D – 
CD11b+CD11c+ 

Ordinary one-way 
ANOVA Yes No 3 each 

Tukey’s multiple 
comparisons 

Viscous control vs 
Viscous anti-IL6R 0.1219 

Viscous control vs 
Elastic control <0.0001 

Viscous control vs 
Elastic anti-IL6R <0.0001 

Viscous anti-IL6R 
vs Elastic control <0.0001 

Viscous control vs 
Elastic anti-IL6R <0.0001 

Elastic control vs 
Elastic anti-IL6R 0.9242 

Figure 6.18C 
Mann Whitney non-
parametric test, two-
tailed 

No n/a Viscous – 57, 
Elastic - 22 0.0005 

Figure 6.24 – 
mIL6 

Brown-Forsythe and 
Welch ANOVA test Yes Yes >4 each
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Dunnett’s T3 multiple 
comparisons test 

WT Viscous vs 
Jak2 Viscous >0.9999

WT Viscous vs WT 
Elastic <0.0001 

WT Viscous vs 
Jak2 Elastic <0.0001 

Jak2 Viscous vs 
WT NbTz <0.0001 

Jak2 Viscous vs 
Jak2 Elastic <0.0001 

WT Elastic vs Jak2 
Elastic 0.0032 

Figure 6.24 – 
mLIF 

Brown-Forsythe and 
Welch ANOVA test Yes Yes >4 each

Dunnett’s T3 multiple 
comparisons test 

WT Viscous vs 
Jak2 Viscous 0.7637 

WT Viscous vs WT 
Elastic <0.0001 

WT Viscous vs 
Jak2 Elastic <0.0001 

Jak2 Viscous vs 
WT NbTz 0.0011 

Jak2 Viscous vs 
Jak2 Elastic <0.0001 

WT Elastic vs Jak2 
Elastic <0.0001 

Figure 6.28 – 
hIL8 

Brown-Forsythe and 
Welch ANOVA test Yes Yes 3 each 

Dunnett’s T3 multiple 
comparisons test 

Viscous control vs 
Viscous IPI-549 0.1382 

Viscous control vs 
Elastic control <0.0001 

Viscous control vs 
Elastic IPI-549 <0.0001 

Viscous IPI-549 vs 
Elastic control <0.0001 

Viscous IPI-549 vs 
Elastic IPI-549 <0.0001 

Elastic control vs 
Elastic IPI-549 <0.0001 

Figure 6.28 – 
hCCL2 

Brown-Forsythe and 
Welch ANOVA test Yes Yes 3 each 

Dunnett’s T3 multiple 
comparisons test 

Viscous control vs 
Viscous IPI-549 n/a 

Viscous control vs 
Elastic control 0.0010 

Viscous control vs 
Elastic IPI-549 0.0343 
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Viscous IPI-549 vs 
Elastic control n/a 

Viscous IPI-549 vs 
Elastic IPI-549 n/a 

Elastic control vs 
Elastic IPI-549 0.0045 

Figure 6.28 – 
hCCL4 

Ordinary One-way 
ANOVA Yes No 

6 for elastic gels 
(below limit of 
detection for some 
viscous gels, n = 
2) 

Tukey’s multiple 
comparisons test 

Viscous control vs 
Viscous IPI-549 n/a 

Viscous control vs 
Elastic control n/a 

Viscous control vs 
Elastic IPI-549 n/a 

Viscous IPI-549 vs 
Elastic control n/a 

Viscous IPI-549 vs 
Elastic IPI-549 n/a 

Elastic control vs 
Elastic IPI-549 <0.0001 

Figure 6.28 – 
hIL6 

Brown-Forsythe and 
Welch ANOVA test Yes Yes 3 each 

Dunnett’s T3 multiple 
comparisons test 

Viscous control vs 
Viscous IPI-549 0.5584 

Viscous control vs 
Elastic control <0.0001 

Viscous control vs 
Elastic IPI-549 0.0860 

Viscous IPI-549 vs 
Elastic control 0.0004 

Viscous IPI-549 vs 
Elastic IPI-549 0.0778 

Elastic control vs 
Elastic IPI-549 0.0173 
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Appendix 10. Supplementary data on mechanical regulation of monocyte cell fate 

Naïve monocytes from human donors, without cytokines, were encapsulated in viscoelastic 

hydrogels of intermediate viscosity with a range of stiffness. Gene expression of a panel of 

myeloid-related genes was measured by qPCR. Increased matrix stiffness of the viscoelastic 

hydrogel was associated with changes in patterns of gene expression (Figure 1A). ELISA of the 

conditioned media confirmed that prostaglandin-E2, the product of cyclo-oxygenase-2 (PTGS2), 

was significantly upregulated by matrix stiffness (Figure 2B). These data indicate that naïve 

monocytes, without cytokine stimulation, are also sensitive to matrix mechanics.  

Figure 1. Matrix stiffness impacts phenotype of naïve monocytes. 
A) Naïve human bone marrow-derived monocytes were isolated from healthy donors and encapsulated in
viscoelastic hydrogels of intermediate viscosity with a range of stiffness. Log-2 fold change is shown
normalized to housekeeping gene GAPDH and the soft (low modulus) gel. Medium stiffness is shown by
the black bar, and high stiffness levels are shown in grey. B) ELISA on conditioned media for
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(Continued) prostaglandin E2 (PGE2) of naïve monocytes in viscoelastic hydrogels at low, medium, and 
high modulus (~0.5 – 3.5 kPa G’ storage modulus). P-value <0.05 indicates statistically significant 
difference between low and med/high modulus by a one-way ANOVA with Tukey’s multiple comparisons 
test. 

Next, a nanoString panel was used to measure the differential gene expression in stiff versus 

soft viscous hydrogels of naïve monocytes. The volcano plot in Figure 2 shows that although 

there are trends, the differences were not statistically above the minimum adjusted p-value 

threshold of 0.05.  

Figure 2. Volcano plot of differential gene expression of naïve monocytes in stiff-viscous (right) 
hydrogels compared to soft-viscous (left) of a nanoString myeloid panel. No differences were 
statistically significant. 

The same analysis was performed on monocytes treated with cytokines GM-CSF, IL4, and 

PGE2 in soft and stiff viscous gels (Figure 3) and soft and stiff elastic gels (Figure 4). The 
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volcano plots in Figures 3-4 shows significant effects in these stimulated monocytes by matrix 

stiffness in viscous and elastic gels, respectively. In viscous, soft gels, matrix metalloproteases 

MMP9 and MMP12 were upregulated, whereas more immature markers were expressed in stiff, 

viscous gels (Figure 3). The effect of stiffness in elastic gels was opposite – immature markers 

similar to stiff, viscous gels were upregulated in soft, elastic gels, while MMPs and differentiation 

markers were upregulated in stiff, elastic gels (Figure 4). Based on these trends, monocytes 

appeared to be regulated similarly in soft, elastic gels and stiff, viscous gels. However, the 

volcano plot in Figure 5 shows that stiff, viscous gels maintain higher levels of immature 

markers ARG1, S100A8, S100A9, and ELANE compared to soft, elastic gels, which upregulate 

activated antigen-presenting cell markers MMP9, MMP12, and CCR8. These results indicate 

that cytokines GM-CSF, IL4, and PGE2, which differentiate monocytes towards dendritic cells, 

are synergistic with matrix mechanics, both in terms of stiffness and elasticity of hydrogels. 
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Figure 3. Volcano plot of differential gene expression of monocytes treated with GM-CSF, IL4, 
and PGE2 in soft-viscous (right) hydrogels compared to a baseline of stiff-viscous (left) of a 
nanoString myeloid panel. Statistical significance is indicated by adjusted p-value (legend). 
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Figure 4. Volcano plot of differential gene expression of monocytes treated with GM-CSF, IL4, 
and PGE2 in soft-elastic (right) hydrogels compared to a baseline of stiff-elastic (left) of a 
nanoString myeloid panel. Statistical significance is indicated by adjusted p-value (legend). 
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Figure 5. Volcano plot of differential gene expression of monocytes treated with GM-CSF, IL4, 
and PGE2 in soft-elastic (right) hydrogels compared to a baseline of stiff-viscous (left) of a 
nanoString myeloid panel. Statistical significance is indicated by adjusted p-value (legend). 

Principal component analysis of the nanoString panel was performed on naïve monocytes and 

monocytes treated with cytokines GM-CSF, IL4, and PGE2, as well as tissue culture controls to 

compare differences in gene expression between all groups. An empty gel crosslinked with the 

calcium levels of the “stiff” gels (0.30% wt/v calcium carbonate) was cultured in the same well as 

monocytes in non-adherent tissue culture to determine the effect of free-calcium ions on 

monocyte behavior (+Ca2+). Principal component-1 (PC1) tracked well with the previous 

findings, showing that monocytes in elastic-stiff gels were highest along PC1-axis (Figure 6). 

Monocytes in non-adherent tissue culture with and without a calcium were similar along PC1 
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with monocytes in soft/stiff viscous gels and soft elastic gels, but were lower along PC2. The 

naïve monocytes in gels were higher on PC2. Naive monocytes in viscous gels were slightly 

higher on PC1 than navie monocytes in elastic gels. Naïve bone marrow mononuclear cells 

were lowest on both axes, and the naïve monocytes in tissue culture were intermediate on PC2. 

These patterns of gene expression are summarized in a hierarchical clustering heatmap in 

Figure 7. Together these data indicate that the gene expression of monocytes in elastic-stiff gels 

was distinct from all other conditions tested, including tissue culture controls.  

Figure 6. Principal component analysis of gene expression of naïve monocytes (marked as 
naïve) and monocytes treated with cytokines GM-CSF, IL4, and PGE2 (unmarked).  
Tissue culture + Ca2+ indicates that monocytes in non-adherent tissue culture were cultured in the same 
media as an empty, ionically crosslinked hydrogel (0.3% wt/v calcium carbonate, corresponding to “stiff” 
condition). The gel was held in an insert with a membrane that allowed the cell culture media to be in 
equilibrium with the ions of the gel. 
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Figure 7. Hierarchical clustering heat map of normalized gene expression of naïve monocytes 
(marked as “naïve) and monocytes treated with cytokines GM-CSF, IL4, and PGE2 (unmarked) 
with a nanoString myeloid panel.  
Tissue culture + Ca2+ indicates that monocytes in non-adherent tissue culture were cultured in the same 
media as an empty, ionically crosslinked hydrogel (0.3% wt/v calcium carbonate, corresponding to “stiff” 
condition). The gel was held in an insert with a membrane that allowed the cell culture media to be in 
equilibrium with the ions of the gel. 

The differential gene expression of monocytes in tissue culture with and without calcium was 

compared to determine whether there was any effect of free calcium on monocytes. Figure 8 

shows that some genes, including TNF and IL1B, were significantly upregulated (adjusted p-

value < 0.01) in monocytes in non-adherent tissue culture by the presence of a calcium-
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crosslinked gel in the media, although the fold changes were about 2 or less. Within each 

stiffness, viscous vs. elastic gels in these studies were crosslinked with the same amount of 

calcium (stiff 0.30% wt/v; soft 0.10% w/v calcium carbonate), so there no effect is expected 

from calcium in elastic-stiff versus viscous-stiff gels, and likewise for soft gels. Further, principal 

component analysis and the heatmap of Figures 6-7 suggest that these differences do not 

impact the overall patterns of gene expression and phenotype of the cells.  

Figure 8. Volcano plot of differential gene expression of monocytes in tissue culture exposed to 
calcium from ionically-crosslinked hydrogels (right) compared to a baseline without exposure to 
calcium (left) of a nanoString myeloid panel. Statistical significance is indicated by adjusted p-
value (legend). 
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Appendix 11. Preliminary data on how viscoelasticity impacts IFN-gamma sensing and 
MHC-I expression by tumors cells 

The artificial extracellular matrix system was used to examine whether mechanical cues impact 

IFN-gamma sensing and MHC-I expression by tumor cells. Infiltrating T cells secrete IFN-

gamma in the tumor microenvironment, which aids T cell-tumor cell recognition and killing by 

upregulating MHC-I in tumor cells (Figure 1A). Both primary pancreatic ductal adenocarcinoma 

tumor cells (PDAC) and A375 melanoma tumor cell lines were tested in stiff, viscous and stiff, 

elastic hydrogels under hypoxic conditions treated with IFN-gamma. Cells were retrieved after 

24 hours and surface expression of MHC-I receptors HLA-A,B,C, MHC-II receptor HLA-DR, and 

PDL1 was measured by flow cytometry. Preliminary data showed trends that more viscous gels 

suppressed MHC-I expression (HLA-A,B,C) and PDL1 compared to elastic gels in both A375 

and primary PDAC cells (Figure 1B). Cell line A375 was high for HLA-DR in all samples, with no 

differences observed between Day 0 control and viscous/elastic gels. Primary PDAC cells were 

initially low for HLA-DR at Day 0, and then subsequently increased from IFN-gamma and 

hypoxia in elastic gels, while HLA-DR remained low in the viscous cells. These trends were 

consistent with the concept that stromal mechanics could regulate tumor-intrinsic resistance to 

immune checkpoint blockade (337), by suppressing IFN-gamma sensing. MHC-I expression by 

tumors mediates responsiveness to checkpoint blockade. In single-agent anti-CTLA-4 

checkpoint blockade in untreated metastatic melanoma, clinical efficacy was dependent on 

robust expression of MHC-I by tumor cells, and anti-PD-1 therapy was dependent on IFN-

gamma-mediated inflammation (338). Further investigation of this concept is warranted to 

determine how mechanics regulate MHC-I expression in the tumor microenvironment. 
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Figure 1. Viscous ECM suppressed MHC-I expression of HLA-A,B,C with IFN-gamma 
stimulation and hypoxia.  
A) CD8 T cells secrete IFN-gamma to upregulate MHC-I receptors by tumors cells, which allows tumor-
specific TCR’s to identify peptides of tumor antigens peptides presented by tumor cells on their MHC-I
receptors. B) Human melanoma cell line A375 and primary pancreatic ductal adenocarcinoma cells were
encapsulated in viscous or elastic artificial extracellular matrix under hypoxia and stimulation with IFN-
gamma. After 24 hours, flow cytometry was performed on encapsulated cells for MHC-I receptors HLA-
A,B,C, MHC-II receptor HLA-DR, and PDL1, compared to Day 0 controls.
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Appendix 12. Preliminary data on encapsulation of tumor spheroids in viscous and 
elastic artificial extracellular matrix 

The artificial extracellular matrix system can be used to encapsulate either individual tumor cells 

or tumor spheroids (Figure 1). 

Figure 1. Tumor cells and spheroids are encapsulated in artificial extracellular matrix hydrogels 
of collagen and alginate. 
A-B) Cells can be encapsulated as a collection of individual cells that each interact with a surrounding
ECM, or C-D) they first can be aggregated over 48 hours in micro-wells (Aggrewell 400) to form a
collection of tumor spheroids (seeding density ~750 cells per microwell). The matrix mechanics can be
tuned to examine how mechanical cues impact tumor cells, either as individual cells, or as spheroids.
Scale bar 200 um. Images of cells shown here are from human 786-O renal cell adenocarcinoma cell line.

After 24 hours in the hydrogels, the tumor sphere morphology was impacted by the 

viscoelasticity and stiffness of the surrounding ECM. In soft, viscous ECM, the tumor cells 
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invaded the matrix, whereas in stiff, viscous and soft elastic gels, the spheres remained very 

spherical with no invading cells (Figure 2). This preliminary data suggest that further studies are 

warranted to investigate whether viscoelasticity of surrounding ECM impacts the invasiveness 

or metastasis of tumors. 

Figure 2. Spheroid morphology was impacted by the viscoelasticity of a surrounding ECM 
hydrogel. 
Tumor spheroids were first generated (seeding density ~750 cells per microwell) over 24-48 hours in 
AggreWell-400 plates (StemCell Technologies). Then, they were retrieved and encapsulated in viscous 
(viscoelastic) or elastic gels (1.5 wt% alginate, 4 mg/mL collagen type-I) at low stiffness (0.15% w/v 
calcium carbonate) and high stiffness (0.35% wt/v calcium carbonate). Phase microscopy showed the 
morphology of tumor spheroid after 24 hours. Scale bar, 200 µm. 

Cells were retrieved from the cells after 3 days and gene expression was measured by qPCR. 

Trends in preliminary data showed that individual cells and spheres were regulated differently 

by matrix mechanics (Figure 3). Individual cells were sensitive to both matrix stiffness and 

viscoelasticity. Tumor cells upregulated gene expression of CCL2 in more elastic hydrogels at 

low and high stiffness. The gene expression of CSF2 by individual cells was similar across all 

hydrogels. PTGS2 gene expression was enriched in stiffer gels, independent of their 

viscoelasticity. For tumor spheroids, the gene expression of both CCL2 and CSF2 was higher in 
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elastic compared to viscous gels, independent of stiffness. Conversely, for PTGS2, gene 

expression was higher in viscous gels, independent of stiffness. These data suggest that tumor 

spheroids are more impacted by the elasticity of the matrix than the stiffness, which is 

consistent with the idea that the spheres of cells have cohesive cell-cell interactions that likely 

dominate mechanosensing to stiffness. However, in elastic gels, their physical confinement 

affects their gene expression patterns. Further studies are warranted to examine how elasticity 

and physical confinement versus more plastic, viscous confinement regulates the collective 

behavior of tumor spheroid microtissues. 

Figure 3. Gene expression of tumor cells and spheres after 3 days of culture in soft/stiff 
viscous and elastic hydrogels.
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(Continued) 786-O renal cell adenocarcinoma cell lines were encapsulated in artificial ECM as a 
collection of individual cells or as tumor spheroids. Gene expression was normalized to housekeeping 
gene GAPDH and tissue culture (TCP) individual cells. TCP indicates tissue culture control. For 
spheres, they were plated onto tissue culture wells and covered with media.

This system could be used to examine the interaction of myeloid cells and tumor spheres in 

three-dimensional artificial extracellular matrix (Figure 4). The tumor spheroids mimic intact 

tumor tissue, while a collection of individual myeloid cells mimics infiltrating myeloid cells 

interacting with tumor stroma tissue. These preliminary data in Figure 3 show that tumor 

spheroids upregulate production of myeloid-stimulating factors MCP-1 (CCL2) and GM-CSF 

(CSF2). I hypothesize that more elastic matrix in this co-culture system would polarize myeloid 

cells to be more inflamed and upregulate pro-inflammatory cues from the tumor cells, whereas 

more viscous matrix would promote a more tolerizing microenvironment.  

Figure 4. Co-encapsulation of myeloid cells and tumor spheroids in viscous or elastic ECM 
could be used to mimic physical regulation of tumor immune microenvironment. The system 
could also be adapted to include lymphocytes. 
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