
 

 

ABSTRACT 

YOUNG, ASHLYN TAYLOR. Development and In-line Monitoring of a Blood-Brain Barrier 

Microphysiological System. (Under the direction of Dr. Michael Daniele). 

 

The blood-brain barrier (BBB) is the most selective tissue barrier in the body, vital in 

protecting the brain from pathogens, yet an obstacle to delivering therapeutics for brain disorders. 

Microphysiological systems (MPS) incorporate physiologically relevant microanatomy, 

mechanics, and cells to mimic tissue function. Current BBB-MPSs are limited by semipermeable 

membranes, single cell types, and 2D culture. This prevents physical contact between cell types 

and three-dimensional growth within a tissue structure. Current BBB-MPSs are also difficult to 

assemble, requiring alignment and layering of components. Conventional characterization of MPS 

function consist of post facto histology or immunohistochemical staining, limiting throughput and 

translational potential. Transendothelial electrical resistance has been measured on-chip, though 

with low resolution and high variability. Reproducible and standardized function of MPS is critical 

for next-generation MPS applications in research and industry. This work details the engineering 

of a BBB MPS that addresses current disadvantages. Laminar flow profiles, photocurable hydrogel 

scaffolds, and human cell lines are used to construct a BBB MPS. Furthermore, an electrical 

impedance measurement system is engineered that can be used to collect impedance measurements 

along an in-line electrode array and create a heat map defining tissue growth and barrier selectivity.  

A biocompatible, photocurable scaffold is used to create a 3D tissue structure, consisting 

of gelatin methacryloyl (GelMA) and thiolated poly(ethylene glycol) (PEG-SH) with a 

photoinitiator. Tunable mechanical properties of GelMA are assessed using parallel plate 

rheology; the effects of raw material animal source and processing temperatures on GelMA 

stiffness are explored. An 8-fold increase of stiffness is observed in scaffolds with identical 

material chemistries, but photocured at different temperatures. This is due to the ‘locking-in’ of 



 

 

hydrogel bonds formed with thermal gelation by chemical crosslinks formed by free radical 

polymerization. Cellular response to GelMA with different stiffnesses is assessed using adherent 

human cell culture and embedded cancer spheroids. 

The GelMA PEG-SH composite material is used for in situ tissue fabrication of a tissue 

structure within a Y-shaped microfluidic device, achieving laminar flow using a pneumatic pump 

with a photocurable precursor solution flowing alongside cell media. A laminar flow profile is 

achieved, stop-flow is initiated, and the scaffold is polymerized by brief exposure to <300 mJ cm-

2 UV light. In preliminary studies, scaffolds are seeded with human dermal fibroblasts. For the 

BBB MPS, scaffolds are seeded with the immortalized glial cell line, SVGP12. Human brain 

microvascular endothelial cells (hBMVEC) are introduced to the channel after scaffold formation 

and adhere to the tissue structure wall. The BBB-MPM was analyzed post facto by staining for 

actin, CD-31, VE-cadherin, GFAP, and DAPI.  Fluorescent tracer molecules were used to observed 

permeability of BBB MPS with and without shear stresses. MPS are challenged with an efflux 

pump inhibitor to assess physiological function and endothelial cell activation. 

As an alternative to tracer molecules and immunohistochemistry, in-line electrical 

impedance sensors can be used to collect electrical impedance measurements to determine barrier 

permeability. Incorporated electrodes facilitate electrical impedance mapping of the barrier during 

development and functional assays. A 60-electrode array is fabricated parallel to the barrier length 

via photolithography and wet etching. Permutations of 2-wire impedance measurements (1 Hz to 

1 MHz) are made along the length of the microchannel using a multiplexer, Gamry potentiostat, 

and custom LabVIEW code. An impedance “heat map” is created via custom algorithms. Spatial 

resolution and mapping capabilities are exhibited using conductive NaCl solutions and 2D and 3D 

cell culture. A novel means for high-throughput generation and operation of physiologically 



 

 

relevant BBB-MPS is demonstrated, enabling discovery of how vasculature interacts with the brain 

and next generation capabilities for pre-clinical drug testing. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Microphysiological Systems for Drug Discovery and Preclinical Testing 

1.1.1.  Data-informed Decision Making in Preclinical Drug Discovery 

 The average time to market for pharmaceutical products is 12 years, with only a 14% 

success rate.[1, 2] It has been reported that majority of clinical trial failure is due to late stage 

inadequacy in efficacy, suggesting that a better preclinical understanding of drug mechanism 

would increase overall success rates.[3] Preclinical drug discovery involves investigating many 

candidates to determine the best compound to advance for clinical trials. The pipeline for drug 

discovery and development includes basic research, preclinical testing, clinical testing, and 

regulatory review. Figure 1.1. lists key experiments at each phase of drug discovery, as well as 

quality assurance requirements, including good laboratory practice (GLP), good manufacturing 

practice (GMP), and good clinical practice (GCP). Each step helps provide information to narrow 

the drug candidate pool, as well as offers feedback to inform earlier stages of discovery and 

development.[4] Early stage data available to inform decision making is limited- relying on 

computational modelling, in vivo animal experiments, and in vitro testing of adherent cells on 

polystyrene surfaces. Computational modelling requires very high processing power to obtain 

single value outputs on drug performance or transport, it is currently not possible to determine 

complex biological phenomena computationally. Low power in silico compound evaluation is the 

first step to determine which drug candidates will move on to in vitro and in vivo testing, often 

beginning with thousands of possible compounds.[5-7] Upon determining lead compounds, pre-
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clinical in vitro and in vivo toxicity, efficacy, pharmacokinetic, and pharmacodynamic data is 

required to greenlight clinical testing.    

 To study the pharmacodynamics and pharmacokinetics of drug compounds, in vivo animal 

experiments are preferred and required. These methods offer systemic information on drug 

response, as well as require minimal systems engineering and assay development as most animal 

assays are well characterized. Mouse models are typically the first step for obtaining preliminary 

results, and often are tested in large quantities, to be followed by larger animal studies if required. 

Figure 1.1 Drug development and approval often begins with as much as thousands of possible 

drug candidates, which are eventually narrowed down to one final molecule selection based on 

research, testing, and clinical trials. Each phase of develop requires good practice protocols, and 

data obtained can be used to inform previous assays in order to minimize late stage failure. Basic 

research often involves in silico testing and computer modeling, with simple pharmacology 

analysis. In preclinical development, MPS has the potential to close the gap between in vitro 

cellular assays and in vivo animal testing to better inform decision making prior to clinical trials. 

Adapted from Mohs et al. [4] 
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As both small and large animals lack key physiological and anatomical similarities to humans, 

these experiments result in data that is not always translatable to human studies, resulting in late 

stage clinical failure of drug candidates. Ethical concerns are raised in response to replicates 

required and animal quality of life, particularly for noncritical pharmaceutical or cosmetic 

applications. Despite the valuable data provided, in vivo experiments require milligrams to grams 

of compound, making it difficult to complete thorough testing on compounds that require intensive 

synthesis and limiting the number drug candidates that can be tested beyond in silico modelling. 

Furthermore, relevant humanized and diseased mouse models are not available for rare and 

neglected diseases due to the resources required for animal design and validation. The complexity 

of a living organism also presents a plethora of confounding variables, making it extremely 

difficult to explore specific biological pathways as they relate to a single anatomical unit, such as 

vasculature-tissue barriers. Even with the downsides of animal models, they remain the preferred 

tool for determining viable drug candidates for many small pharmaceutical companies and contract 

organizations. 

 In partnership with in vivo testing, in vitro assays can provide valuable information on 

toxicity and mechanism of action for drug candidates during pre-clinical testing and drug 

development. Traditional cell culture involves primary or immortalized cells cultured on two-

dimensional (2D) plastic surfaces, maintained with nutrients, key proteins, and antibiotics via 

specialized cell media at physiological temperature (37°C). Although informative for defining 

toxicity and mechanism of action, simple in vitro assays lack the complex microenvironment 

necessary to provide information on drug kinetics, dynamics, or efficacy. Standard cell culture 

techniques also cannot inform if a compound can transverse a biological barrier, i.e. pass from the 

vasculature into the organ of interest. Alternatively, molecule perfusion through a physical barrier 
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is tested using cells cultured within Transwell inserts in a standard well plate, a cross-section view 

of a Transwell insert experimental setup is shown in Figure 1.2b.[8] Adherent cells are grown on 

a semipermeable membrane, allowing the formation of a biological barrier between the top 

(luminal side) or bottom (basal side) of the membrane. Molecule permeation can be determined 

by sampling fluids on the basal and luminal sides of the membrane, though permeability is 

dependent on selected cell types and culture conditions. Co-culture of multiple cell types can be 

achieved through seeding different cells on the luminal and basal sides of the membrane, as well 

as the bottom of the well plate. This allows for chemical crosstalk between different cell types, 

which can in turn increase selectivity depending on the cells selected and the vasculature-tissue 

interface of interest.[9, 10] Despite the nuances of this method compared to traditional cell culture, 

Transwell methods remain incomplete due to lack of mechanical forces, such as shear, preventing 

proper cell alignment and junction formation. 

 With these disadvantages in mind, there is clear need in the drug discovery space for an in 

vitro model that offers human biological relevancy, as well as throughput and simplicity. Such a 

model would open pathways for pharmaceutical companies to explore drug candidates for the 

treatment of neglected diseases. Also, multiple drug candidates could be assessed in vitro rather 

than selecting a few hopeful candidates based on in silico modelling. Even further, integrating 

sensors into in vitro systems would offer a new way to collect data for elucidating drug effects on 

a system, as well as standardize system operation pre- and post- testing. 
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1.1.2. Microphysiological Systems 

 Microphysiological systems (MPS) offer an alternative to conventional cell culture and 

animal models by mimicking human physiology, providing data that can better inform preclinical 

decision making. Human physiology is mimicked by creating microchannels that allow cell media 

and nutrients to flow through an engineered vessel, which is in contact with a ‘tissue specific’ 

chamber. Most MPS achieve physiologically relevant cell activity by applying shear stresses and 

providing constant nutrient perfusion necessary for proper barrier development and 

interaction.[11] Even further, MPS are characterized by microfluidic channels, only requiring 

nanograms to micrograms of compound for testing. Minimizing solution volume is advantageous 

in analyzing precious compounds or many compounds simultaneously without wasting reagents. 

MPS can also mimic specific geometries, achieving a microarchitecture like the native vasculature-

tissue interface. Although incorporating flow, current MPS are still limited by a semi-permeable 

membrane, single cell types, or 2D cell culture.[12, 13] The most widely accepted device, 

engineered at the Wyss institute at Harvard University, has been used to model many different 

organ systems, including the brain, intestines, lung, and liver.[14-21] A cross-section of this device 

is illustrated in Figure 1.2c. Device design consists of three main layers: a bottom channel and top 

channel separated by a semi-permeable membrane. Vasculature cells are seeded into one channel, 

with cells specific to the organ of interest seeded into the other channel. Additional channels are 

can be incorporated adjacent to the central channels, providing lateral mechanical forces to 

simulate breathing or peristalsis. These devices have become the prime example for MPS, though 

commercial potential is still limited by major disadvantages. First, these systems require multi-

step assembly involving precise alignment and layering of multiple components. Assembly is user 

intensive and time consuming, suggesting such devices would not be realistic for industry use. 
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Further, chambers are separated by a semipermeable membrane, restricting physical contact 

between different cell types, which is known to contribute to barrier permeability. The semi-

permeable membrane also complicates imaging, requiring devices be sacrificed and analyzed post 

facto to collect quantitative data. Consequently, temporal data can only be collected by testing 

multiple devices, with a single MPS representing a single time point.[13, 22, 23] Lastly, chambers 

modelling organ structures are still characterized by monolayers of adherent cells, not 

representative of the three-dimensional (3D) structure and cell organization that make up human 

tissue. There is a need for an MPS that recapitulates physiological microarchitecture and 

mechanical forces without requiring intensive assembly and low-throughput analysis. 

 

1.1.3. MPS with Three-Dimensional Tissue Structures 

 As previously addressed, microfluidic systems with semi-permeable membranes support 

2D growth of adherent cells and facilitate applied shear forces on cell monolayers but lack the 

microgeometry and cell-cell interactions vital for true biological function. For this reason, many 

groups are developing MPS with integrated 3D structure, utilizing synthetic or biologically derived 

scaffolds for the creation of organotypic constructs with cell-cell and cell-tissue interactions. 

Examples of vascular-tissue barrier systems include the lung ‘blood-air barrier’, liver ‘blood-

biliary barrier’, intestinal ‘gut-blood barrier’, and blood-brain barrier (BBB).[24] A cross section 

of the BBB, with main cell types, as well as a cross-section of our 3D BBB MPS is illustrated in 

Figure 1.2a and Figure 1.2d, respectively. Vascular-tissue interfaces are important for providing 

nutrients and oxygen to the organ, as well as removing waste and metabolic byproducts. Each 

vasculature-tissue barrier has specific cell types, junctional proteins, and membrane transporters 

and receptors to facilitate the necessary transport based on the needs of the organ system. An MPS 
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engineered to mimic vasculature-tissue interfaces allows direct communication between perfused 

vascular channels and cell populations specific to the organ of interest, while incorporating 

biologically relevant geometric and spatiotemporal conditions. By designing a slightly more 

complex MPS, tissue specific signaling, concentration gradients, and extracellular matrix 

environments can be conserved to engineer a device that better represents a complete vasculature-

Figure 1.2 In vitro cell systems are often used to model vascular-tissue barriers. (a) The BBB is 

an extremely selective vascular-tissue interface with multiple cell-cell chemical and physical 

interactions. (b) Transwells model the vascular-tissue barrier, though lack mechanical forces and 

cell interactions neccesary to elicit endothelial cell polarization and selective permability. (c) 

Microfluidic models of the BBB can be used to expose endothelial cells to shear stresses, inducing 

a biomimetic response and therefore reducing permeability, though most models still integrate a 

semi-permeable membrane and lack a 3D matrix. (d) The BBB MPS includes a 3D matrix with 

embedded neural cells for biomimetic outgrowth and physical interactions with a completely 

endothelialized lumen. Vessel and tissue orientation permit microscopy, allowing optical 

monitoring of device growth and co-culture, as well as electrodes for real-time barrier 

quantification. 
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tissue barrier. Even further, many groups are working towards connecting multiple organ systems 

using microchannels and tubing, with the goal of building a functional “body-on-chip” for 

pharmacodynamic studies.[25]  

 Two main considerations when building a 3D MPS are scaffold materials and fabrication 

methodology. Common biologically derived scaffolds include collagen, Matrigel, and fibrinogen. 

These materials readily support embedded cell proliferation and activity, though fabrication 

methods are limited due to polymerization temperature requirements and time constraints. A 

common fabrication method for creating a cylindrical vascularized lumen within these scaffolds is 

through casting around a sacrificial or removable template, such as carbohydrate glass[26], 

acupuncture needles[27, 28], or polydimethylsiloxane (PDMS) rods[29].  Another method for 

patterning lumens in ECM hydrogels is called viscous finger patterning, using fluid dynamics to 

pattern a less viscous fluid within a more viscous fluid.[30, 31] These methods result in 

vascularized lumens ranging from 150 µm to 750 μm, with uniform shear stress on vessel walls 

due to the cylindrical geometry. Although these devices elicit phenomena characteristic of in vivo 

blood vessels, such as neogenesis, angiogenesis, and polarization with flow, limiting factors 

include required imaging techniques, complex fabrication requirements, and material cost and 

variability. To visualize cell formation and fluorescent permeability assays in these 3D constructs, 

highly complex and expensive imaging techniques are required, such as a light sheet, spinning 

disk, or confocal microscopes. This limits users to those who have access to such equipment, as 

well as an accompanying on-stage incubation set-up. Furthermore, complex and multistep 

fabrication requirements result in an incredibly low throughput, limiting the ability for parallel 

studies with multiple devices simultaneously monitored and analyzed. Lastly, biologically derived 

scaffolds are costly, poorly characterized, and limited by batch-to-batch variability.  
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 As an alternative to engineering a cylindrical lumen, imaging and throughput issues can be 

avoided using a planar microfluidic device with microfluidic posts to restrict scaffold gel 

polymerization within a central tissue channel. [32] These devices consist of vascular channels 

alongside a tissue channel, often on one each side of a central tissue channel, allowing direct cell-

to-cell contact and ease of imaging for permeability assays. Even further, endothelial cells have 

been reported to sprout and undergo neogenesis within the central gel, creating a vascular network 

connecting large vessel channels.[33-35] A disadvantage of these devices is inconsistent shear 

stress experienced by endothelial cells due to pillars and even dead zones where the cells are not 

exposed to shear forces at all. These devices also require precise photolithography equipment to 

achieve small pillar structures, and alignment depending on the complexity of the device. A device 

that does not have pillars has been commercialized by the company Mimetas and involves the use 

of a phase guide to create a tissue structure alongside a vascularized channel, with the capability 

to create 96 devices in parallel within a well plate.[36, 37] This device is higher throughput and 

easy to image due to the well plate format, but still relies on intensive pipetting to individually 

introduce scaffold material to each channel, does not permit driven flow (instead using a rocker to 

apply shear stresses), and has an irregular meniscus-like tissue structure due to phase guide 

fabrication.  

 Rather than relying on biologically derived scaffolds that cure upon exposure to body 

temperatures, the use of a highly processible photocurable scaffold is explored. Even further, 

biological cues are elicited through perfusion of media, cell-cell interactions, and tuned scaffold 

porosity and stiffness to achieve a high throughput MPS. 
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1.2 Blood-Brain Barrier Microphysiological Systems 

1.2.1 The Blood-Brain Barrier 

 The BBB does an extraordinary job protecting the central nervous system (CNS) from 

pathogens moving through the circulatory system. The BBB prevents 98% of molecules from 

entering the brain; large nutrients and immune cells that typically diffuse through leaky capillary 

systems are not able to cross the BBB.[38, 39] This protection is critical for the CNS and brain, as 

neural cells require a stable environment for proper and consistent function and signaling.[40] 

Instead of passively moving through the large fenestrations that exist in other organ systems, 

necessary molecules are shuttled through the BBB via active transporters and receptors on brain 

microvascular endothelial cells (BMVECs), illustrated in Figure 1.3b.[41] Major transporters 

include those that shuttle glucose (GLUT1), lactate (MCT1), and essential amino acids (LAT1 and 

SLC7A1). Important receptors include those mediating endocytosis of transferrin (TFR) and 

insulin (IR). Ion homeostasis in the brain is maintained by (Na+-K+)ATPase enzyme, also known 

as the sodium-potassium pump. BMECs also possess efflux pumps, preventing the passage of 

drugs and therapeutics that would otherwise be small enough to passively diffuse through the 

barrier. These include proteins such as the multidrug resistance-related protein 1 (MRP1), P-

glycoprotein (P-gp), and breast cancer resistance protein (BCRP). Many of these proteins are 

expressed preferentially on the luminal or abluminal side of BMECs depending on utility and 

location of molecules of interest. Gases such as O2 and CO2, lipophilic agents, and small molecules 

less than 500 Da that are not removed via efflux pumps, can passively transverse BMVECs.  

 Beyond specialized transporters, receptors, and pumps, BMVECs possess critical features 

that contribute to their remarkable barrier properties, preventing paracellular transport into the 

CNS. This includes a tight cobblestone-like orientation facilitating the formation of adherens (VE-
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cadherin, PECAM) and a tight junction (TJ) complex, resulting in an extremely selective 

barrier.[42] Key TJ proteins include Zonula occludins 1 (ZO-1), Claudin-5 (CLDN5), and 

Occludin (OCLN). The TJ complex is unique to the BBB and not present in other types of 

endothelial cells, therefore a critical consideration to achieve biomimetic permeability for an in 

vitro BBB. Some approaches for traversing the BBB have included opening of tight junctions, 

transendothelial passage, efflux pump disruption, and targeted receptor mediated transport. 

 There are many components of the BBB, also referred to as the neurovascular unit (NVU), 

that contribute to selectivity and superior barrier properties when compared to other vasculature-

tissue interfaces. These cell types are oriented as described in the BBB cross-section illustrated in 

Figure 1.3a. The most noteworthy glial cell in the NVU is the astrocyte. Astrocytes have cell 

bodies that extend out to vasculature, characterized by large foot processes that play a very active 

role in BBB permeability. Astrocyte foot processes cover more than 99% of vasculature in the 

brain.[43] Astrocytes are known to play an active role in tight junction formation and transporter 

Figure 1.3 (a) Multiple cell types contribute to the BBB. (b) Specialized transcellular pathways 

trasport molecules through the BBB. Adapted from Abbot et al. [44] 
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polarization.[44] Furthermore, astrocytes act as mediators between neural cells and 

vasculature.[45, 46] It has been reported that on average, a single astrocyte is in contact with 5 

different blood vessels and 4 different neuronal soma.[39] Based on neural activity, astrocytes 

redirect blood to areas of high brain activity to provide nutrients and remove waste products.[47] 

Neurons are typically located 10 to 20 μm away from the nearest capillary.[39] The mechanism 

behind astrocyte-neuron interactions is still very poorly understood. 

 Surrounding the endothelial layer of the BBB is a basement membrane composed primarily 

of collagen IV, laminin, nidogen and perlecan, which are secreted by BMVECs and supporting 

glial cells around the BBB.[48] The basement membrane has recently been discovered to 

contribute to BBB regulation, though exploration into specific pathways are currently limited. 

Further structural support is provided by pericytes, which are glial cells that wrap around the brain 

capillaries. Pericytes surround vasculature throughout the entire body, though are found at a higher 

density in the brain. It has been reported that there are typically a 1:3 to 1:1 ratio of pericytes to 

endothelial cells, as compared to 1:100 in skeletal muscle.[39]  Pericytes have an active role in 

vascular maturation, as well as regulating BMVEC gene expression and polarizing astrocyte foot 

processes.[49] Even further, there are studies that suggest pericytes act as precursors for immune 

cells in the brain due to observed macrophage-like activities.[50, 51] Despite this activity, the 

primary immune defense in the brain is another glial cell, microglia, which has been found to 

interact directly with the BBB to mitigate CNS injury and disorder.[52] These immune cells are 

known to activate upon the disruption of the BBB, limiting long term use of implanted neural 

electrodes. The foreign body response surrounding electrodes leads to signal disruption, as well as 

glial scarring preventing repeated use of microelectrode arrays. Examples of ways to interface with 

the brain and the BBB are outlined in Figure 1.4. There are various existing methods for 
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interfacing with the BBB and temporarily modulating the BBB to allow localized entry of 

therapeutics.[53] Various biological, chemical, and physical methods exist to open the BBB, 

including the use of cyclodextrin, viruses, and microwaves. Many neurological disorders also 

result in BBB disruption, including Alzheimer’s disease, Parkinson’s disease, and epilepsy.[54] 

Better understanding of the mechanisms behind this disruption could lead to more effective 

therapeutics for treating these disorders.  

 

1.2.2 BBB MPS Cell Selection 

 Many groups use different strategies when selecting the appropriate cell types for creating 

in vitro models of the BBB. The strategy is often dependent on the end goal of the final system, 

and as with any decision, there are pros and cons. These considerations are listed below for cells 

derived from animal sources, human primary cells, human immortalized cell lines, human 

embryonic stem cells (ESC), and human induced pluripotent stem cells (iPSC).  

 Primary cells harvested from non-human animal sources are a common choice for BBB 

MPS due to availability and conserved permeability when compared to immortalized lines. Many 

groups will isolate primary endothelial cells, astrocytes, pericytes, and neural cells from cortical 

tissue of rats and mice.[55-58] These cells can form a barrier with high selectivity, though there 

are multiple transporters reported in the rodent BBB that are not found in the human BBB.[39] 

Furthermore, human specific pathogens cannot be explored in these models. Cross species 

differences that are problematic for in vivo animal studies persists for in vitro devices that use 

animal derived cells. Cell lines derived from rats and mice are also commonly used in BBB MPS, 

a choice that is likely attributed to cost due to the ease of culture and availability.[59-63] Example 
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cell lines include b.End3, an endothelial cell line derived from mouse brain, and RBE4, an 

endothelial cell line derived from rat brain.  

 Human cell lines that are commonly used in BBB devices include endothelial cell line 

hCMEC/D3, astrocyte cell line SVG P12, and primary cells immortalized via treatment with 

hTERT or SV40 vectors.[56, 64-67] Some groups will also differentiate immortalized neural 

progenitor cells, though characterization of differentiated cell types is incomplete.[68] Cell lines 

are highly prolific, human originated, and can result in low barrier permeability. They can be 

maintained to high passage numbers, and often do not require specialized cell media, minimizing 

cost and time. Unfortunately, not all characteristics are conserved at high passage numbers. 

Furthermore, permeability is often higher than that of primary cells or iPSC derived cells. Human 

primary cells are highly relevant for use in MPS, though are expensive and must be used within 

the first couple passages.[16, 69-73] Some groups use human umbilical vein endothelial cells, 

though using brain microvascular endothelial cells is important for BBB formation considering 

brain microvascular cells present tight junction complexes that are not formed between other 

Figure 1.4 Examples of interfacing with the Brain and subsequent effects on the BBB. [53] 
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endothelial cells.[55, 56, 74] To work around low doubling rates of primary cells, some groups 

will use astrocytoma or glioblastoma cells as an alternative.[75] These cells are prolific and secrete 

glial specific factors, though the use of cancerous cell lines in a healthy model is not sustainable 

or relevant for many biological studies. Some groups will avoid co-culture all together through 

using an astrocyte cell media perfusate to induce a response in brain microvascular cells, but this 

method is lacking in critical cell-cell interactions discussed previously.[59, 74]  

 The use of ESCs and iPSCs within BBB MPS is growing in popularity, resulting in devices 

with extremely low permeability and very relevant biological responses.[16, 69, 70, 72] These 

cells are expensive and require specific expertise in order to elicit the desired end phenotype but 

are the most biologically relevant pathway to creating a functional BBB MPS. Even further, iPSCs 

are the best option toward personalized medicine and multi-organ MPS. Patient iPSCs can be used 

to derive desired final cell types, and then pharmaceuticals can be tested directly on those patient 

samples to predict personalized response. This technology has potential to revolutionize the 

healthcare industry, providing insight into best individualized responses to medication, and pre-

screening candidates for pharmaceutical trials to omit outliers that otherwise would cloud trials. 

Similarly, iPSCs could be used to induce different cell types from the same source, resulting in a 

connected ‘body-on-chip’ with shared DNA and origin. 

 

1.2.3. BBB MPS Literature Review 

 Several published BBB MPS are outlined in Table 1.1, ranging from MPS with co-cultured 

endothelial cells and astrocytes on opposite sides of a semipermeable membrane, MPS with 3D 

tissue structures and spontaneously formed vascular networks, and MPS originated from patient-
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specific iPSCs. Along with presence of a membrane and 3D tissue culture, BBB MPS scaffold 

material, channel dimensions, cell types, and sensing mechanisms are listed. Notable, MPS design 

is quite variable, though vessel height is typically in the 100 to 300 µm range. These dimensions 

are characteristic of larger vessels in the brain, with dozens of endothelial cells forming a lumen, 

as compared to the smallest capillary which can be a single endothelial cell folded to form a 

lumen.[76] More recent MPSs published incorporate human primary cells and iPSC derived cells, 

though geometric design and assembly remains variable. Most characterization methods are 

limited to immunohistochemistry and macromolecule permeability studies, though some groups 

integrate sensors to characterize barrier permeability by electrical resistance changes over time. 

Notable BBB MPS are described below.  

 In 2012, Booth et al. published a BBB MPS, called a µBBB, consisting of an upper and 

lower channel separated by a 10 μm polycarbonate membrane with 400 nm pores.[61] The full 

device consisted of four PDMS layers, two glass electrode layers, and a membrane- resulting in 

seven layers to be fabricated, aligned, and assembled in order to create a single microfluidic 

system. Device design is shown in Figure 1.5a. In the top channel, b.End3 mouse endothelial cells 

were seeded on the membrane, and on the opposite side on the membrane in the bottom channel 

C8D1A mouse astrocytes were introduced. Electrodes were integrated into the device to permit 

periodic resistance measurements to compare resistance of systems with different cell types and 

with or without flow. Devices were also treated with histamine; electrical resistance was measured 

to record histamine effects on barrier permeability. Validation was also completed using a 

live/dead viability assay, as well as immunostaining to determine expression of GFAP and ZO-1, 

shown in Figure 1.6a. Barrier permeability was also assessed using 4, 20, and 70 kDa FITC-

dextran, as well as propidium iodide. Tracer molecules were introduced to the luminal channel of 
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device, and then sampled from the abluminal channel and measured on a plate reader to determine 

permeability. Overall, this device is effective in determining barrier selectivity via tracer molecules 

and electrical resistance measurements, as well as exposing cell populations to shear forces and 

cell-cell chemical communication on either side of a membrane. Downsides of this device includes 

poor imaging due to membrane orientation, lack of 3D cell culture and direct cell-cell contact, as 

well as non-human cell populations.  

 In 2015, Brown et al. published a similar BBB microfluidic device, but incorporated a 3D 

‘brain compartment’ with pericytes, astrocytes, and neurons rather than a 2D monolayer on the 

membrane.[69] Human primary BMVECs were cultured in the vascular channel on a 

polycarbonate membrane with 200 nm pores, separated from the brain compartment with human 

primary astrocytes and pericytes, and human neurons differentiated from iPSCs. Device design is 

illustrated in Figure 1.5b. Astrocytes and pericytes were seeded directly onto the abluminal side 

of the membrane, with iPSC-derived neurons suspended in a collagen matrix were introduced to 

the same chamber 2 days later. Live/dead staining was used to determine cell viability, images 

from the brain and vessel regions are shown in Figure 1.6b. Actin filaments of cells were stained 

to looked at cell polarization with flow, and ZO-1 expression was quantified using 

immunostaining. Permeability was tested using 10 kDa and 70 kDa FITC-dextran, as well as 

ascorbic acid. Ascorbic acid effects were also quantified using FITC-dextran assays. Cell viability 

and growth over time, as well as response to cold shock, was measured using electrical resistance, 

though validity of these measurements will be discussed it the next section. This device 

successfully incorporated primary human cells in a 3D matrix, though is lacking in cell-cell 

physical interactions between the brain and vessel channels, is difficult to image due to orientation, 

and requires many steps for device assembly. 
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 In 2016, Herland et al. published a 3D human “BBB-on-chip” fabricated using viscous 

finger patterning in a collagen matrix.[73] Vessel lumen diameter could be tuned based on input 

pressure when introducing cold media to un-polymerized collagen. Device design is illustrated in 

Figure 1.5a. Human primary astrocytes were introduced to the collagen matrix, followed by 

sequential seeding of human primary pericytes and endothelial cells into the lumen. Endothelial 

Figure 1.5 Design examples of BBB microfluidic systems. (a) Microfluidic model of the BBB 

with incorporated electrodes on either side of a semipermeable membrane.[61] (b) Microfluidic 

model of the BBB with endothelial cells and a 3D collagen scaffold with neurons, pericytes and 

astrocytes, separated by a semipermeable membrane.[69] (c) Viscous finger patterning is used to 

create a cylindrical channel in collagen.[73] (d) A phase guide is used to pattern a collagen scaffold 

next to an endothelialized vessel channel.[64] (e) Endothelial cells form a vascular network within 

a fibrinogen scaffold from pillar openings in adjacent channels.[72] (f) Neural cells are grown on 

the opposite side of a semipermeable membrane from a brain endothelial barrier.[16]   
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cells and glial cells interacted, forming a complete vessel with astrocyte end-feet, shown in Figure 

1.6b, with green representing F-actin, and magenta VE-cadherin. Permeability was assessed using 

3 kDa FITC-dextran. Inflammatory response of the BBB was assessed by introducing TNF-α, an 

inflammatory cytokine, and measuring the secretion of 5 cytokines in response. The resultant 

geometry, images, and cellular interactions in this device are remarkable, but intensive fabrication 

requirements, extreme imaging requirements, as well as inability to incorporate electrodes for real 

time analysis, limit extensive usability of this device.  

 In 2018, Wevers et al published a high throughput, multi-chip platform that could be used 

to create and monitor 96 BBB MPS.[64] These BBB MPS were fabricated using two-lane 

OrganoPlates, a 3D vasculature-tissue device commercialized by the company Mimetas, shown in 

Figure 1.5d. These microfluidic platforms use a phaseguide to pin collagen gel alongside 

phosphate buffered saline (PBS), creating a 3D matrix next to an open channel for cell seeding. In 

this device, primary human endothelial cells, pericytes, and astrocytes were immortalized using 

the retroviral vector SV40. Some devices consisted of an endothelial channel alongside an 

acellularized collagen scaffold, other 3-channel devices consisted of 2D cultures of astrocytes and 

pericytes separated from the endothelial channel by an acellularized collagen gel. Endothelial cells 

were immunostained for VE-cadherin, PECAM-1, and Caludin-5 to demonstrate cell monolayer 

formation, as well as ActinRed, shown in Figure 1.6d. Pericytes and astrocytes were stained with 

green-fluorescent calcein-AM and calcein red-AM to verify location in the channel. Permeability 

was measured using 20kDa FITC-dextran tracer molecules, as well as an antibody transcytosis 

assay. The throughput of the Organoplate is ideal, though cells are not cultured in 3D and real time 

monitoring is not achieved. Furthermore, seeding devices with collagen and cells still required 

intensive pipetting, and channel fabrication is multilayered to incorporate a phase guide.  



20 

 

 Also in 2018, Campisi et al published a self-organized microvascular network MPS by 

separating a central channel filled with a 3D fibrinogen matrix from 2 adjacent side channels with 

human iPSC endothelial cells, illustrated in Figure 1.5e.[72] All cells were combined in a 

fibrinogen scaffold, forming a vascular network after 7 days of culture. Cells were immunostained 

for CD31 and GFAP, as well as F-Actin and DAPI stained, to identify vessel formation, as well as 

astrocyte and pericyte orientation around vessel structures, shown in Figure 1.6e. Reverse 

transcriptase polymerase chain reaction (RT-PCR) was used to quantify tight junction formation 

and ECM deposition with different co-culture conditions. Permeability assays were also completed 

with 10 kDa and 40kDa FITC-dextran tracer to compare co-culture conditions. This model 

demonstrates biomimetic cellular interactions and the importance of co-culture in BBB 

permeability, though is lacking due to limited abilities to drive flow through vascular networks, as 

well as inconsistent vascular network formation and lack of real-time testing capabilities. This 

system would also be very difficult to expand and monitor in a high-throughput fashion for drug 

discovery and pharmaceutical testing applications, though may be useful for basic biology and 

developmental biology exploration. 

 Recently in 2019, Park et al published a paper using the widely used MPS design out of 

the Wyss institute to create a BBB MPS enhanced by hypoxia, illustrated in Figure 1.5d.[16] This 

device uses iPSC-derived human endothelial cells and primary human brain pericytes and 

astrocytes cultured on opposite side of a polyethylene terephthalate membrane with 400 nm pores. 

Immunostaining was used to demonstrate complete endothelial monolayer formation with ZO-1 

tight junction formation in magenta, as well as glucose transporter GLUT1 in cyan, shown in 

Figure 1.6d. After 8 days of culture under hypoxia in a standard culture plate, cells were 

introduced to the microfluidic device and cultured under normal conditions. Permeability assays 
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with dextran tracers, as well as electrical resistance measurements were used to quantify BBB 

selectivity under different conditions. Resistance measurements were made with integrated 

electrodes previously published.[77] Although this device is simple and does not incorporate a 3D 

scaffold or physical cell-cell interactions, it shows the breadth of analysis that can be completed 

Figure 1.6 Cell formation and organization in BBB microfluidic systems. (a) Endothelial cell 

live/dead imaging and astrocyte staining for GFAP on opposite sides of a semipermeable 

membrane.[61] (b) Actin stained endothelial cells, pericytes and astrocytes within a 3D collagen 

scaffold, separated by a semipermeable membrane.[69] (c) Endothelial cells form a monolayer 

within a cylindrical channel, and astrocytes embedded in collagen interact with the endothelial 

barrier.[73] (d) An endothelialized vessel channel forms next to a collagen scaffold without a 

separating membrane.[64] (e) Endothelial cells form a vascular network, interacting with 

astrocytes, within a fibrinogen scaffold.[72] (f) Neural cells proliferate on one side of a 

semipermeable membrane, and endothelial cells form tight junctions on the opposite side of the 

membrane.[16]   
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by a highly validated and manufactured model, specifically due to the iterations that have been 

published with this device design.  

 

1.3 Monitoring MPS with Integrated Sensors 

1.3.1 Methods for Permeability Analysis 

 As outlined when reviewing previously published BBB MPS, cell proliferation and barrier 

permeability is traditionally monitored in devices through brightfield imaging, permeability assays 

using fluorescent molecules, and immunohistochemistry with fluorescent quantification. Cells are 

monitored using brightfield imaging during development as they proliferate and form the tight 

monolayer indicative of vasculature. Additional spread and outward growth of cells populated a 

3D scaffold to create a tissue structure can also be monitored using these methods. Although 

effective for monitoring adherent cells on polystyrene, visibility of cell morphology and count is 

restricted by semipermeable membranes and large 3D structures, making it very difficult to 

determine development progress for MPS. Depending on cell passage number and source, 

proliferation rates and cell morphologies may differ between experimental trials, making it 

necessary to track cell development and shape despite standardized culture procedures. 

 Once the MPS is sufficiently developed, permeability is often tested using fluorescently 

tagged molecules, such as FITC dextran, at a variety of molecular weights. Permeability is defined 

as the rate of molecule movement across a barrier (cm s-1), with a lower permeability indicative of 

a tighter barrier. The fluorescent tracer molecule is often introduced to the perfusion channel, or 

vasculature, and movement into the tissue structure or channel is tracked using a fluorescent 

microscope. Alternatively, if the tissue chamber is 2D, media can be sampled from the basal and 
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luminal sides of the membrane and concentration over time can be determined by measuring 

fluorescence using a plate reader or measured directly with mass spectrometry. There are multiple 

disadvantages of this technique, one being that depending on the shape and visibility of the tissue 

structure, it is often difficult to visualize molecule permeation without complex microscopy 

techniques. Furthermore, photobleaching is a limiting factor to sampling rate and can result in 

falsely low reported permeability. Depending on the wavelength of light required to fluorescently 

trace molecules, cells may undergo DNA and structural damage when repeatedly exposed, 

effecting measured permeability as the cells respond to the light.  

 The clearest way to visualize cell growth and morphology within an MPS is by terminating 

the experiment through fixing, permeabilizing, antibody staining, and confocal imaging the entire 

construct. This allows for quantification of cell location, as well as specific proteins within the 

vasculature monolayer or tissue structure. Tight junction formation, as well as cadherin location 

and complete monolayer verification can be verified using ZO-1, VE-cadherin, and CD31 antibody 

staining. Astrocyte location and activity can be verified using GFAP antibody staining. 

Unfortunately, post facto characterization is very labor intensive and requires hours of preparation 

and incubation, as well as expensive microscopes and user training. Even further, many devices 

can only be characterized after experimentation, resulting in a construct that may not have been 

fully developed prior to experimentation. This method is not sustainable for high throughput 

applications, and only offers a single timepoint for experiment analysis. The labor required for 

such low data output is hard to justify in applications that require many replicates to increase the 

power of the study. Relying on permeability and immunohistochemistry as quantitative outputs 

for analysis of barrier response to pharmaceutical products is not sustainable or feasible for scale-

up.  
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1.3.2 Sensing in MPS towards Scale-Up and Big Data 

 To address these constraints, sensors are integrated into MPS, offering real-time data on 

device development to standardize device operation, as well as collect quantitative data on MPS 

response to treatments and antagonists. As outlined in Figure 1.7, integrated sensors are valuable 

in each stage of MPS development, informing decision making on which raw materials are 

appropriate and standardized for MPSs, as well as if an MPS is properly developed to start 

functional testing, and monitoring outcomes during functional operation.[78] Even further, data 

collected from MPS sensors can be used to inform various levels in the manufacturing and 

operating pipeline, standardizing experimental outputs, and making it possible to extend MPS 

applications outside of the scientific laboratory where the MPS is developed. The MPS pipeline 

and possible key locations for sensing are diagramed in Figure 1.8. Data collection, feedback 

loops, and clear communication between raw material sources, microsystem assembly lines, 

quality control, and final functional testing centers would be vital to sustain MPS operation in a 

high throughput, industry setting. Integrated sensors would prove invaluable for the ongoing 

efforts to translate devices fabricated in academic labs to large-scale industrial use, particularly 

due to the possibility of acquiring big data for complex analysis.[79-81]  

Figure 1.7 Sensors can be integrated to all levels of MPS fabrication, development, and function 

to inform decision making. [78] 
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 Sensors can be introduced at various positions in the operation pipeline, including in-line, 

at-line, on-line, or off-line.[78] In-line and on-line analysis provide data collection in real-time; 

in-line sensors are engineered directly into the MPS, whereas on-line sensors analyze 

automatically collected samples from the MPS. In-line and on-line sensors are integrated sensors. 

At-line and off-line analysis are not real time and require manual sample collection, which is tested 

onsite or at an off-site laboratory, respectively. Of these characterization modalities, in-line and 

on-line sensors provide a means to initiate feedback control of MPS operation, whereas 

information generated from at-line or off-line sensors can only be integrated to pre and post 

operational analyses. Although the in-line characterization of cell and biomaterial products for 

MPSs is actively being explored, robust design criteria and nondestructive monitoring of the 

development and function have not yet been fully realized.[82-86] 

 There are many different in-line sensor designs to target various characteristics in MPS 

development and function, including but not limited to optical, phosphorescent, electrochemical, 

Figure 1.8 Sensors can be integrated to all levels of MPS manufacturing to optimize and 

standardize experimental outputs. [78] 
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and impedance analysis. Target molecules and characteristics range from key metabolites, 

including oxygen, lactate, and glucose, as well as proteins, cellular organization, viability, and 

migration. Different sensing techniques and their applications to monitor MPS development and 

function are outlined in the recently published review paper titled “Monitoring of 

Microphysiological Systems: Integrating Sensors and Real-Time Data Analysis toward 

Autonomous Decision-Making”.[78] 

 In the following discussion and device design, complex cyber-physical systems and the 

monitoring of multiple analytes are not investigated. Rather, new ways for real-time electrical 

monitoring of cell proliferation and viability towards collection big data for neural network 

analysis are explored. Despite these considerations, it is important to consider broad implications 

of sensing techniques and possible ways to design integrated sensors for future research and 

commercial applications outside of an academic research environment.  

 Herein, a system is designed, built, and tested for real-time measurement of MPS 

impedance. This results in the output of large data sets with spatiotemporal resolution to monitor 

device operation and response to injury. With this design, limitations of current sensing systems 

are addressed and improved upon, particularly those for electrical based systems used to 

characterize vascular-tissue barriers.  

 

1.4 Overview 

 If designed to elicit a biomimetic response through incorporating microgeometry and 

relevant cells types, with integrated sensors to monitor such responses, an MPS could offer 

transformative insight to drug discovery, developmental biology research, and pathogen studies. 
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Even further, ease of fabrication and high throughput operation could lead to practical utility in 

the pharmaceutical industry, providing a platform for parallel studies with large data output.  

 Herein, the presented research outlines a new MPS with integrated sensors. Many BBB 

MPS can be created in parallel, with real-time monitoring.  

This dissertation is outlined below: 

• Chapter One provides a literature review of existing BBB MPM, as well as outlines 

potential applications of MPS technology in preclinical drug discovery. Key considerations 

made in designing MPS, such as material selection, cell selection, and microfluidic 

components, are outlined and areas for improvement are highlighted.   

• Chapter Two outlines the synthesis and characterization of the photocurable polymer, 

GelMA, used in creating BBB MPS. The utility of bioderived, processible scaffolds is 

demonstrated. Furthermore, the highly tunable nature of GelMA is demonstrated by 

synthesizing GelMA from raw materials originated from different animal sources, as well 

as demonstrating extremely different stiffness for materials polymerization with the same 

chemistry but at temperatures above or below the sol-gel transition point.  

• Chapter Three outlines how fluid dynamics in microchannels can be leveraged to fabricate 

tissue structures using photocurable polymers. Fabrication methods and hardware design 

for stop-flow polymerization of tissues within microchannels is described and validated. 

• Chapter Four involves integrating human cells into Y-shaped channels using the system 

described in Chapter Three. A complete BBB MPS is formed without semipermeable 

membranes. The vascular channel within the BBB MPS is exposed to shear forces and 
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permeability is assessed using tracer molecules. Parallel fabrication of four devices 

simultaneously is demonstrated, proving high-throughput potential. 

• Chapter Five presents a microelectrode array used to collect in-line impedance 

measurements within the MPS described. The hardware and software engineered to 

multiplex between 60 electrodes for two-point measurements is described. Proof of concept 

operation is demonstrated using conductive fluids, as well as cells embedded in a 3D 

GelMA matrix and adherent cells on the electrode surface.  

• Appendix A provides supplemental information for the material characterization described 

in Chapter Two. 

• Appendix B provides supplemental information for the BBB MPS device design and 

testing described in Chapter 3 and Chapter 4. Key observations and failed attempts are 

illustrated. 

• Appendix C outlines previous version of the microelectrode array hardware setup, as well 

as the MATLAB code used to create impedance heatmaps. 

• Appendix D described three collaborative experiments involving human cell culture. 
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Table 1.1 BBB MPS literature review. 

Author Year Membrane? 3D? Scaffold Vessel Channel Dimensions Endothelial cell type Glial cell type TEER Electrodes TEER (Ω cm2) 

Prabhakarpandian 

et al. [59]  

2012 No No N/A 100 μm x 200 μm RBE4 rat brain cell line Astrocyte Conditioned 

Media 

N/A N/A 

Booth et al. [61] 2012 Yes No N/A 200 um x 2mm b.End3 mouse brain 
endothelial cell line 

C8-D1A mouse 
astrocyte cell line 

Integrated 
electrodes 

50-400 

Yeon et al. [74] 2012 Yes No N/A 25 μm x  >> 25 μm HUVEC astrocyte conditioned 

media 

N/A N/A 

Griep et al. [67] 2013 No No N/A 100 μm x 500 μm hCMEC/D3 cell line N/A Integrated 

electrodes 

10-120 

Brown et al. [69] 2015 Yes Yes Collagen 100 μm x 6.2 mm hBMVEC Primary human 

pericytes and 

astrocytes, neurons 

differentiated from 

hiPSCs 

Electrodes in inlet 

and outlet 

Relative 

Kim et al. [62] 2015 No Yes Collagen 235 μm or 360 μm lumens b.End3 mouse brain 
endothelial cell line 

N/A N/A N/A 

Sellgren et al. [63] 2015 Yes Yes Collagen 150 μm x 1mm b.End3 mouse brain 

endothelial cell line 

C8-D1A mouse 

astrocyte cell line 

N/A N/A 

Xu et al. [57] 2016 No Yes Collagen 200 μm x 400 μm primary rat BMEC primary astrocytes Electrodes in inlet 

and outlet 

100-1500 

Walter et al. [58] 2016 Yes No N/A 200 μm x 200 μm hCMEC/d3 or primary 

rat BMEC 

Primary rat astrocytes 

and pericytes 

Integrated 

electrodes 

5-200 

Herland et al. [73] 2016 No Yes Collagen 600 to 800 µm lumen hBMVEC 

Human brain vascular 

pericytes and human 

astrocytes N/A N/A 

Bang et al. [55] 2017 No Yes Fibrinogen Spontaneously formed 

Vascular network in gel 

HUVEC Primary rat cortical 

neurons and astrocytes, 

human lung fibroblasts 

N/A N/A 

Adriani et al. [56] 2017 No Yes Collagen 190 μm x 920 μm HUVEC, hCMEC/D3 Primary rat cortical 

neurons and astrocytes 

N/A N/A 

Wevers et al. [64] 2018 No Yes Collagen 400 μm x 220 μm  TY10 human 

endothelial cell line 

hBPCT human pericyte 

cell line, nAst human 

astrocyte cell line 

N/A N/A 

Campisi et al. [72] 2018 No Yes Fibrinogen Spontaneously formed 

Vascular network in gel 

human iPSC hBMVEC Human brain vascular 

pericytes and human 
astrocytes 

N/A N/A 

Vatine et al. [70] 2019 Yes No N/A 200 μm x 1 mm BMVEC from iPSC, 

Primary hBMVEC 

Neural Cell from iPSC, 

Primary Astrocytes and 

Pericytes 

Integrated 

electrodes 

1000-1500 

Lauranzano et al.  

[65] 

2019 Yes No N/A 200 μm x  >>200 μm hCMEC/D3 cell line SVG p12 or primary 

human astrocytes 

N/A N/A 

Park et al. [16] 2019 Yes No N/A 200 μm x 1 mm human iPSC hBMVEC primary human 

pericytes and 

astrocytes 

Integrated 

electrodes 

25-100 
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CHAPTER TWO 

RHEOLOGICAL CHARACTERIZATION OF GELATIN METHACRYLOYL 

2.1 Introduction 

 To leverage stop-flow lithography for in situ fabrication of a scaffold structure, a 

photocurable polymer is required. Most photocurable polymers are synthetic, lacking critical 

biological adhesion molecules and characteristics for the dynamic interaction of embedded cells 

with surrounding matrices. Therefore, to create a 3D BBB MPS, a biologically derived 

photocurable polymer is required. Despite presenting favorable characteristics for cell integration, 

bio-derived polymers still must be tuned to fit the needs of the embedded cell type chosen. Herein, 

the tunability of GelMA is demonstrated by using different raw material sources for GelMA 

synthesis, as well as adjusting available crosslinks and processing temperatures. This study is 

critical for determining the optimal scaffold formulation to be used to create a BBB MPS.  

The native extracellular matrix (ECM) is comprised of many macromolecules, providing a 

tissue-specific environment for cellular interaction, function, differentiation, and proliferation.[87] 

The most abundant protein present in ECM is collagen, characterized by large triple-helix fibrils 

key for structural support, as well as bioactive peptide sequences for cell adhesion and 

proliferation.[88] Furthermore, collagen plays a role in cell differentiation and regulation, 

suggesting the integration of collagen into bio/synthetic matrices may be critical to achieve 

physiologically accurate tissue function.[89, 90] Unfortunately, collagen is neither easily sourced, 

chemically-modified, nor processable. Modification of collagen is primarily limited by availability 

of accessible functional groups, e.g. free amines, thus requiring more complex modification 

strategies to generate the desired macromers.[91-94] Collagen exhibits thermal gelation 

reversibility, limited mechanical strength, batch-to-batch variability, and high cost. To address 
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these disadvantages, collagen triple helices can be broken down into smaller molecules. Gelatin—

the product of hydrolyzing collagen—is a single strand biopolymer containing lysine groups, 

presenting free amines, that can be modified to create a processable biopolymer.[95] Gelatin 

methacryloyl (GelMA), a.k.a. gelatin methacrylate or gelatin methacrylamide,  is a methacrylate-

functionalized gelatin that can undergo free radical polymerization.[96-98]. The mechanical 

properties of GelMA are tunable by changing the crosslink density via controlling the degree of 

substitution (DS) during synthesis, changing the weight percent solids in the desired hydrogel, 

amount of thermal or photoinitiator, and processing conditions, such as temperature or radiation 

dose. Basic mechanical properties of thermally gelled and photocured GelMA have been 

characterized and typical GelMA moduli lies within a suitable range for tissue engineering (<100 

Pa to 30 kPa ).[96, 99-101]  

 Gelatin obtained via hydrolysis of collagen sourced from different animals are known to 

have different physical and chemical properties.[102-104] The most widely used gelatins for 

GelMA synthesis is derived from bovine and porcine collagen, though cold-water fish derived 

gelatin has been explored for temperature sensitive applications due to its much lower melting 

point.[105-107] Gelatin is hydrolyzed from collagen through acidic, alkalitic, or enzymatic 

methods. Type-A gelatin is obtained through acidic hydrolyzation of collagen, and Type-B gelatin 

originates from alkalitic hydrolysis.[102] Treatment processes can affect final properties of gelatin 

and GelMA, resulting in a range of physico-chemical properties and available functional groups 

for modification.[108, 109] Type A gelatin has been reported to have more free carboxyl groups 

and a higher isoelectric point compared to type B. Porcine skin gelatin is most commonly type A 

and bovine skin gelatin is most often type B. Gelatin from different animal sources is also reported 

to have different amino acid contents, molecular weights, and isoelectric points.[105, 108] These 
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characteristics have been analyzed in raw gelatin, comparing porcine, bovine, and piscine 

originated materials.[108, 110] Mammalian gelatin is well characterized, exhibiting Bloom 

strengths, higher amino acid compositions, and higher molecular weights when compared to cold 

water fish gelatin.[110] Furthermore, when comparing mammalian gelatin from porcine and 

bovine sources, porcine gelatin has higher glycine and proline content, as well as higher gel 

strength.[108] Most gelatin characterization is motivated by applications in the food science field 

as an additive, stabilizer, or clarifying agent.[95, 111] Studies directed toward modified gelatin for 

tissue engineering applications are distributed across many reports, though information on raw 

gelatin remains valuable as many raw gelatin properties are conserved in GelMA. 

 Processing and operational temperature also play important roles in the mechanical 

properties of GelMA hydrogels. GelMA, like gelatin, undergoes physical gelation at a sol-gel 

transition temperature. When gelatin is cooled below the gel point, it undergoes a conformational 

transition from a coiled polymer to a helical collagen-like structure.[112-114] Weak hydrogel 

bonds form between gelatin and water, creating a disorganized nest of partial helices and trapped 

water. This gel will revert to solution once heated above the transition temperature. Although 

gelatin hydrogels have mechanical properties that would be appropriate for a 3D tissue 

engineering, applications are limited due to the material returning to liquid form at human core 

body temperatures (37○C).  

 By comparison, GelMA hydrogels can maintain favorable physical properties across a 

wider temperature range, due to the presence of irreversible covalent crosslinks. As GelMA 

hydrogel properties are highly process dependent, reports of the mechanical properties are poorly 

consolidated and vary due to processing variables such as gelatin source, synthesis methods, 

concentration, polymerization temperatures, etc.[96-98, 100, 103, 115-118] GelMA undergoing 
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physical gelation followed by chemical crosslinking has been described previously by Rizwan et 

al. as a method to fabricate stiff, patterned substrates for use in corneal tissue engineering.[119] 

This group briefly reported mechanical properties of physical and chemically crosslinked 

‘GelMA+’ synthesized from type A gelatin with unreported Bloom strength. They used 

compressive testing to confirm an 8-fold increase in mechanical strength as compared to chemical 

crosslinking alone, testing GelMA concentrations of 10 wt% and higher with 0.5 wt% Irgacure 

2959 photoinitiator. Zaupa et al. also reported an increase in compressive modulus upon physical 

and chemical crosslinking, including a 15-fold increase for bovine-derived GelMA with a 220 g 

Bloom strength at a 10 wt% concentration with 0.2 wt% Irgacure 2959 photoinitiator.[90] 

Compressive modulus of materials physically and chemically crosslinked were also assessed at a 

40 wt% concentration with 0.5 wt% Irgacure for applications in creating microspheres for cell 

experiments.[120] Most recently Park et al. demonstrated the temperature effects on the 

mechanical properties of GelMA, specifically analyzing Type A porcine-derived GelMA with a 

300 g Bloom strength and a 60% DS.[121] All reported measurements by Park et al. were made 

with 35 wt% concentration hydrogels, which exceeds commonly demonstrated ranges for 3D cell 

cultures and bioprinting. Many prior reports investigate dual crosslinking at high concentrations 

(>10 wt%), which is not particularly useful for embedded cell proliferation and organization in 

vitro. Low concentration GelMA, around 5%, with lower DS has been reported to better support 

embedded cell proliferation, sprouting, and network formation, particularly for vasculature cells. 

[97, 101] Accordingly, to expand that report a range of GelMA concentrations and sources are 

investigated that are more suitable to 3D cell culture and bioprinting. Other methods for enhancing 

mechanical properties of GelMA have been reported, primarily by adding additional materials for 
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reinforcement. Examples include PEG-derivatives, bioglass, graphene oxide, alginate, and even 

raw gelatin.[116, 122-127] 

 Herein, the unique properties enabled by physical gelation by coordinating thermal and 

chemical crosslinking are leveraged to achieve both physically and covalently crosslinked GelMA 

hydrogels. When GelMA is chemically photopolymerized while in the gelled state, otherwise 

temporary complex structures and hydrogel bonds are ‘locked in’ by chemical crosslinks. 

Therefore, a stiffer hydrogel is formed, with physical and chemical crosslinks conserved at body 

temperature. This phenomenon may explain variations in reported GelMA mechanical properties, 

as consistent temperature conditions are not always reported in published studies. Furthermore, 

coordinated physical and chemical crosslinking is utilized to pattern and engineer scaffolds with 

variable mechanical properties, but homogenous materials. The rheological properties of GelMA 

hydrogels with coordinated physical gelation and chemical crosslinking are characterized at low 

concentrations suitable for tissue engineering scaffolds. The ability to tune mechanical properties 

of GelMA is demonstrated in three ways: varying available crosslinks, raw gelatin animal source, 

and temperature at crosslinking. Thermal processing and photolithography are also used to pattern 

GelMA and analyze the morphology of human dermal fibroblasts (HDFn) in response to varying 

scaffold stiffnesses. Lastly, the effects of thermal processing of GelMA on the proliferation of 

integrated cells are analyzed using the sprouting and expansion of embedded tissue spheroids.  

 Through characterizing the mechanical properties of GelMA synthesized with different 

raw materials sources and degrees of substitution, as well as polymerized at different temperatures, 

the many metrics that must be taken into consideration when using GelMA for biomedical 

applications are explored. Even further, the utility of tuning these metrics to elicit different cellular 

responses are explored for both adherent and embedded cells. 
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2.2 Characterization of Gelatin Properties and GelMA Degree of Substitution 

2.2.1 Chemical Properties of GelMA From Different Animal Sources 

 The chemical and physical properties of raw gelatin from different animal sources has been 

reported, and a wide range of mechanical properties have been achieved.[108, 110, 111, 118] 

Particular attention has been paid to the difference between cold-water fish and mammalian 

derived gelatins.[110, 111] Not only are differences apparent in the rheological properties, but also 

in amino acid composition, Bloom strength, and isoelectric point. This information for the most 

common gelatins is provide in Table 2.1. Bloom strength is a metric to define the strength of a 

gel, defined as the weight in grams required to depress a plunger into a gelatin sample by 

Figure 2.1 GelMA undergoes (a) only chemical gelation via crosslinking in the presence of 

Irgacure 2959 photoinitiator and UV light above the thermal gel point, (b) only physical gelation 

when cooled below the gel point, and (c) coordinated physical gelation and chemical gelation via 

crosslinking when cooled below the gel point and exposed to UV light in the presence of Irgacure 

2959 photoinitiator. 
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4mm.[128] Gelatin must be cooled at 10°C for 16-18 hours prior to a Bloom test. Cold-water fish 

gelatin does not gel at 10°C, therefore Bloom Strength is not reported. Each gelatin source varies 

in color, opacity, powder consistency, and solubility (data not shown). Characteristics specific to 

origin and processing method for multiple GelMA types and degrees of substitution are 

quantitatively demonstrated by colorimetric assays to quantify available primary amines and 

parallel plate rheology for mechanical property characterization. A key feature differentiating 

mammalian derived GelMA from cold-water fish derived GelMA is the ability to form reversible 

physical gels at temperatures above 10°C, which can be exploited to tune the physical properties 

of GelMA hydrogels. ‘Locking in’ of the physical networks that are typically only present below 

the sol-gel transition temperature is demonstrated by successive chemical crosslinking  

via photocuring, diagramed in Figure 2.1. The rheological and swelling properties of GelMA 

hydrogels that underwent coordinated physical gelation and chemical crosslinking were compared 

to those just photocured. The application of the coordinated crosslinking technique was 

demonstrated with human cells cultured on 2D patterned gels, as well as proliferation and 

migration from embedded tissue spheroids.  

 

 

Source Type 
Hydrolysis 

Method 
Bloom 

strength 
Molecular 

Weight 
Isoelectric 

point 

Porcine Skin* A Acid 300 g 50-100 kDa 7.0-9.0 
Bovine Skin* B Lime 225 g 40-50 kDa 4.7-5.0 
Cold-Water 

Fish Skin* 
A Acid n/a 60 kDa 6 

*Information provided by Millipore Sigma 
 

Table 2.1 Chemical properties and Bloom strength varied for each animal source depending on 

hydrolysis method and resultant GelMA type. 
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2.2.2 GelMA Synthesis 

 One of the key advantages of using GelMA is the simple one-pot synthesis protocol used 

to react gelatin and methacrylic anhydride, allowing large batch processing and avoiding complex, 

multi-step synthesis. GelMA was synthesized as previously reported.[127] Gelatin from porcine 

(Millipore Sigma, Type A, 300 g Bloom), bovine (Millipore Sigma, Type B, 225 g Bloom), or 

cold water fish (Millipore Sigma) was dissolved in 1X PBS at 1 g gelatin per 10 mL 1X PBS at 

60ºC. After gelatin dissolved, temperature was cooled to 50ºC and methacrylic anhydride 

(Millipore Sigma) was added per three reaction conditions. Briefly, these were defined by the ratio 

of methacrylic anhydride to gram of gelatin: 750 μL g-1, 375 μL g-1, and 93.75 μL g-1. These 

reaction conditions and subsequent GelMA samples are referred to as ‘High’, ‘Mid’, and ‘Low’ 

degrees of substitution, respectively. The reaction was continued for 4 hours at 50ºC. The reaction 

was stopped by adding equivalent volume of 1X PBS. The solution was dialyzed in distilled water 

using dialysis tubing with a molecular weight cutoff of 12-14 kDa (Spectrum) at 40ºC for 7 days, 

with deionized water changed daily. GelMA was frozen at 80ºC overnight and lyophilized for 5 

days. The final product was stored at 4ºC until use.  

 

2.2.3 Quantification of GelMA Degree of Substitution 

 A conventional 2,4,6-trinitrobenzene sulfonic acid (TNBSA) assay was used to quantify 

free primary amines in raw and modified gelatin. GelMA, gelatin, and Bovine Serum Albumin 

(Millipore Sigma) were dissolved in 0.1 M sodium bicarbonate (VWR) at pH 8.5 at 400 µg mL-1 

and diluted to 200, 150, 100, 50, and 20 µg mL-1 with 0.1 M sodium bicarbonate (NaHCO3). 

Glycine (Millipore Sigma) was dissolved at 20 µg mL-1 and diluted to 15, 10, 5, 2, and 0 µg mL-1 

with 0.1 M NaHCO3. Each solution was tested in triplicate with 100 µL per well in a 96 well plate. 
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TNBSA (Sigma) was diluted to 0.01% with 0.1 M NaHCO3 and 50 µL was introduced to each 

well. Reaction continued for 2 hours at 37ºC. Reaction was stopped by adding 50 µL of 10% 

sodium dodecyl sulfate in deionized H2O and 25 µL 1 N HCl to each well. Absorbance was 

measured at 420 nm and 335 nm using a Biotek Synergy H1 microplate reader to determine 

available primary amines. Each tested condition was replicated (n = 9). Statistical analysis included 

t-test comparisons with a p-value of 0.05. Error bars are plotted as the standard deviation. 

 For raw gelatin samples from different animal sources, porcine had the most available free 

amines and piscine had the least available free amines, shown in Figure 2.2b. Available primary 

amines may be attributed to processing technique, Bloom strength, and molecular weights of raw 

gelatin. It has been previously reported that GelMA with different Bloom strength from different 

suppliers has differing lysine content, identifying a direct correlation between Bloom strength, 

lysine content, and crosslinking extent.[129] 

 GelMA was synthesized with different amounts of methacrylic anhydride, referred to as 

‘Low’ (93.75 μL MA, or 0.63 µM MA, per g Gelatin, ‘Mid’ (375 μL MA, or 2.5 µM MA, per g 

Gelatin) and ‘High’ (750 μL MA, or 5.0 µM MA,  per g Gelatin). DS was calculated from the ratio 

of free amines in modified gelatin and raw gelatin. DS increases for increasing amount of 

methacrylic anhydride, except for piscine GelMA, which showed similar DS for the medium and 

high amount of methacrylic anhydride, shown in Figure 2.2a. The maximum DS for piscine 

GelMA was determined to be around 75%. Furthermore, considering porcine and bovine GelMA 

consisted of similar degrees of substitution for reaction condition and the available free amines 

were highest in porcine GelMA, porcine GelMA must consist of the most available groups to be 

covalently crosslinked at the same reaction conditions. This finding is consistent with rheological 

data collected. The range of DS is relatively small in this study, with the lowest DS higher than 
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25%, as compared to other studies which report DS as low as 7%.[98, 130] Very low DS GelMA, 

at a low concentration, will not reach an extent of crosslinking necessary to form a solid gel to 

support cell culture or micropatterning; therefore, DS values tested were restricted to those in 

which a free-standing hydrogel could be formed.  

 

2.3 Rheological Properties of GelMA Hydrogels from Different Animal Sources 

2.3.1 Rheological Protocol for Analyzing of UV Crosslinking Kinetics 

 A parallel plate rheometer with an integrated UV source was used to study the crosslinking 

kinetics of GelMA from different animal sources. GelMA samples were prepared by first 

dissolving 0.5 wt% 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone photoinitiator 

(Millipore Sigma), also referred to as Irgacure 2959, in deionized water at 50°C. Each GelMA 

condition was dissolved at 5 wt% in Irgacure 2959 solution at 50°C. Some samples were incubated 

at 37°C prior to testing. Cold samples were prepared by pipetting a 1 mL solution into a 20 mm 

diameter acrylic cylinder surrounded by tape and allowed to gel at 4°C for at least an hour. Piscine 

samples were not pipetted into a mold prior to testing due to lack of gelation. Crosslinking kinetics 

were determined using a TA Instruments Discovery Series Hybrid Rheometer HR-3 with the 365 

nm UV LED accessory. Calibration was performed before use with a Silver Line radiometer. 

Measurements were collected with a 20 mm upper aluminum plate and a 20 mm acrylic bottom 

plate, allowing light to crosslink the GelMA samples from the UV LED accessory below. Liquid 

samples were tested with a gap size of 300 µm, gel samples were tested with a gap selected when 

a normal force was sensed with the loaded sample, between 1300 and 1500 μm. Samples were 

exposed to UV light at an intensity of 5 mM cm-2 for 300 seconds, with a constant frequency of 1 

Hz and strain at 1%. After polymerization, a frequency sweep was performed from 0.1 Hz to 10 
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Hz at 1% strain. Storage moduli measurements were compared by averaging modulus across the 

frequency sweep. Curing times were determined by calculating the second derivative of the storage 

modulus (G’) curve during polymerization. Gel points were determined by determining when 

tan(δ) = 1. For data that did not have a crossover point, gel point was identified when tan(δ) is at 

a maximum. All measurements were collected at ambient room temperature, though tested 

immediately after removing from incubation temperature. All measurements were completed in 

triplicate (n = 3). Statistical analysis included t-test comparisons with a p-value of 0.05. Error bars 

are plotted as the standard deviation. 

 

2.3.2 Crosslinking kinetics of GelMA derived from different animal sources  

The crosslinking kinetics of GelMA from each animal source at Low, Mid, and High DS 

was measured using a parallel plate rheometer with UV curing accessories. The GelMA samples 

were photocured at 5 mW cm-2 for 300 seconds. GelMA samples were tested at a concentration of 

5 wt% with 0.5 wt% Irgacure 2959 photoinitiator. This concentration was chosen due to the 

favorable embedded cell properties at low weight percent GelMA, allowing cell outgrowth and 

sprouting depending on cell type.[97, 131-133] High weight percent hydrogels often result in 

limited cell migration and proliferation, longer degradation times, limited remodeling, and poor 

bio-integration. Before curing, samples were stored at 37 ○C, as to be in a sol phase. Upon exposure 

to UV light, samples cured over time as demonstrated by the increasing storage modulus (G’), 

shown in Figure 2.3. Using this data, curing times were calculated at different degrees of 

methacrylation, determined as the inflection point for each sample where the rate of the of increase 

in the storage modulus (G’) begins to decrease, shown in supplemental Figure A.5b. The longer 

the curing time, the longer it takes for the material to polymerize, which is a critical parameter for 
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3D tissue engineering and bioprinting. Gel points, traditionally defined as the intersection of the 

storage modulus (G’) and  storage modulus (G’’) (tan(δ) = 1), were also calculated, shown in 

Figure A.5a though curing points are important to consider to determine time necessary to achieve 

a solid scaffold that is free-standing, defined the end of the curing process, and can support 3D cell 

culture. It was observed that piscine GelMA had longer curing times at all degrees of substitution 

Figure 2.2 (a) DS significantly increases with increasing amount of methacrylic anhydride reacted 

with raw gelatin, except for cold-water fish GelMA that reached a maximum DS around 75%. (b) 

Free amines available on raw gelatin differs depending on animal source and Bloom strength, with 

porcine gelatin possessing the freest primary amines, and piscine gelatin possessing the least. 

Statistical analysis included t-test comparisons with a p-value of 0.05 (n=9). Error bars are plotted 

as the standard deviation. 
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compared to porcine and bovine GelMA. It was also found that for bovine GelMA, the curing time 

was longest for the lowest DS. Curing time is important to consider when utilizing biopolymers 

for cell suspensions and scaffolds. Most 3D bioprinters operate in a UV intensity between 0 and 

30 mW cm-2. Moreover, 3D bioprinters that additively generate structures, i.e. consist of many 

consecutive layers cured using a flood lamp, require fast curing materials to limit the radiation 

dose delivered to the resident cell populations. To maintain bioprinting capability and cell viability 

with reasonable curing times, it is important to rapidly polymerize scaffolds at low light intensity. 

Using the same measurement technique, the curing times necessary for samples at increasing UV 

intensities were calculated. For all tested GelMA compositions, curing times are achieved in less 

than 30 seconds when cured at 30 mW cm-2, shown in Figure 2.4a, Figure 2.4b, and Figure 2.4c 

for low, mid, and high DS, respectively. Low DS piscine gels took longer than 30 seconds to cure 

Figure 2.3 GelMA synthesized from (a) porcine gelatin, (b) bovine gelatin, and (c) cold-water fish 

gelatin was photo-cross-linked (λ =365 nm) on a parallel plate rheometer at room temperature with 

5mW cm-2 intensity for 5 minutes after incubation at 37oC to determine crosslinking kinetics. 

GelMA samples were tested at high, mid, and low DS. Storage modulus (G’) measurements were 

used to compare material strength across conditions. Data represents the average Storage modulus 

(G’) across three replicates. 
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when exposed to UV light at less than 25 mW cm-2. For all other GelMA compositions, curing 

time was longer than 30 seconds when UV light intensity was below 15 mW cm-2.  

2.3.3 Storage moduli of GelMA from different animal sources 

 Storage moduli for GelMA synthesized from porcine, bovine, and cold-water fish gelatin 

sources were measured over a range of frequencies using a parallel plate rheometer. After curing 

using a UV rheometer accessory, a frequency sweep was performed from 0.1 Hz to 10 Hz at 5% 

strain at room temperature. All GelMA samples demonstrated consistent storage modulus (G’) 

measurements across the entire frequency sweep, shown in supplemental Figure A.2. Storage 

modulus (G’) values were averaged across frequencies and compared to determine changes in 

mechanical properties across GelMA samples from different animal sources and degrees of 

substitution, shown in Figure 2.5a, Figure 2.5b, and Figure 2.5c for porcine, bovine, and piscine 

GelMA, respectively. Storage modulus (G’) data agreed with TNBSA measurements, 

demonstrating that more available crosslink groups results in gels with a higher storage modulus 

(G’). For all degrees of substitution, porcine GelMA had the highest storage moduli compared to 

Figure 2.4 Cure points for GelMA synthesized from different animal sources and (a) low, (b) mid, 

and (c) high degrees of substitution were determined based on crosslinking kinetics. Cure points 

were used to determine polymerization times with different UV intensities for all conditions, useful 

for defining printability of each material. The green region highlights gel points that require less 

than 30 seconds of UV Exposure, a metric important for ‘bioprintability’ and micropatterning. 

Error bars are plotted as the standard deviation (n≥3). 
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other animal source. High and mid degrees of substitution did not have significant changes in 

storage modulus (G’) for porcine GelMA, and both were significantly higher than porcine GelMA 

with the lowest DS. Bovine GelMA did not have significantly different storage moduli with 

different degrees of substitution, suggesting available methacrylate groups effects time to gel but 

not final mechanical properties for GelMA. Piscine GelMA had the lowest storage moduli for all 

degrees of substitution, with non-significant differences in storage moduli for high and mid 

degrees of substitution, and the lowest storage modulus (G’) of all the samples for the low DS gels. 

Consequently, crosslinking kinetics and final material properties are different for GelMA from 

different animal sources and with different degrees of substitution. 

 

2.4 Rheological Characterization of Dual Crosslinked GelMA 

2.4.1 Coordinated Physical Gelation and Chemical Crosslinking in GelMA 

 Free-radical photopolymerization of GelMA results in chemical crosslinks between 

methacrylamide and methacrylate groups on the gelatin backbone.[134, 135] This randomly 

organized crosslinking strategy results in hydrogels that have proportionally stronger mechanical 

properties with higher available crosslinks, controlled by the DS during synthesis or the available 

free amines for modification in raw gelatin.[98] Storage modulus (G’) is highest for GelMA 

hydrogels with the highest DS. When crosslinked above the sol-gel transition temperature, these 

covalent crosslinks are the determining factor for final mechanical properties. When below the sol-

gel transition temperature, gelatin undergoes physical gelation, where the gelatin backbone 

attempts to reorient into a partially coiled collagen-like structure. This is characterized by a mixture 

of coil-like structures, as well as random weak hydrogen bonds between gelatin backbones. This 

gel will revert to liquid upon heating above the transition temperature in gelatin. Interestingly, 
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GelMA demonstrates gelation much like raw gelatin, but available methacryloyl groups allow both 

coordinated physical and chemical crosslinks. This results in a final gel that maintains physical 

crosslinks due to backbone proximity being conserved by chemical crosslinks. With rheological 

frequency sweeps collected as described previously, it is demonstrated that GelMA photocured at 

Figure 2.5 GelMA synthesized from (a) porcine gelatin, (b) bovine gelatin, and (c) cold water fish 

gelatin was photo-crosslinked (λ =365 nm)  on a parallel plate rheometer at room temperature with 

5mW cm-2 intensity for 5 minutes after incubation at 4oC to determine crosslinking kinetics of 

materials with both physical and chemical crosslinks. Data represents the average Storage modulus 

(G’) across three replicates. GelMA samples were tested at high, mid, and low DS. Storage 

modulus (G’) measurements of physical crosslinks alone were compared to that of coordinated 

physical and chemical crosslinks for (d) porcine GelMA, (e) bovine GelMA, and (f) piscine 

GelMA. Statistical analysis included t-test comparisons with a p-value of 0.05 (n=9). Error bars 

are plotted as the standard deviation. 
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4○C degrees (after physical gelation) has up to an 8x higher storage modulus (G’) compared to 

chemical crosslinking alone, even when restored to room \ temperature (approximately 23○C), 

shown in Figure 2.6a, Figure 2.6b, and Figure 2.6c for porcine, bovine, and piscine GelMA, 

respectively. Porcine GelMA hydrogels remain stronger than bovine GelMA hydrogels, consistent 

with rheological data of chemical crosslinking alone, which is as expected considering porcine 

gelatin has both a larger Bloom strength and more available groups for chemical crosslinking. 

Piscine GelMA hydrogel’s mechanical properties are the same regardless of polymerization at 

37○C or 4○C because physical gelation does not occur. Differences in mechanical strength due to 

DS is conserved when polymerized after physical gelation. Porcine GelMA trends were consistent, 

with GelMA consisting of higher degrees of substitution possessing a higher mechanical strength 

Figure 2.6 Storage modulus (G’) was compared for samples polymerized hot (37°C) and cold 

(4°C) for (a) porcine GelMA (b) bovine GelMA and (c) cold water fish GelMA. Generally, storage 

modulus (G’) increases with increasing DS. Porcine GelMA had higher storage moduli compared 

to samples synthesized from other sources and cold-water fish GelMA had the lowest. These 

measurements correlated to Bloom strength of raw gelatin. The trends noted for chemical 

crosslinking alone were conserved for dual crosslinked GelMA. Except for cold-water fish gelatin, 

which does not undergo physical gelation, GelMA samples demonstrated much higher storage 

moduli when dual crosslinked compared to chemical crosslinking alone. Statistical analysis 

included t-test comparisons with a p-value of 0.05 (n=9). Error bars are plotted as the standard 

deviation. 
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under coordinated crosslinking. Bovine GelMA with coordinated crosslinking also demonstrates 

mechanical properties that are not significantly 

different for samples with different degrees of substitution. Initial storage moduli for porcine and 

bovine GelMA is between 100 and 1000 Pa due to physical gelation of the sample prior to testing, 

shown in Figure 2.5d, Figure 2.5e, and Figure 2.5f for porcine, bovine, and piscine GelMA, 

respectively. Although increased DS results in stronger gels after chemical crosslinking, samples 

that are only physically gelled exhibit the inverse response. GelMA with higher degrees of 

substitution result in softer gels when only undergoing physical gelation. This may be due to 

methacrylate groups impeding random physical bonds, causing a weaker network in GelMA with 

higher degrees of substitution.  

 

2.4.2 Swelling properties of GelMA  

Crosslink density and molecular weight between crosslinks is directly correlated to water 

content in a hydrogel, effecting the diffusion of nutrients and the mesh size, which impacts cell 

Table 2.2 Molecular weight between crosslinks was determined for each GelMA DS and 

polymerization temperature. The change in molecular weight between crosslinks between 

GelMA polymerized at 37°C and 4°C was determined for each gelatin source.  

 

Source 

Polymerizatio

n 

Temperature 

Molecular Weight (𝑴𝒄
̅̅ ̅̅ ) between Crosslinks (Da) 

∆ 𝑴𝒄
̅̅ ̅̅  

High DS Mid DS Low DS 

Piscine 37°C 16394 22846 24548 
2439 (10%) 

4°C 23013 23285 24805 

Bovine 37°C 16021 to 19077 15370 to 18162 16060 to 19134 
8092 (88%) 

4°C 8433 to 9210 8597 to 9406 9332 to 10292 

Porcine 37°C 15383 to 22219 15289 to 22024 17060 to 25896 
13563 

(223%) 4°C 4909 to 5444 4978 to 5529 7208 to 8422 
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migration and adhesion.[136, 137] Swelling properties were used to determine the molecular 

weight between crosslinks (𝑀𝑐
̅̅ ̅̅ ) for GelMA from different animal sources and with different 

degrees of substitution, shown in Figure 2.7. To determine GelMA swelling ratio, each GelMA 

condition was dissolved at 6 wt% with 0.5 wt% Irgacure 2929 in deionized H2O at 50 ºC. GelMA 

solution was added to each well of a 12 well plate at 1 mL per well and cooled (4ºC) or heated 

(37ºC) for at least 1 hour. Cooled samples were photocured on ice for 180 seconds at 10 mW cm-

2. Heated samples were photocured for 180 seconds at 10 mW cm-2. Deionized H2O was added to 

each well and incubated for 24 hours at 37 ºC to remove uncrosslinked material and reach 

equilibrium water content. Samples were removed from PBS, blotted with an absorbent pad, and 

weighed using an analytical balance. Samples were frozen samples overnight at -80 ºC and 

lyophilized for 24 hours. They were then weighed again using an analytical balance. Each 

condition was testing in triplicate. Statistical analysis included t-test comparisons with a p-value 

of 0.05. Error bars are plotted as the standard deviation. Swelling ratio (q) was calculated using 

the weight of the swollen gel (Ws) and the weight of the dry gel (Wd) with Equation 1: 

q =  
ws

wd
         (1) 

GelMA polymerized at 37 ○C demonstrated higher swelling ratios than those calculated for GelMA 

polymerized at 4 ○C, except for piscine GelMA which remained the same, shown in Figure 2.7a, 

Figure 2.7b, and Figure 2.7c for porcine, bovine, and piscine GelMA, respectively. The 𝑀𝑐
̅̅ ̅̅  was 

calculated using Equation 2 derived from the Theory of Rubber Elasticity: 

 

𝑀𝑐
̅̅ ̅̅ =  

1

(
𝐺

𝑐𝑅𝑇𝑄−1
3⁄

) + (
2

𝑀𝑛
)

           (2) 
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Using the measured shear modulus (G) and volumetric swelling ratio (Q), the defined 

concentration (c) and molecular weight (Mn) of GelMA, as well as the universal gas constant (R) 

and absolute temperature (T), the 𝑀𝑐
̅̅ ̅̅  can be determined for each GelMA condition. While the 

Theory of Rubber Elasticity may not fully-describe the cross-linking and gelation mechanism of 

the described system, it has been used previously to describe 𝑀𝑐
̅̅ ̅̅   in thermally-gelled gelatin [138-

140] and to quantify the 𝑀𝑐
̅̅ ̅̅  in covalently-crosslinked GelMA and other covalently-crosslinked 

hydrogels.[141-144] Further exploration of the synergistic or interfering effects of concurrent 

covalent and physical crosslinking may offer valuable insight into the fundamental development 

of GelMA hydrogels and may be explored in future efforts. Herein, the calculated 𝑀𝑐
̅̅ ̅̅   from both 

rheological and swelling characterization are reported for GelMA hydrogels derived from different 

animal sources and processed at different temperatures. Molecular weight values for samples from 

different animal sources were provide by the supplier based on Bloom strength, shown in Table 

2.1. The molecular weight between crosslinks were higher for GelMA polymerized at 37 °C 

compared to GelMA polymerized at 4°C, shown in Table 2.2. Photocuring porcine gelatin under 

hot conditions resulted in a greater than 200% increase in 𝑀𝑐
̅̅ ̅̅ . For the same conditions, bovine 

GelMA exhibited an 86% increase. Piscine values were similar with only a 10% change calculated 

between processing temperatures. These calculations confirm that porcine and bovine GelMA with 

coordinated physical and chemical crosslinking have shorter molecular weight between crosslinks, 

increased crosslink density, and reduced mesh size, resulting in less swelling. This dense network 

contributes to much higher storage moduli when compared to samples chemically crosslinked 

alone, suggesting that GelMA that undergoes consecutive physical gelation and chemical 

crosslinking increases crosslink density, even when heated to a temperature above the sol-gel 

transition temperature.  
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2.4.3 Effect of Processing Temperature During Chemical Crosslinking of GelMA 

The rheological properties of photocured porcine GelMA was characterized under a 

temperature sweep from 4°C to 50°C to investigate the effect of processing temperature on the 

subsequent properties of the GelMA hydrogels. Specifically, the presence of reversible physical 

gelation of GelMA after photocuring was investigated, shown in Figure 2.8. Porcine GelMA 

samples were prepared at 5 wt% with 0.5 wt% Irgacure 2959 in a 6 well plate, with 2 mL 

unpolymerized GelMA introduced in each well. Samples were polymerized for 5 minutes with a 

UV lamp (Dymax) at 10 W cm-2. GelMA samples were polymerized after at least an hour of 

equilibration at either 37ºC or 4ºC. Temperature sweeps were collected using StressTech 

Rheometer (ATS Rheosystems) with a Peltier plate temperature system and 20 mm serrated 

parallel plate accessory. Measurements were made by holding strain and frequency constant at 5% 

and 1 Hz, respectively, and sweeping temperature from 50 ºC to 4 ºC. Samples equilibrated at the 

Figure 2.7 Swelling ratios for (a) porcine GelMA (b) bovine GelMA and (c) cold water fish GelMA were 

directly correlated to storage modulus (G’), as demonstrated by reduced swelling for samples polymerized 

cold (4○C) and increase swelling for samples polymerized hot (37○C). Statistical analysis included t-test 

comparisons with a p-value of 0.05 (n=9). Error bars are plotted as the standard deviation. 



51 

 

initial temperature for 5 minutes prior to testing and equilibrated at each set temperature for 60 

seconds. All measurements were completed in triplicate. Error bars are plotted as the standard 

deviation. A significant change in storage modulus (G’) was observed across the temperature 

sweep for all GelMA hydrogels, and for all GelMA hydrogels, photocuring at 4°C created GelMA 

hydrogels increased the storage modulus (G’) at all temperatures. For comparison, the percent 

change in the storage modulus (G’) between the peak temperature (50°C) and minimum 

temperature (4°C) were calculated. GelMA hydrogels created from materials with low DS 

exhibited the greatest difference in storage modulus (G’) across the temperature sweep. For Low 

GelMA hydrogels photocured at 4°C and 37°C, the change in storage modulus (G’) was 21% and 

81%, respectively. A similar trend was exhibited for both the Mid and High GelMA hydrogels. 

Figure 2.8 Rheological measurements were collected sweeping from 4°C to 50°C for porcine 

samples at (a) low, (b) mid, and (c) high degrees of substitution. GelMA polymerized at 4°C is 

shown in blue and GelMA polymerized at 37°C is shown in red. GelMA with physical crosslinking 

alone and the lowest DS showed the highest change in storage modulus (G’) between set 

temperatures, while the GelMA with the highest DS showed the lowest change in storage modulus 

(G’). GelMA crosslinked cold showed less change in storage moduli with differing temperature 

compared to GelMA crosslinked at a warmer temperature. Data represents the average Storage 

modulus (G’) across three replicates. 
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This effect is attributed to the conserved ability for the GelMA hydrogels to undergo reversible 

physical gelation. Specifically, in GelMA hydrogels that have coordinated physical gelation and 

chemical crosslinking, i.e. photocured at 4°C, the initial physical gelation “pre-organizes” the 

GelMA and a lesser variation in storage modulus (G’) is exhibited. Furthermore, increasing the 

DS reduces the storage modulus (G’) difference across the temperature sweep for GelMA 

hydrogels that have coordinated physical gelation and chemical crosslinking. This may be 

attributed to the higher degree of substation, i.e. increased crosslink density, acting as an 

irreversible means to “lock in” the physically gelled state; therefore, lesser re-organization occurs 

during the temperature sweep. In contrast, in GelMA hydrogels that do not have coordinated 

physical gelation and chemical crosslinking, i.e. photocured at 37°C, there is an inverse 

relationship between DS and change in storage modulus (G’) across the temperature sweep. This 

supports the reasoning that the lower crosslink density for low DS hydrogels increases the degrees 

of freedom for the GelMA to form a physical gel. Overall, GelMA conditions with coordinated 

gelation and crosslinking show a lower change in storage moduli over the frequency sweep when 

compared to samples with chemical crosslinking alone.  

 

2.5 Adherent and Embedded Cell Response to GelMA Material Properties 

2.5.1 Human Dermal Fibroblast Morphology on Porcine GelMA 

 Scaffold mechanical properties play a key role in cellular proliferation, differentiation, 

adhesion, and migration. Tissues have different storage moduli, ranging from 0.5 to 20000 kPa for 

fat and bone, respectively.[145, 146] One way to characterize cellular response to substrate 

stiffness is through determining morphological patterns and cytoskeletal organization. HDFn 

response to GelMA stiffness was observed, modulated by temperature at crosslinking. HDFn actin 
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structure distribution and proliferation rates have been shown to vary depending on scaffold 

properties.[147-149] HDFns were seeded on polymerized porcine GelMA scaffolds and 

morphological properties were quantified to demonstrate a cellular response to substrate stiffness. 

High DS porcine GelMA at a low concentration of 4 wt % were used for this analysis.  

 To prepare GelMA samples for experiments with adherent cells, GelMA was cured 

between sterile PDMS and a glass coverslip, using #1 glass coverslips as spacers to achieve gel 

thickness of approximately 150 µm. High DS GelMA and photoinitiator was dissolved in 1X 

sterile PBS at 4 wt% and 0.5 wt%, respectively. Just 25 μL GelMA solution was pipetted between 

PDMS and coverslip, with coverslip spacers, and chilled for 15 minutes at 4ºC to allow gelation. 

Using a photomask on transparency paper, gels were patterned at an intensity of 60 mW cm-2 for 

60 seconds. Gels were then heated to 5ºC for 5 minutes, and then flood exposed to UV without the 

mask for 60 seconds at 60 mW cm-2. Gels were covered in Dulbecco’s Modified Eagle Medium 

(DMEM) with 10% fetal bovine serum and 1X antimycotic/antibiotic in a 37ºC incubator with 5% 

CO2 and 100% humidity prior to cell seeding. The same protocol was followed for un-patterned 

gels, with only the heating or cooling step prior to flood UV exposure. HDFn cells (Lonza) were 

cultured per standard protocol with DMEM with 10% fetal bovine serum and 1X 

antimycotic/antibiotic in a 37ºC incubator with 5% CO2 and 100% humidity. Cells were 

trypsinized and seeded on top of gels at a density of 50,000 cells mL-1 in a 6-well plate. After 24 

hours of culture, cells were fixed with 4 w/v% paraformaldehyde, permeabilized with 0.5 v/v% 

Triton-X and blocked with 2 wt% bovine serum albumin. Cells were stained with phalloidin-

iFluor488 (Abcam) and DAPI, and they were imaged using a Zeiss LSM 710 confocal microscope. 

Aspect ratio values were determined using ImageJ software. A threshold was applied to all images 

and then the ‘Measure particle’ function was used to define cell outlines. Aspect ratio 
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measurements are defined as the longest distance of the cell divided by the shortest distance. Cells 

were analyzed at n ≥ 55, imaged from 40X magnification. Statistical analysis included t-test 

comparisons with a p-value of 0.05. Error bars are plotted as the standard deviation. 

Scaffolds polymerized at 4°C possessed coordinated physical gelation and chemical 

crosslinking, resulting in a stiffer scaffold. HDFns seeded on coordinated gelation and crosslinked 

scaffold demonstrated an elongated morphology, shown in Figure 2.9a. Alternatively, HDFns 

seeded on GelMA scaffolds polymerized above the gel point at 50°C, demonstrated a round 

morphology, shown in Figure 2.9b. The morphology of the cells cultured on different scaffold 

stiffnesses were quantified by determining the aspect ratio, where an aspect ratio of 1 described a 

circular cell. Cells growing on the softer surface, polymerized at 37°C, had a significantly lower 

aspect ratio compared to cells grown on stiffer scaffold that was polymerized at 4°C, shown in 

Figure 2.9c. Spatial organization of cells was also demonstrated through patterning scaffold 

Figure 2.9 Human dermal fibroblasts adopted different morphologies depending on matrix 

stiffness. (a) HDFns grown on porcine GelMA polymerized at 4°C showed a longer more fibrillar 

morphology, while (b) HDFns cultured on top of porcine GelMA polymerized at 37°C showed a 

rounder morphology and cytoskeletal organization. (c) HDFns grown on GelMA polymerized at 

4°C had a significantly higher aspect ratio compared to those from softer porcine GelMA scaffolds 

polymerized at 37°C. Cells were analyzed at n ≥ 55, imaged from 40X magnification. Statistical 

analysis included  t-test comparisons with a p-value of 0.05. Error bars are plotted as the standard 

deviation. 
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polymerization at different temperatures using a photomask. A porcine GelMA scaffold was 

cooled to 4°C and polymerized under a striped photomask, heated to 50 °C, and repolymerized 

without a photomask. This resulted in lines of softer GelMA alongside stiffer GelMA, shown in 

Figure 2.10d. The cellular morphologies observed on stiff or soft scaffolds, shown in Figure 2.10, 

can be seen along patterned lines corresponding to crosslinking conditions during photomasking, 

shown in Figure 2.10c. Through these results it is concluded that photomasking with coordinated 

gelation and crosslinking is a suitable method for patterning stiff substrates alongside much softer 

substrates without requiring multiple materials.  

 

2.5.2 MDAMB231 Spheroid Outgrowth in GelMA 

  Cells respond to environmental conditions much differently when adherent in 2D 

compared to embedded in 3D.[150] Adherent cells grown on 2D surfaces tend to polarize and 

spread depending on substrate properties and form planar protein adhesions to the culture surface. 

Alternatively, in 3D cultures cells have no prescribed polarity and can spread in any direction 

Figure 2.10 (a) Longer and thinner HDFn morphologies on stiffer gels and (b) rounder HDFn 

morphologies on softer gels were observed in (c) porcine GelMA scaffolds patterned using 

lithography and temperature differences. (g) Brightfield images show clear lines between stiff 

GelMA polymerized at 4°C and soft GelMA polymerized at 37°C. 
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depending on available adhesion proteins and chemical gradients. Due to the highly dynamic 

nature of 3D culture, and tendency for cells to migrate and spread, scaffold considerations are 

much different in 3D compared to 2D cultures.  Cells embedded within scaffolds are limited in 

size, shape, and proliferation capabilities depending on the matrix material properties, crosslinks, 

bioactive groups, and water content. Without the conditions necessary for cell invasion and 

proliferation into a scaffold, cells will remain spherical and will not interact with the surrounding 

matrix to provide a dynamic tissue structure despite maintaining high viability.[97] Cellular 

response to surrounding matrices are of importance when designing scaffold structures for tissue 

engineering or bio-integration applications. Despite GelMA possessing RGD groups, which allow 

cells to integrate and adhere to the scaffold, without the appropriate porosity, water content, and 

mechanical properties, dynamic integration of cellular networks will not be achieved. Even further, 

optimal environments for cell proliferation varies depending on cell type and desired application. 

Some cells prefer softer matrices, while others display peak activity in matrices with stiffer and 

denser fibers.[151, 152] The tunable nature of GelMA depending on raw material source, DS, 

concentration, and processing temperatures suggests broad applications in tissue engineering, as 

long as the both sourcing and processing parameters are defined to achieve the desired material 

properties. To demonstrate embedded cell activity dependence on scaffold properties, 

MDAMB231 spheroids were embedded inside of porcine and cold-water fish GelMA with 

different degrees of substitution and temperature at crosslinking. MDAMB231 cells are human 

epithelial mammary adenocarcinoma cells that will invade surrounding matrices when cultured 

into spheroids. MDAMB231 spheroids were created using the liquid overlay technique described 

previously.[153]  In short, MDAMB231 mammary cancer cells (ATCC) were cultured in DMEM 

with 10 % fetal bovine serum and 1X penicillin streptomycin. Round bottom, cell-repellant 96 
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well plates were seeded with 100 μL suspension solution with 10,000 MDAMA231 cells. 

Suspension solution consisted of cell medium supplemented with 3.5 w/v% Matrigel®. Cells were 

cultured for 3 days in a 5% CO2, 100% humidity incubator at 37°C. After the culture period, 

spheroids were removed from the well plate, pooled, centrifuged to produce a pellet, and washed 

with cell medium. Spheroids were suspended at a concentration of 1 spheroid per 25 μL media. 

Each GelMA condition was dissolved in phosphate buffered saline at 10 wt% with 1 wt% Irgacure 

photoinitiator. GelMA solution was combined with spheroid solution at a 1:1 ratio to achieve 1 

spheroid per 50 μL solution containing 5 wt% GelMA with 0.5 wt% photoinitiator. GelMA 

solutions containing spheroids were pipetted into single wells of a 16-well chamber slide or 96-

well plate at 75 μL per well to achieve at least one spheroid per well. GelMA solutions were 

polymerized at an UV intensity of 10 mW cm-2 for 120 seconds. The GelMA samples containing 

spheroids were covered with 100 μL cell media. Medium was replaced every 48 hours after 

seeding. After 4 days of culture, spheroid viability was tested by adding calcein AM and ethidium 

homodimer-1 to each well to achieve a final concentration of 2 µM and 4 µM, respectively. Cells 

were incubated for 1 hour at 37°C. Images were collected using a Nikon TE 2000E inverted 

fluorescent microscope with a mechanical stage, and Micro-manager software. [154] Spheroids 

were imaged to observe morphology and sprouting by first fixing with 4% paraformaldehyde for 

30 minutes, followed by permeabilization with 0.5 v/v% Triton-X for 10 minutes. Cells were 

stained with phalloidin-iFluor488 (Abcam) and DAPI and imaged using a Zeiss LSM 710 confocal 

microscope. Fifty z-stack imaged were collected of each spheroid, and max projected for analysis. 

Spheroid size was determined from fluorescent images manually using ImageJ software. 

Quantification of brightfield images was also achieved using ImageJ software. The ‘Find Edges’ 

function was used to determine edges of spheroids, and then a profile plot of the normalized 
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integrated intensities from the center of the spheroid was calculated using the Radial Profile plugin. 

Statistical analysis included t-test comparisons with a p-value of 0.05. Error bars are plotted as the 

standard deviation. Spheroids were analyzed at n ≥ 3.  

 Using radial profile measurements, GelMA scaffold effects on spheroid core size were 

compared, measuring cell aggregates in the center of the spheroid without measuring the cells 

sprouting outward or detached. The radius of the spheroid core is identified as maximum intensity 

radius from integrated radial profile measurements, shown in supplemental Figure A.8. Spheroid 

size immediately after embedding in GelMA varied depending on GelMA properties, with stiffer 

gels generally resulting in larger spheroids, shown in Figure A.10. The largest spheroids were 

embedded in porcine GelMA polymerized at 4°C. After four days of culture, spheroids were fixed, 

stained, and imaged to determine core size and outgrowth. Spheroid viability was confirmed using 

live/dead stain (Figure S9). Spheroid core decreased in size for stiffer gels, such as porcine GelMA 

polymerized cold, shown in Figure A.10b. It is known that compressive stresses will prevent 

spheroid growth due to volume constraints, an effect observed with various spheroid and scaffold 

types.[155-158] The least growth was observed in porcine GelMA polymerized at 4°C, where the 

scaffold radially shrank over time.  

 GelMA contraction was assessed by first dissolving GelMA and photoinitiator in 1X PBS 

at 5 wt% and 0.5 wt%, respectively. Solutions were pipetted into a 96 well plate at 100 µL per well 

and polymerized after incubation for 25 minutes at 37°C and 4°C. Additional 1X PBS was added 

on top of polymerized GelMA at 100 µL per well and incubated at room temperature for 44 hours 

followed by a 27 hour incubation at 37°C. Diameter was measured by taking brightfield images 

using a Nikon TE 2000E inverted fluorescent microscope with a 1X objective, and quantifying 

with ImageJ software. Samples were tested in triplicate. Statistical analysis included t-test 
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comparisons with a p-value of 0.05. Acellular porcine GelMA with high DS polymerized at 4°C 

in a well plate exhibited a 28.7 ± 2.1% decrease in scaffold diameter 3 days after crosslinking. 

When polymerized at 37°C there was a 12.7 ± 0.54% decrease in scaffold diameter 3 days after 

crosslinking, significantly less collapse than samples polymerized at 4 °C. The exhibited scaffold 

collapse, when polymerized at 4°C may be attributed to the subsequent breakdown of the physical 

bonds formed during gelation.  

 Embedded spheroid outgrowth, sprouting, and proliferation is dependent on the material 

properties of GelMA, shown in Figure 2.11. Spheroids embedded in matrices with the highest DS 

did not sprout into the surrounding matrix, and spheroids in the weakest matrix also demonstrated 

no invasion. Spheroid invasion was observed in GelMA with storage moduli roughly between 

1100 and 400 Pa. The most invasion was observed with spheroids embedded in porcine GelMA 

Figure 2.11 MDAMB231 human mammary spheroids were cultured within GelMA scaffolds with 

difference animal sources, degrees of substitution, and polymerization conditions. Phalloidin and 

DAPI stains were used to determine cell invasion into surrounding matrix. Stiffer matrices resulted 

in minimal spheroid outgrowth, which matrices with storage moduli between 1100 and 400 Pa 

demonstrated invasion into the surrounding matrix. The GelMA with the highest and lowest 

storage modulus (G’) demonstrated minimal invasion into the surrounding matrix. Optimal cell 

proliferation was realized in hydrogels will storage moduli between 400-800 Pa. 
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with low DS polymerized at 37°C, which has a storage modulus (G’) of on average of 723 Pa. 

Several publications report storage moduli greater than 5,000 Pa, primarily in GelMA with 

concentrations greater than 10 wt%.[98, 100, 130, 159] Although the physical properties of high 

concentration GelMA often result in materials that are easier to process, improving printability for 

3D printing and micropatterning applications, they are unlikely to support dynamic cell 

proliferation and spreading for embedded cell populations. Consideration of animal source, DS, 

and temperature at polymerization is critical to ensure desired response of embedded cells for 

tissue engineering and 3D printing applications.  

 

2.6 Considerations for GelMA Use in Tissue Engineering  

 3D scaffolds are a key element of bioprinting and tissue engineering, providing a 

biomimetic or bioactive environment where cells exhibit in vivo characteristics. Popular scaffolds, 

such as Matrigel® and isolated collagen, are biocompatible, bioactive, and biodegradable, but are 

limited by small ranges of processing temperature, mechanical tunability, and available 

modification chemistries. Easily processible scaffolds, such as polyethylene glycol (PEG) and 

polysaccharide derivatives, natively lack bioactive components necessary for cell integration. 

GelMA offers both the desired bioactivity and tunable processing parameters to achieve the 

necessary material properties for micropatterning, printing, and 3D cell culture. 

 To contribute a guide for selection of GelMA synthesis and processing conditions, it has 

been shown that animal source material of raw gelatin and the order of thermal processing steps 

effects the ultimate mechanical and functional properties of GelMA. This may be due to the 

method of hydrolysis, Bloom strength, molecular weight, and available primary amines. Gelation 

of raw gelatin can also be leveraged to achieve storage modulus (G’) eight times higher than 
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traditional crosslinked GelMA by coordinating physical gelation with chemical crosslinking. 

Coordinated physical gelation and chemical crosslinking can be used to pattern scaffolds to 

spatially align materials with different mechanical strengths but the same bulk chemical properties 

using photomasks. Even further, these scaffolds can be used to culture cell types that prefer stiffer 

surfaces while avoiding solubility issues that arise when attempting to achieve similar stiffnesses 

through adjusting concentration alone. Unfortunately, when not properly considered, this 

phenomenon also results in undesirable material outcomes. GelMA is increasing in popularity for 

3D printing applications, particularly due to its biocompatibility, native groups for cell adhesion, 

and photocuring ability. Despite these advantages, GelMA often does not have the viscosity 

required for optimal bioprinting at concentrations that allow cell integration and proliferation. 

Many bioprinting companies recommend adjusting material properties by cooling GelMA, 

inducing gelation and therefore a ‘more printable’ material. This may account for variations in 

expected cellular interactions with the printed matrix due to an increase in final storage modulus 

(G’) and molecular weight between crosslinks, as well as issues with repeatability in print quality. 

Our findings suggest more care needs to be taken when choosing GelMA animal source and 

polymerization temperature for tissue engineering applications, while also offering a new and 

exciting alternative to composite materials in applications where stiff scaffolds are desired. 

Nonetheless, GelMA is a suitable material for integration into the BBB MPS. To further support 

embedded cell outgrowth in the BBB MPS, as well as ensure material durability to applied shear 

stresses, an additional synthetic scaffold is integrated with the GelMA polymer, to be discussed in 

Chapter Four.  
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CHAPTER THREE 

MICROPHYSIOLOGICAL SYSTEM DESIGN AND VALIDATION 

3.1 Introduction 

 In the following chapter, the necessary design considerations for achieving stop-flow 

lithography for the UV polymerization of a photocurable scaffold flowing alongside a non-

polymerizing PBS solution are described. This technique leverages well defined characteristics of 

fluid dynamics at the microlevel, allowing us to engineer micro-scaffolds in situ, therefore 

avoiding complex microfluidic assembly with semi-permeable membranes. Other devices 

leveraging laminar flow profiles and/or stop-flow lithography are described, including applications 

ranging from the fabrication of many microparticles with unique shapes and material 

characteristics to partitioning microchannels for cell studies. This is the first reported application 

of stop-flow lithography for rapid fabrication of MPS.  

 Photolithography and soft lithography used to fabricate microfluidic channels is described, 

as well as the hardware required to polymerize scaffolds in situ. Justification for using these 

techniques is outlined based on previous literature and fluid dynamics at the microscale. Complete 

planar scaffold formation is verified using light microscopy, demonstrating the formation of 

parallel laminar flow profiles before polymerization, as well as confirming the profile is conserved 

after UV exposure and ceasing flow. Uniform scaffold polymerization in the z-direction is verified 

using fluorescent tracer molecules and nanospheres. Lastly, feasibility of simultaneous parallel 

laminar flow profile formation in multiple devices with shared inlets is demonstrated with the 

described workflow. A clear understanding of fluid dynamics in microchannels, hardware 
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reliability, and confirmation of complete scaffold formation with the described hardware is critical 

leading up to complete MPS fabrication using human cells in Chapter Four. 

 

3.2 Laminar Flow in Microchannels at Low Reynolds Numbers 

 The BBB-MPS is fabricated in situ by exploiting laminar flow in a microfluidic channel, 

and rapid photopolymerization of a hydrogel scaffold. This fabrication technique is uniquely 

enabled by fluid dynamic properties at the micro-level. The fluid dynamics of a system can be 

defined through determining the Reynolds number, a dimensionless number that represents the 

Figure 3.1 Schematic diagram of laminar versus turbulent flow in a microchannel with two inlets 

and one outlet. Laminar flow is characterized by parallel flow lines running down the channel 

width. Turbulent flow\consists of overlapping and chaotic flow lines, resulting in solution mixing 

down the channel length. The Reynold’s number is used to define if a flow will be laminar or 

turbulent, with Reynold’s numbers lower than 2300 resulting in laminar flow profiles, and those 

higher than 4000 resulting in turbulent flow profiles. 
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ratio of viscous and inertial forces of a fluid within a channel.[160] The Reynolds number (Re) of 

fluid in a cylindrical pipe is defined as: 

𝑅𝑒 =  
𝜌 𝑣 𝑑ℎ

𝜇
 

where p is density, v is velocity, dh is hydraulic diameter, and μ is viscosity. To calculate the 

Reynolds number of a fluid running through a rectangular channel, the hydrodynamic diameter 

can be calculated using the following equation: 

𝑑ℎ =  
2 𝑤 ℎ

(𝑤 + ℎ)
 

where w is the channel width and h is the channel height. The Reynolds number can be used to 

define the flow regime of fluid streams in a channel. Flow within a microchannel are often 

characterized as laminar or turbulent, as illustrated in Figure 3.1. Laminar flow is defined by 

uniform parallel streamlines that do not mix, apart from passive diffusive mixing. Flow profiles 

are laminar if the Reynolds number is less than 2300. With Reynolds numbers much larger than 

2300, turbulent flow is expected, characterized by chaotic mixing and converging streamlines. 

Laminar flow can be achieved when fluid density, fluid velocity, and/or channel dimensions are 

low, or the fluid is very viscous. In the case of microfluidics, low Reynolds numbers can be 

achieved with low viscosity solutions (like water or cell media) by controlling velocity and channel 

size. Reynolds numbers in microfluidic channels with various relevant dimensions and flow rates, 

calculated using the density and viscosity of water at 20°C, are shown in Table 3.1. At the standard 

channel dimensions used throughout Chapter Three and Chapter Four of 500 μm width by 200 μm, 

a flow rate of 48.3 mL min-1 results in a Reynolds number of 2300 with turbulent flow. At the 

standard flow rate of 25 μL min-1, channel dimensions of 180 nm width by 180 nm height results 
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in a Reynolds number of 2300 with turbulent flow. Transient regions that result in suboptimal flow 

profiles at Reynolds numbers as low as 500. Laminar flow is also known as Stokes flow, or 

creeping flow, where the velocity profile is described as the linearization of the general Navier-

Stokes equations for an incompressible fluid. The Navier-Stokes equations are: 

{

𝜕𝑢

𝜕𝑡
+ (𝑢 ∙ ∇)𝑢 =  −

1

𝜌
∇𝑝 + 𝑣∇2𝑢 + 𝑓

∇ ∙ 𝑢 = 0

 

where u is the fluid velocity field, p is the pressure field, and f is the external acceleration field. 

Derivation of Reynolds numbers, as well as numerical description of a flow regime as derived 

from the Navier-Stokes equations, has been extensively explored, particularly as it pertains to fluid 

dynamics in microchannels.[161, 162] 

 Other critical fluidic parameters that are considered in the described microfluidic device 

include shear stress and fluidic resistance. The calculation of shear stress, as well as physiological 

effects of shear stress on endothelial cells, are discussed in detail in Chapter Four. Fluidic 

resistance is important to consider due to repeated perfusion of fluid through the microchannel, 

especially with regards to the initial wetting of the channel. The higher the fluidic resistance, the 

more pressure required to flow fluid through a channel.  Much like how Ohm’s law defines the 

Table 3.1 Reynolds numbers in microdevices with various geometries and flow rates 

 
Channel Width (µm) Channel Height (µm) Flow Rate (µL/min) Reynolds Number 

500 200 25 1.19 

250 100 25 2.38 

100 100 25 4.17 

500 200 5 0.24 

250 100 5 0.48 

100 100 5 0.83 
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relationship between voltage and current to describe electrical resistance, fluidic resistance, Rf, in 

a channel is calculated using the pressure drop across the channel, ΔP, and the volumetric flow 

rate, Qr. This relationship is proportional, described by the following equation: 

𝑅𝑓 =  
∆𝑃

𝑄𝑟
 

Fluidic resistance can also be predicted using the dynamic viscosity (µ) and channel dimensions 

including channel length, L, with the following equation: 

𝑅𝑓 =  
12𝜇𝐿

𝑤ℎ3
 

Therefore, the fluidic resistance is 0.01 mbar min µL-1 for water flowing through a channel with 

a 500 µm, 200 µm height, and 15 mm length. Besides the internal fluidic resistances calculated 

for the microfluidic channel, the external fluidic resistance caused by tubing and fittings 

including in the pump hardware should be considered. If external tubing for either inlet is 

unequal, fluidic resistance will be unequal, resulting in different flow profiles for converging 

solutions. This observation is discussed in more detail in section 3.4. 

 

3.3 A Review and Analysis of Similar Microfluidic Techniques 

 MPS tissue structures are fabricated in situ by leveraging laminar low in microchannels, 

where two solutions are flowed parallel without chaotic mixing using a Y-shaped microfluidic 

device with two inlets and one outlet. This classic microfluidic design has been used in various 

applications, including lab-on-chip chemical synthesis, microparticle creation, and cell patterning. 

By controlling diffusion rates within the channel, or creating long channels, solutions can be 
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precisely combined to control chemical reactions, often referred to as continuous flow 

microreactors.[163, 164] By adding immiscible solutions downstream, reactions can be carried out 

in individual droplets and drug loaded or Janus particles can be created.[165-167] This technique 

has also been used towards miniaturized biochemical assays.[168] Even further, through 

controlling regions of the channel exposed to adhesion or hydrophobic molecules, cells can be 

patterned on one side of a channel for chemotactic or mobility studies.[169, 170] This technique 

has even been used to treat Drosophila melanogaster embryos with different temperatures of 

aqueous solutions to elicit different responses in halves of the embryo.[171] Laminar flow in 

microchannels allows the analysis of spatial and temporal effects on cellular species, simplifying 

data collection by reducing the number of experiments required to analyze the same number of 

variables as static studies.  

 

3.3.1 Stop-Flow Lithography for Microparticle Fabrication 

 In the described application, a two inlet Y-shaped channel design is utilized to fabricate 

3D scaffolds in a microchannel. Through flowing free-radical polymerizing hydrogels that can 

support embedded cell growth, as described in the previous chapter, UV light is used to rapidly 

polymerize a cell-embedded scaffold in half the microfluidic channel without the traditional 

membranes and pillars traditionally used to trap scaffolds in a channel for MPS. This method was 

in part inspired by the continuous-flow and stop-flow lithography techniques for polymerization 

of particles in a microfluidic channel, developed by the Doyle group in 2006 and 2007, 

respectively.[172-174] In this technique, a photocurable solution, such as poly(ethylene glycol) 

diacrylate (PEGDA) and a photoinitiator, is flowed through a microchannel using a pressure 

source. For stop-flow lithography, a 3-way valve is used to stop-flow, and an array of particles are 
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polymerized within the microchannel with the use of a UV source, transparency mask, and 

microscope objective, as illustrated in Figure 3.2. Continuous flow lithography operates similarly, 

but without valving, sometimes resulting in ‘smeared’ particles. This technique allows for the 

fabrication of many particles simultaneous, while also permitting unique shapes rather than the 

droplet and circular geometries limited by emulsion or flow-focusing microparticle fabrication 

techniques. This method can be used to create composite particles with unique geometries,[172, 

Figure 3.2 Stop Flow Lithography is used to create microparticles in a microfluidic device. (a) A 

pressure source is used to drive photopolymerizing solution though a microfluidic device, and a 

3-way valve is used to stop flow. Valving and shuttering are used to coordinate UV exposure 

though a photomask and solution flow, preventing particle smearing during polymerization. (b) 

Particle fabrication is demonstrated within the channel, and particles are flushed out of the channel 

once polymerized. [174] 
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175] cell-laden particles,[176] Janus particles,[177] barcoded particles,[178] particles with varied 

material properties,[179, 180] silica microcomponents,[181] and 3D anisotropic particles.[182, 

183] 

 Rather than use this stop-flow technique to fabricate many unique particles, a system was 

engineered where stop-flow lithography is used to polymerize a 3D cellularized scaffold alongside 

a microchannel. This technique does not require a mask for patterning and can be used to create 

many channels with cellularized scaffolds simultaneously. Furthermore, cells specific to 

vasculature can be integrated to the open channel to engineering a complete MPS without a 

physical barrier separating the tissue structure form the blood vessel. Other groups have used 

similar methods to create 3D structures within microchannels, though it is important to note that 

none have done so with photocurable polymers and many applications are motivated towards cell 

motility experiments. Few groups have explored similar methods towards MPS design and 

creation. 

 

3.3.2 Partitioning Channels with Hydrogels Using Laminar Flow  

 The first published report of a 3D scaffold polymerized in a microchannel using laminar 

flow was published by Wong et al. out of George Whitesides’ group in 2008. [184]  Although this 

method also utilized parallel laminar flow streams, photocurable materials were not used to rapidly 

polymerize 3D structure, rather microfluidic channels were partitioned using immiscible PEG and 

Matrigel. These materials have similar viscosities, so they flow parallel in microchannels with 

Reynolds numbers lower than 1 when left on ice. When negative pressure is applied on the outlet 

using a syringe pump, Matrigel or PEG introduced in biopsy punched inlet reservoirs flow parallel 
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through the microfluidic channel. Outlet tubing is cut to cease flow, and the device is immediately 

moved to a 37°C incubator to polymerize Matrigel. Cells are integrated to the scaffold suspension 

before polymerization or introduced to replace the PEG solution post polymerization and to then 

adhere to glass. This device is used to demonstrate partitioning channels and supports high cell 

viability as well as co-culture of adherent and semi-adherent cells. None of the cell cultures used 

demonstrate outgrowth or successful tissue structure formation, instead prove a very simple 

Figure 3.3 Laminar flow is used in microdevices to partition channels with acellular and 

cellularized scaffolds. (a) A collagen solution is flowed alongside a poly(ethylene) glycol solution 

on ice, and rapidly moved to a 37°C incubator to allow collagen polymerization with embedded 

cells. This technique is used to demonstrate cell viability when multiple cell types are cultured in 

proximity.[184] (b) Laminar flow is used to collagen, creating cellularized scaffold structures with 

different dimensions depending on flow rate.[185] 
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method for testing cellular interactions when arranged in proximity, as demonstrated in Figure 

3.3a. Other disadvantages include the lack of flow due to fabrication methods biopsy pumped 

inlets would not allow directed flow. Further, channels are much wider than they are tall, resulting 

in very inconsistent shear forces experienced on walls, not desirable for barrier applications. This 

device also requires one-by-one fabrication, not resolving throughput issues. 

 Similarly, in 2011 Berthie et al., out of David Beebe’s lab, published a paper describing 

laminar flow patterning in a device with multiple inlets and a single outlet used to spatially orient 

3D tissues along a culture channel.[185] This device also includes a pressure channel to 

synchronously load cell laden collagen, describing collagen inlets as capacitors that are charged or 

uncharged depending on the fluids introduced into loading ports. These devices are much wider 

than they are tall, making them not an ideal model for 3D tissue engineering of barriers, but the 

use of mathematical modelling of equivalent circuits is very interesting and could be of use to 

solve some of the parallel flow issues observed in the past. None-the-less applications described 

in this article are limited to patterning 2D cells within a microchannel or precise placement of 3D 

matrices with embedded cells in a scaffold, as shown in Figure 3.3b. Complex structures or 

applications towards MPS are lacking.  

 

3.3.3 Photocuring Materials in Microchannels Towards Tissue Engineering 

 Although not used in tandem with laminar flow fabrication, UV polymerization of 

hydrogels has been utilized in microchannels for the fabrication of cell embedded microstructures. 

Many of these devices result in the desired 3D structures, though disadvantages include complex 
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and low throughput fabrication techniques and poor cell integration within synthetic scaffolds, 

such as PEGDA.[186, 187] 

 Cuchiara et al published a microdevice in 2010 that utilized multilayer PEGDA 

polymerization within a microchannel to create a tissue structure with controlled spatiotemporal 

mass transport.[186] This system had increased cell viability compared to the static alternative, 

demonstrating how diffusion limits effect cell viability. Although this device does incorporate a 

photocurable scaffold within a microchannel, it still requires multiple fabrication steps involving 

replica molding to create a central channel. Even further, cells typically do not integrate well with 

polymer-based synthetic scaffolds, such as PEGDA, and the cell experiments in this paper are 

limited to viability testing in bulk scaffolds. Even after multiple days of culture, cells do not 

interact with the surrounding matrix and appear to be balled up. This device could provide valuable 

information on diffusion gradient requirements for different cell types, though it does not provide 

a valuable method for creating MPS or complex tissue structures.  

  Xu et al was the first to photopolymerize 3D tissue structures with multiple cell types 

within a microchannel.[187] PEGDA microstructures, in the form of small cylinders, were 

polymerized using a photomask and flood lamp or a fluorescent microscope, focusing light through 

a DAPI filter with a 40X objective. Small structures were formed and cultured in multiple 

chambers, with different cell types of interest integrated into different chambers. Unfortunately, 

cells did not proliferate and dynamically interact with the synthetic polymer matrix and complex 

structures with multiple cell types in physical contact were not achieved. This method does suggest 

utility of direct writing with microscopes, suggesting photopolymerizing within matrices can be 

used to create complex structures that withstand shear stress with media changes within 

microfluidic channels.  
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3.3.4 MPS Engineering in Microchannels without Pillars or Membranes 

 Many of the previously discussed devices’ primary application is analyzing cell 

interactions based on proximity and fail to form an MPS-like structure for use in preclinical drug 

discovery rather than basic biology and developmental biology research. Common MPS, as 

discussed in Chapter One, include those that utilize semipermeable membrane, or those that use 

pillars to confine 3D scaffold location. Micropillars work to trap viscous scaffolds in a central 

channel using surface tension, while semipermeable membrane provide a physical barrier between 

vessel and tissue channels.[33, 56, 188, 189] MPS that utilize semi-permeable membranes were 

discussed in detail in Chapter One. Pillar based devices are advantageous due to physical cell-cell 

contact that occurs between the tissue structure and the vessel channel. Disadvantages include 

complex fabrication requirements due to micropillar size, as well as the inability to apply 

consistent shear stress on endothelial cells adhered to tissue due to a meniscus that forms between 

pillars. This lateral meniscus complicates fluid dynamic calculations and practically renders these 

devices useless in applications requiring shear. The lack of pillars in the BBB MPS described 

herein is a major advantage when compared to other MPS. 

 A recent paper with an engineered MPS lacking structural pillars and semi-permeable 

membranes was published by Ugolini et al in 2017.[190] They successfully maintained a cell 

barrier alongside a 3D cellularized scaffold, with physiologically relevant permeability 

measurements, as shown in Figure 3.4c and 3.4d. They also demonstrated device utility for 

observing interactions of multiple cell types in adjacent cellularized scaffolds. Unfortunately, this 

device requires multiple steps of assembly and alignment, creating adjacent scaffolds through 

casting with a PDMS insert, illustrated in Figure 3.4a and 3.4b. Once the first collagen scaffold 

portion is polymerized, the mold is removed, device is bonded to glass, and another scaffold is 
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introduced in the void that was previously occupied by the mold. Pillars are still present on either 

side of the collagen scaffolds due to collagen scaffold fragility. This device is the first example of 

pillarless, membrane-less MPS fabrication, but could benefit from more simple fabrication and 

testing methods.  

 Based on previous studies, it is apparent that there is need for a microfluidic system that 

allows for in situ fabrication of small tissue structures for studying tissue-vasculature barriers in 

high throughput. In the following discussion, design considerations are outlined for fabricating Y-

shaped devices for stop-flow lithography enabled polymerization of a 3D scaffold alongside an 

open microfluidic channel. 

 

Figure 3.4 A membrane-less MPS with a 3D cellularized scaffold alongside a vascularized 

channel is fabricated. Fabrication requires five cast molding steps with many specialized molding 

components. [190] 
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3.4 Microchannel Design and Computational Modeling 

  A novel feature of the proposed Y-shaped channel selected for the MPS system is the 

ability to tune the dimensions of the scaffold structure within the channel. By altering the flow 

rates in each inlet, the interface between the polymerizing and non-polymerizing solutions is 

adjusted to different areas in the channel.[191] This allows for different ratios of vessel-to-tissue 

width, allowing us to change vessel diameter without changing the channel dimensions. To 

determine the effect of fluid-flow rates on the resultant vessel to tissue ratio, computational fluid 

dynamics simulations were run. Models were designed and simulations were calculated with 

COMSOL® Multiphysics (COMSOL 5.2). The simulated device had the following 2D 

dimensions: 5mm Y-channel arm length, 15 mm channel length, and 200 μm channel width. All 

fluids were modelled as incompressible, Newtonian fluids under Navier Stokes conditions. The 

fluid was defined to have the properties of water (density = 1000 kg m-3 and kinetic viscosity = 

Figure 3.5 Computational modeling is used to confirm flow rates differences in a two-inlet device 

results in a shifted interface between fluids of different concentrations. The flow rate ratio can be 

adjusted to achieve desired scaffold width in comparison to a vessel width. [191] 
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0.001 Pa s) at room temperature (23ºC) with a diffusion co-efficient of 10-9 m2 /s. The 

concentrations of the two fluids to be mixed were set as C = 0 mol/m3 and C = 10 mol/m3 at inlet 

1 and inlet 2, respectively. The no slip boundary conditions were set on the walls of the 

microchannel, specified velocity profile on the inlet boundary, and the outlet was set to 0 Pa. Three 

representative flow-rate ratios were selected. Flow-rate ratios of low concentration to high 

concentration solutions were varied from 1:1, 2:1, to 5:1. 

 It is clear in the computational model that by altering the flow rate of the inlets the width 

of the fluid with high solute concentration in comparison to the low solute concentration fluid is 

modulated, as shown in Figure 3.5. When flow rates are equal, the two solutions remain laminar 

and are equidistant from the channel walls. In comparison, with higher flow rate ratios, the high 

concentration solution begins to take up more of the channel. The high concentration solution fills 

62% of the channel for the 2:1 flow rate and 79% of the channel for the 5:1 flow rate. Other ways 

to achieve this modulation is through adjusting tubing length connected to either inlet, or changing 

the viscosity of the solutions, although these methods require more cumbersome fabrication and 

solution preparation steps as compared to simply altering the flow rate. By altering the scaffold to 

vessel ratio in the channel, vessel dimensions can be altered without fabrication of new devices. 

This permits the fabrication of capillary, arteriole, or larger blood vessels in devices with the same 

microfluidic dimensions. Even further, different vessel to tissue ratios can be tested to determine 

optimal cell ratios in co-culture to elicit a desired or physiological response.  
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3.5 Master Mold Fabrication and Device Assembly 

3.5.1 Photolithography Methods for Creating Master Mold.  

Microfluidic Y-devices are fabricated by standard soft lithography techniques. Soft 

lithography is a common method for fabrication of microfluidic devices for biological studies due 

to rapid prototyping capabilities for testing multiple designs, as well as gas permeability of 

polydimethylsiloxane (PDMS), preventing hypoxia. [192] Even further, this fabrication technique 

involves the permanent bonding of PDMS to glass, allowing the final MPS to easily be monitored 

with light or fluorescence microscopy. Using photolithography and custom photo masks, Y-

devices with various dimensions and geometries are fabricated for seeding of tissue structures and 

microvasculature. Photomasks are designed using AutoCAD (Autodesk) and printed at 32-50 

kDPI resolution on 5 by 5 inch transparency film by Fineline Imaging. Photomask design for Y-

devices that are 500 μm in width with 5 mm arm length and 10 mm channel length are shown in 

Figure 3.6b. Other mask designs tested with dimensions ranging from 25 μm to 900 μm width are 

outlined in Appendix B. 

The complete process for microdevice fabrication, including mold photolithography and 

PDMS soft lithography are illustrated in Figure 3.6a. Master molds are created on 4-inch silicon 

wafers using SU-8 2050 resist (MicroChem). In short, wafers are cleaned with isopropanol, dried 

with N2 and oxygen plasma treated for 2 minutes prior to coating with resist using a spin coater. 

Spin coater speed, ranging from 1250-4000 rpm, is used to control resist height depending on 

manufacturer specifications. Device height ranges from 50-350 μm depending on channel width 

and application. Photomasks are trimmed and taped to a 365 nm filter. After coating, wafers are 

soft baked at 100°C for 6-30 minutes and exposed to 365nm UV light through the desired 

photomasks. After UV exposure, wafers are post baked at 65°C and 95°C for 1-5 minutes and 6-



78 

 

12 minutes, respectively. Wafers are developed in SU-8 developer for 5-15 minutes and rinsed 

with acetone, isopropanol, and DI water. Completed molds are then hard baked at 150°C for at 

least 20 minutes. Molds can be reused to make many devices.  

 

 

Figure 3.6 The fabrication workflow to create microdevices in outlined in schematics and photos 

(a) Soft lithography is used to fabricate PDMS devices on glass. (b) A photomask is custom 

designed to create desired microfeatures, resulting in nine devices for each mold. (c) Inlet and 

outlet holes are punch into PDMS and bonded to glass. (d) Image of completed device before the 

tubing is inserted. 
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3.5.2 Device Molding and Assembly 

To create microchannels in PDMS, PDMS elastomer (Sylgard 184 Silicone Elastomer Kit) 

is rigorously mixed with curing agent at a 10:1 ratio. PDMS mixture is poured on top of the SU-8 

mold in a foil boat and degassed in a vacuum desiccator to remove bubbles. The mold with PDMS 

is then moved to a leveled hot plate and ramped up to 70°C for 20 minutes to cure. After curing, 

PDMS is peeled off the SU-8 mold and trimmed to 25mm by 16 mm rectangles using a razor. Inlet 

and outlet holes are punched using an 18-gauge blunt-tip dispensing needle. Dust is cleaned off 

PDMS using transparent scotch tape. PDMS and 1 by 3 inch glass slides are oxygen plasma treated 

for 2 minutes and permanently bonded together. Devices are stored at this step, without tubing, 

until use. Complete devices are shown in Figure 3.6c and Figure 3.6d. These devices are the 

standard dimensions for most experiments, with the primary channel 500 μm wide and 160 μm 

tall. Inlets are offset at 45°C from the center and have the same dimensions as the main channel. 

Each arm is 5 mm long and the center channel is 10 mm long. Circles to guide blunt needle hole 

punching are 1 mm in diameter. 

 

3.5.3 Device Assembly Pre-Scaffold Polymerization 

 Prior to scaffold seeding, device assembly must be completed by adding tubing and 

priming with ethanol and PBS. Tubing is not introduced until this step to permit channel treatment 

with oxygen plasma within 30 minutes of use, making the PDMS more hydrophilic and preventing 

oxygen inhibition of free radical polymerization that occurs at the PDMS surface. [193] The 

surface of microchannel is first treated with oxygen plasma for 10 seconds using a handheld corona 

treater within 1 hour of scaffold polymerization in the channel. Blunt needles (19G) are removed 

from the plastic luer lock by soaking in isopropanol for at least 24 hours. Blunt needles are 
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purchased at a 0.5 inch length and split in half using side-cutting pliers. Metal needle edges are 

reopened using needle nosed pliers. Blunt needle tips, now 0.25 inches, are inserted into channel 

inlets and outlets, followed by connection with Tygon tubing. Tygon tubing is the appropriate size 

to securely fit to 19G needles, with a 0.04 inch inner diameter and 0.07 inch outer diameter. The 

device is flushed with 70% EtOH and all tubing is clamped with pinch valves. Pinch valves 

(McMaster-Carr), also called plastic noncontact flow-adjustment valves, are specified for plastic 

tube outer diameter ranging from 3/32 inch to ¼ inch. Before use, devices are flushed with 1X 

PBS. Leaving one inlet clamped shut, polymerizing scaffold pre-cursor is introduced to the other 

inlet, and clamped shut. This allows the filling of one arm and tubing with polymerizing scaffold, 

while the other arm with tubing remains filled with 1X PBS. Once connected to the pump, scaffold 

or PBS will be pushed through the tubing with PBS in the pump tubing.  

 Scaffold material is dependent on application, with most acellular testing achieved with 

GelMA and Irgacure 2959 photoinitiator, while cellularized scaffolds require a scaffold material 

that better integrates with the cell types if interest. These considerations will be discussed in the 

following chapter. 

 

3.6 Hardware Setup for Scaffold Polymerization 

To achieve stop-flow in the Y-device to preserve the desired flow profile at the time of 

scaffold polymerization, appropriate hardware must be used. This hardware involves valving, 

allowing us to rapidly cease flow. Inlet valving is coordinated to insure one solution does not 

overcome the other in the channel at the time of polymerization. Prior to acquiring the appropriate 

equipment, fabrication was attempted using syringe pumps. This setup involved using two pumps 

simultaneously at either inlet and ceasing flow at the time of polymerization. Unfortunately, there 
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are disadvantages to using syringe pumps in applications that require rapid responses in flow rate. 

One of these disadvantages is a relatively long transient between stop-flow and fluid motion due 

to compression of liquid in the syringe necessary to achieve a pressure drop that controls the flow 

rate in the channel.[194] When flow stops, the liquid decompresses, therefore continuing to push 

solution out of the microchannel and failing to achieve stop-flow. Even further, pulsatile flow is 

often observed at low rate rates in syringe pumps, much like peristaltic pumps, preventing a smooth 

interface between the two inlet solutions. A suitable alternative pumping mechanism to achieve 

rapid stop-flow polymerization is with pneumatic pumping. Through using pressure driven flow, 

transient fluid motion due to compressed liquid is avoided, though small transients can be expected 

due to deformation of boundary walls, such as the deformation that occurs with flexible PDMS 

devices. Some transient flow was observed upon valving due to PDMS, a phenomenon that can be 

avoided in the future through the use of a less deformable microfluidic device, such as cyclic olefin 

copolymer (COC) or polystyrene.[195] PDMS was an appropriate choice for our study due to the 

rapid prototyping capabilities, which are not achievable for plastic devices fabricated via hot 

embossing.  

The pneumatic pump chosen in our hardware set-up is the OB-1 pneumatic microfluidic 

controller from Elveflow (Paris, France). This pneumatic controller is connected to house air 

through a regulator to ensure a consistent pressure source. Multiple pneumatic channels can be 

operated through this pump, controlled via a computer interface, shown in Figure 3.7e. The OB-

1 pneumatic controller is used to drive PBS through PEEK tubing connected in a 50 mL conical, 

typically at pressures between 15 and 25 mbar dependent on channel dimensions. The PEEK 

originates in a specialized conical filled with PBS, which is connected to the OB-1 controller. 

From the conical, the PEEK tubing connects to the multiplexer used for valving. The MUX Cross 
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Chip, also from Elveflow, was selected as the multiplexer flow matrix used to achieve stop-flow, 

shown on top of the UV source in Figure 3.7c. This machine has internal PDMS valves that allow 

stop-flow in 100 ms using the computer interface. This allows us to manually coordinate stop-flow 

Figure 3.7 Stop flow polymerization in Y-devices involves specialized hardware. (a) First PBS is 

driven through open MUX and microfluidic device using a pneumatic pump. (b) The MUX valve 

is closed while the chip is simultaneously exposed to UV light to stop flow and polymerize the 

scaffold. (c) The MUX and UV light source setup. (d) The microdevice is set up on an inverted 

microscope to allow monitoring of the flow profile prior to polymerization. (e) The OB-1 and 

MUX computer interface for controlling flow and valving.  
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and UV polymerization during fabrication. The hardware set-up and flow diagram are illustrated 

in Figure 3.7a and Figure 3.7b. To achieve a laminar flow profile with two solutions running 

parallel in a central microfluidic channel, pressure is applied to a 50mL conical filled with PBS 

and driven through an open valve using PEEK tubing. Using a tee-junction PEEK tubing is equally 

split to both inlets, connected to the device via a PEEK to Tygon tubing adaptor. As previously 

mentioned, the Tygon tubing in the device is preloaded with polymerizing scaffold solution to 

prevent biological material pumping through the hardware set-up, preventing potential 

contamination and biofilm formation within the equipment. By using a tee-junction to split the 

tubing, therefore only requiring one valve for stop-flow, synchronous stop-flow is guaranteed, 

assuring the polymerizing to non-polymerizing solution interface is in the exact center of the 

channel. To engineer different ratios of polymerizing to non-polymerizing solution, as addressed 

in the previous computational models, multiple valving units would be required, or the tubing 

length after the tee junction can be adjusted. To maintain equal flow rates, and the subsequent 

central interface between solutions, all tubing must be identical in length and size. It is also critical 

to ensure there are no bubbles within the tubing, particularly at the PEEK to Tygon tubing adaptor 

interface as this will alter the flow rate at either inlet, therefore effecting the position of the 

interface between solutions in the central channel. The best way to prevent bubble formation at the 

tubing adaptor is by creating a ‘fluid bridge’ between the adaptor and tubing prior to connection. 

This can be done by ensuring a drop of liquid is at the end of the adaptor, and the fluid in the Tygon 

tubing is directly at the edge by pinching the flexible tubing. The solutions are then brought 

together to ensure no bubbles are formed. Many groups choose to use a bubble trap with a PTFE 

membrane, though mindful engineering and assembly proves sufficient for preventing bubbles in 

our system rather than serially incorporating additional components.  
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After achieving laminar and parallel flow, the multiplexer is valved to stop-flow, and the 

device is immediately exposed to UV light, as shown in Figure 3.7b. A BlueWave 200 UV light-

curing spot lamp with an 8mm liquid lightguide from Dymax (CT, USA) is used as the UV light 

source, shown in Figure 3.7c. This liquid lightguide allows us to position the UV source directly 

perpendicular to the device, allowing equal UV exposure intensity along the entire channel. To 

confirm parallel flow in the microfluidic chamber it is ideal to have the device on an inverted 

microscope for monitoring, though this makes positioning the light guide above the device more 

difficult due to microscope components.  As a work-around, the phase condenser is removed 

during polymerization, and instead replaced by the lightguide, as shown in Figure 3.7d. An 

ACCU-CAL 50 radiometer from Dymax (CT, USA) measures UV-A light (230-390 nm) intensity 

and is used to set intensity values to around 40 mW cm-2 for scaffold polymerization. The device 

is exposed to UV for 5 seconds, for a final dosage of 200 mJ cm-2. Once the scaffold has been 

polymerized, inlets and outlets are closed using pinch valves and the device is removed from the 

pump. The tubing connected to the inlet providing the polymerizing solution remains closed for 

the duration of experimentation. PBS solution is removed from the remaining open channel and 

replaced with media or permeability tracer molecules using a syringe with a 19G blunt needle tip, 

controlled by a syringe pump. 

 

3.7 Scaffold Polymerization and Subsequent Flow  

3.7.1 Flow in the Microchannel Before and After Polymerization 

Using the described technique, a polymerized scaffold structure is fabricated along the 

entire length of one half of the microchannel. The polymerized scaffold conserves the geometry 

originally formed due to laminar flow prior to UV exposure. Solution flow before and after scaffold 
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polymerization in the central channel is shown in Figure 3.7. Images were taken using phase 

microscopy with an inverted light microscope (VWR) and an Amscope USB camera. A precursor 

4 wt% GelMA solution with 0.5% Irgacure 2959 photoinitiator solution in PBS was flowed 

through one inlet, while blue dye in PBS was flowed through the other inlet as described 

previously. Sequential flow through the central channel is demonstrated in the following order (1) 

parallel flow of precursor solution and blue dye before UV exposure and (2) blue dye flowing 

through in the remaining open channel after UV exposure, with polymerized GelMA filling half 

the channel. The blue dye begins to diffuse into the GelMA scaffold. Afterwards different colored 

dyes are manually perfused through the open channel using a syringe, in the following order: (3) 

Figure 3.8 Complete scaffold formation in the x and y-directions is confirmed using red and blue 

dye in the following order: 1. precursor GelMA solution flows parallel to blue dye in PBS prior to 

UV exposure. 2. After UV polymerization, tubing the GelMA inlet is clamps and blue dye diffuses 

into the polymerized scaffold. 3. Red dye is introduced to the open channel and diffuses into the 

scaffold. 4. Clear PBS is introduced to the open channel, and the scaffold is now purple due to 

diffusion of blue and red dye.  
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red dye is perfused through the open channel and diffuses into the scaffold and (4) clear PBS 

solution is perfused alongside the scaffold after blue and red dye diffusion. Complete scaffold 

formation is demonstrated, conserving the flow profile of the precursor solution and dye prior to 

UV polymerization.  The scaffold structure is maintained even after the administration of manual 

flow of different dyes. Alternative methods for directing laminar flow in microchannels is shown 

in supplemental Figure B.7. Defects and complications observed during scaffold polymerization, 

as well as additional attempts to create unique MPS, are outlined in Appendix B. 

 

3.7.2 Confirmation of Scaffold Polymerization in the Z-Direction 

Using colored dyes, the scaffold structure is confirmed to be conserved in the x-direction 

and y-direction on an inverted microscope, though it is unclear if full scaffold formation is 

achieved in the z-direction. Using fluorescent tracer molecules and micro-particles, scaffold 

formation is confirmed along the height of the channel, shown in Figure 3.8. As previously 

described, a 6 wt% GelMA scaffold in PBS with 0.2 wt% Irgacure 2959 photoinitiator was 

polymerized in a Y-shaped microfluidic device alongside non-polymerizing PBS. After 

polymerization, the remaining open channel was flushed with 0.25% fluorescein-tagged gelatin 

through one inlet. Fluorescein-tagged gelatin has a molecular weight between 50 and 100 kDa, 

allowing passive diffusion into the GelMA scaffold. After perfusing the remaining channel with 

tagged-gelatin, the channel is then perfused with 0.39 μm red fluorescent nanospheres (2% solids, 

Reagent microspheres). Devices were then imaged on an EVOS fluorescence microscope 

(Thermofisher) using GFP and Texas Red light cubes. The top row in Figure 3.8 shows 

fluorescein-gelatin and red nanosphere diffusion in the channel in green and red, respectively. The 

fluorescein gelatin easily diffuses into the scaffold, while the nanospheres are too large to pass 
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through GelMA pores and instead remains in the main channel. If a gap were to be present in the 

z-direction of the scaffold in the channel, particularly at the scaffold PDMS interface, red 

nanospheres would diffuse into that space. Shown in the bottom row of Figure 3.8, nanospheres 

remained static in the channel for multiple hours after initial perfusion, still not diffusing into the 

polymerized area. The fluorescein-gelatin continued to diffuse into the scaffold, filling the entire 

width of the polymerized GelMA after multiple hours.   

 

3.8 Feasibility Simultaneous Scaffold Fabrication in Multiple Channels 

 One of the key advantages of leveraging stop-flow lithography in the fabrication of MPS 

is the potential to simultaneously fabricate many devices. This would allow parallel operation of 

Figure 3.9 Formation of scaffold in the z-direction is tested using Fluorescein-gelatin (green), 

which diffuses into the polymerized scaffold, and 0.39 µm fluorescent nanospheres (red), which 

are too large to diffuse into the scaffold. Red fluorescent signal is not detected in the scaffold 

region of the channel, confirming the absence of gaps between the scaffold and PDMS wall. 
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many MPS to test multiple drug iterations, dilutions, or physical stimuli.  As previously discussed, 

typical fabrication methods for MPS are very user intensive, requiring multi-step assembly with 

tedious alignment and materials preparation. Some technologies boast parallel testing potential, 

such as those produced by the company Mimetas, though still rely on extensive pipetting into every 

channel individually.[37] These systems also include temperature sensitive scaffolds, requiring 

speedy and uniform pipetting to ensure uniform device geometry and scaffold properties. Even 

further, the Mimetas 96 well devices described by Duinen et al. lack tubing or instrumentation for 

applying shear forces with unidirectional flow, instead relying on a rocking platform to apply 

cyclical shear stress in two directions. The importance of shear stress on cell activity will be 

discussed in the following section. Stop-flow lithography for the fabrication of MPS allows the 

simultaneous in situ fabrication of many scaffolds, as well as subsequent flow to apply shear forces 

and elicit biomimetic cellular responses. In theory, dozens of devices can be fabricated in the same 

amount of time as a single device with flood exposure to UV and tubing connectors.  

 For proof of concept, twelve microfluidic devices were fabricated on a 2 by 3 inch glass 

slide. Device design and assembly is shown in Figure 3.10. SU-8 features on silicon wafers were 

fabricated as described previously, for a final thickness of about 125 µm. The silicon wafer with 

SU-8 features is shown in Figure 3.10a. Single devices have a channel width of 250. The central 

channels are 5 mm long with 2.5 mm long arms. Circles to guide inlet and outlet holes are 1 mm 

in diameter. These devices are half the size of the microfluidics fabricated for other experiments 

outlined to ensure a larger number of channels fits on a single slide for ease of imaging. PDMS 

devices are cast on master molds as described previously, resulting in two 3 by 2 inch PDMS slabs 

per wafer, as shown in Figure 3.10b. Inlet and outlet holes are punched through the PDMS using 

19-gauge blunt needles. Final device is assembled by bonding PDMS to a glass slide after 2 minute 
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exposure to oxygen plasma. The final assembly is shown in Figure 3.10c. Twelve devices can be 

perfused on this assembly, though simultaneous flow in four devices is demonstrated for proof of 

concept. 

 Angled blunt needle tips (90° angle and 19G) were removed from plastic luer lock by 

soaking in IPA for at least 24 hours. Blunt needle tips are introduced to the inlet and outlet of each 

device. Tygon tubing from four devices are connected using three “Y” shaped connectors, resulting 

in a single tubing inlet to perfuse the right arm of all devices. The connection assembly is repeated 

on the left. All tubing lengths are identical to ensure even flow. Tubing is also connected to the 

Figure 3.10 Simultaneous fabrication of multiple devices is achieved through a miniaturized 

assembly. (a) Microstructures were fabricated using photolithography with SU-8 on a silicon 

wafer. (b) PDMS is cast on the SU-8 mold to make two assemblies. (c) The multidevice assembly 

is completed by punching holes into inlets and outlets, and plasma bonding to a 2 by 3 inch glass 

slide.  
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outlet. This assembly is shown in Figure 3.11a. All devices are flushed with 70% EtOH by 

connecting both inlets with another “Y” connector, and inlets and all outlets are closed with pinch 

clamps. Devices are then flushed with PBS. Blue dye in PBS is then perfused through one tubing 

inlet, and red dye is perfused through the other. The inlets are connected to the pneumatic pump 

PEEK to Tygon adaptors as described previously, and fluid is pumped through the device. The 

devices and tubing are equal in size, resulting in equal fluidic resistance throughout the entire 

Figure 3.11 Flow through multiple devices is tested using four microfluidic devices. (a) Three Y 

connectors are used per inlet to connect the assembly to the pneumatic pump and multiplexer. (b) 

Red and blue dye is simultaneously pumped through four microfluidic channels. (c) The laminar 

flow profile with parallel red and blue flow is conserved. 
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assembly, as shown in Figure 3.11b. Therefore, parallel laminar flow is observed in all devices, 

with two dyes interfacing at the center of the channel. One of the devices is shown under 

magnification in Figure 3.11c, demonstrating a parallel laminar flow profile. Further, no chaotic 

or diffusive mixing is observed at the flow interface or along the channel, as the fluid would appear 

purple if that is the case. This technique is used to simultaneously fabricate four cellularized MPS 

in Chapter Four. 
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CHAPTER FOUR 

BLOOD-BRAIN BARRIER MICROPHYSIOLOGICAL SYSTEM FABRICATION AND 

FUNCTIONAL ANALYSIS 

4.1 Introduction 

 As discussed previously, a Y-shaped device is used to align a 3D scaffold alongside an 

open channel, without the membrane or pillars typically found in a tissue-vasculature MPS. A 

photopolymerizing polymer flows parallel to a non-polymerizing solution in a two-inlet device 

due to laminar flow observed at low Reynolds numbers. This flow profile is conserved when inlets 

are valved to stop flow, and the device is exposed to UV light for rapid photopolymerization. This 

results in a uniform scaffold along the length of the entire channel, allowing perfusion of other 

solutions, such as cell media, parallel to the polymerized scaffold, shown in Figure 4.1a. This 

method is used to fabricate a vasculature-tissue barrier through sequential seeding of human cells. 

Tissue of interest is dependent on the incorporated cell type, as well as the cell type selected to 

represent the appropriate vasculature. The MPS illustrated in Figure 4.1b is assembled as follows: 

1) the tissue scaffold with embedded cells is polymerized as described previously, 2) the embedded 

cells proliferate and integrate in the matrix, 3) vasculature cells are introduced to the open channel 

and the MPS is positioned vertically to allow adhesion on the scaffold wall, and 3) the vasculature 

cells proliferate to form a complete vessel, resulting in a complete MPS. The design, fabrication, 

and validation of an MPS of the BBB is demonstrated using an astrocytic cell line embedded in 

the tissue scaffold and primary human microvascular brain endothelial cells in the remaining 

channel to create microvasculature. Proof of concept is also demonstrated using primary human 

neonatal dermal fibroblasts.  
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4.2 BBB MPS Design and Fabrication 

4.2.1 Cell Selection 

 A BBB MPS is created by incorporating human cells specific to the BBB into the tissue 

structure and vasculature channel. Although many different types of cells make up the BBB, 

including pericytes, microglia and neurons, BBB MPS is simplified by modelling the relationship 

between astrocytes and brain microvascular endothelial cells. As discussed previously, astrocytes 

Figure 4.1 (a) The complete MPS consists of a parallel and uniform cellularized scaffold aligned 

down the entire central channel alongside a vascular channel. (b) MPS fabrication has four major 

steps including: (1) the tissue scaffold is polymerized in situ, (2) embedded cells proliferate in the 

tissue, (3) vascular cells are introduced to the device and cells adhere to the scaffold wall and (4) 

Cells proliferate to form a complete MPS. 
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have a particularly important role in the BBB due to the high density of foot processes that interact 

with the microvasculature, covering nearly all CNS microvessels.[196] Astrocytes play a key role 

in BBB regulation of blood flow to certain areas of the brain, as well as permeability and transport 

mechanisms, and are thought to act as a mediator between neurons and vascular cells. This 

mediation plays a role in maintaining brain homeostasis, regulating ion and neurotransmitter 

transport depending on neural activity.[197]  Co-culture of astrocytes and human brain 

microvascular cells in vitro has resulted in decreased permeability and more physiological 

microvascular activity.[198-200] Although other cells types also play roles in permeability and 

vascular function, astrocytes are both unique to the CNS and the most abundant cell type in the 

CNS, making them an appropriate first step alongside microvascular endothelial cells to modelling 

the BBB. Brain microvascular endothelial cells are known to have different characteristics when 

compared to endothelial cells from other organ systems. One key difference includes low 

permeability enabled by the expression of tight proteins, efflux pumps, and transporters. Even 

further, microvascular endothelial cells have been shown to respond differently morphologically 

and genetically upon culture in a 3D environment and exposure to shear stresses or nanoparticles 

compared to HUVECs.[201-203]  

 To model the human BBB, primary human brain microvasculature endothelial cells 

(hBMVECs) were cultured in the lumen of the MPS. HBMVECs were purchased from 

Angioproteomie (Cat # cAP-0002) and cultured in Microvascular Endothelial Cell Growth Media 

2 (EGM-2 MV) purchased from Lonza (Cat # CC-3202). This cell type proliferates readily in 

culture, resulting in the high cell counts necessary in optimizing the MPS seeding protocol. Even 

further, hBMVECs are well characterized in literature, allowing us to easily justify the selection 

and match optimized protocols found in literature. Unfortunately, human astrocytes were not as 
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readily available and prolific as hBMVECs, making integration into MPS more difficult. 

Originally, the BBB MPS was fabricated using primary normal human astrocytes (NHA) 

purchased from Lonza, but MPS protocol development was difficult due to slow proliferation rates 

of these cells. Even further, NHA maintain physiological characteristics only within the first 

couple passages before becoming quiescent, suggesting these cells would be very expensive for 

early phase development of the BBB MPS. Instead, a human astroglia SV40 transformed cell line 

from brain tissue called SVG p12 (SVGP12) was selected. SVGP12 cells were purchased from 

ATCC (Cat# CRL-8621) and cultured in DMEM supplemented with 10% FBS and 1X 

penicillin/gentamicin. SVGP12 cells express glial fibrillary acidic protein (GFAP), a hallmark 

intermediate filament protein in astrocytes, suggesting although the cell line is immortalized, key 

astrocyte characteristics are conserved.[204, 205] In 2014, Henriksen et al reported SVGP12 cells 

provided by ATCC are infected with a BK polyomavirus, though this infection primarily effects 

cell line use in JC polyomavirus replication and is not expected to negatively impact the astrocytic 

activity necessary for MPS.[206] SVGP12 cells have previously been used in BBB co-culture 

models due to these conserved properties and have been reported to decrease permeability in these 

co-cultures compared to hBMVECs alone.[65, 207, 208]  

Human cells were cultured using standard culture techniques in an incubator with 5% CO2 

and 100% humidity at 37°C. Cells were cultured in polystyrene culture flasks, media was changed 

every 2 days, and cells were passaged at approximately 80% confluency. Cells were used between 

passage 1 and 6. Along with BBB-specific cell lines, HDFn were used for proof-of-concept MPS 

fabrication. HDFns were purchased from ATCC (Cat # PCS-201-010) and cultured in DMEM 

supplemented with 10% FBS and 1X penicillin/gentamicin.  
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4.2.2 Scaffold Selection 

 As discussed in Chapter Two, most studies involving cell culture in 3D utilize bio-derived 

scaffolds that are poorly characterized with limited capacity to tune to fit cell type and application. 

To successfully polymerize a 3D scaffold alongside an open channel as described, a modified 

scaffold that will polymerize upon exposure to light is required. Despite limited tuning capacity of 

biologically derived scaffolds, the ability to modify gelatin, creating highly tunable, photocurable 

GelMA is demonstrated. GelMA at low storage moduli elicits a dynamic cell response. 

Unfortunately, GelMA at a low weight percent lacks the mechanical strength to withstand the shear 

stresses and external pressures applied to scaffolds during MPS fabrication and maintenance. 

Embedded cell lines have been shown to favorably respond to composite materials with fibril-like 

reinforcements, offering bioactive groups for adhesion as well as mechanical support for structural 

stability.[127, 151] Even further, composite materials have been shown to effectively support 

embedded cell proliferation, as well as robust 2D cell adherence, important for eliciting tissue 

response and vessel durability in our BBB MPS. Beyond withstanding necessary mechanical 

forces, some groups have postulated that GelMA alone is an insufficient environment for cell 

invasion due to the crosslinking mechanisms. Molley et al suggest that GelMA crosslinks formed 

by methacrylate polymerization alone are difficult to degrade via cell secreted enzymes, resulting 

in a scaffold with limited cell invasion at higher concentrations.[209]  

 Instead of high concentration GelMA, structural stability is achieved with a composite 

material of PEG Thiol (PEG-SH) and GelMA. This scaffold allows us to achieve a total 

concentration of only 4 wt % while presenting structural properties able withstand shear and 

pressure imposed by fluid flow in the microfluidic channel. In situ tissue fabrication is achieved 

with a 3wt% GelMA (porcine GelMA with High DS)  synthesized in house as previously described 
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and 1 wt% 8-arm PEG-SH (20 kDa MW) purchased from JenKem with 0.5% Lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP) as a photoinitiator, dissolved in DMEM with 10% FBS. 

GelMA undergoes chain-growth polymerization, triggered by free-radical production when LAP 

is exposed to light. GelMA methacrylate groups form covalent bonds with neighboring 

methacrylate groups, creating a hydrogel network. This hydrogel network is soft and bioactive, 

enhancing biological integration in the scaffold. In tandem with the protein-based GelMA network, 

a synthetic polymer structure is incorporated by thiol-ene coupling. This is a product of the thiol-

Michael addition click reaction occurring between GelMA and PEG-SH, when the vinyl group on 

GelMA reacts with the thiol group on PEG-SH to yield thiol-ether products.[127, 210] The 

resultant crosslinks weave synthetic PEG-SH polymers throughout the GelMA network, adding 

structural integrity to the protein-based hydrogel. LAP photoinitiator is used as an alternative to 

Irgacure 2959 due to water solubility as well as more favorable cytocompatibility. LAP is 

photocrosslinked with 405 nm blue light, rather than the 365 nm wavelength UV light required to 

active Irgacure 2959, which is less damaging to cells. PBS is used as the immiscible non-

polymerizing solution flowing parallel to the GelMA-PEG-SH composite material. The scaffold 

is supplemented with 50 ug/mL fibronectin and 18 ug/mL hyaluronic acid to aid with cell adhesion. 

 

4.2.3 Y-device Mold and Channel fabrication  

 MPS fabrication timeline is shown in Figure 4.2, where a complete MPS is ready for 

analysis after four days. MPS fabrication begins on day 0, with tissue structure formation inside 

the microfluidic channel. The Y-devices are fabricated as described previously. In short, a SU-8 

master mold on a silicon wafer was used to cast PDMS microchannels by soft lithography. PDMS 

is bonded to glass slides using oxygen plasma and devices are stored until use. Within one hour of 
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fabrication, the microchannel surface is treated with oxygen plasma for 10 seconds using a 

handheld corona treater. Blunt end needle tips are inserted into inlets and outlets, followed by 

Tygon tubing. Manually, the device is flushed with 70% EtOH to wet the channels, as well as 

sterilize prior to cell introduction. All tubing is clamped using pinch clamps. Taking care to avoid 

bubble formation, the tubing and channels are flushed with 1X PBS and clamped shut. The tissue 

structure in the BBB MPS is fabricated with 3 million SVGP12 cells suspended per mL of GelMA-

PEG-SH precursor scaffold dissolved in DMEM with 10% FBS. Scaffold with cell suspension is 

manually introduced to one tubing inlet with the outlet unclamped, while leaving the other inlet 

clamped shut. This results in one inlet tubing filled with PBS, and the other filled with 

polymerizing solution with cells. Finally, the tubing is connected to the OB-1 pneumatic pump 

and MUX using PEEK to Tygon connectors. A single pumping and valving channel is used, which 

is split into two equal outlets using a tee-connector. The PEEK tubing connected to the pressure 

source and MUX is filled with 1X PBS, which pushes the fluids in the inlets through the channel 

upon pumping. Fluid is driven through the channel with a pressure between 15-25 mbar controlled 

using the OB-1 pump computer interface. Upon confirmation of a laminar flow profile with 

parallel fluid streams, flow is stopped by valving the MUX and immediately exposed to 

30mW/cm2 UV light for 4 seconds using a spot lamp with an 8mm liquid lightguide, oriented 

perpendicular to the device. UV exposure polymerizes the cellularized scaffold while leaving an 

Figure 4.2 The timeline of BBB MPS assembly.  
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adjacent open channel with PBS. A complete polymerized scaffold with embedded SVGP12 cells 

is shown in Figure 4.3a. The PBS solution in the open channel is replaced with DMEM with 10% 

FBS using a syringe pump at 50 μL/min. Media is changed every day at 50 µL/min leading up to 

endothelial cell introduction. 

 

4.2.4 Seeding Endothelial Cells in Vascular Channel  

After 2 days of culture, hBMVECs are introduced to the open channel. First, EGM-2 MV 

media with 50 ug/mL fibronectin is introduced to the open channel and incubated at 37°C for 30 

minutes. Cells are passaged and resuspended in EGM-2 MV media at 30 million cells per mL and 

pipetted into Tygon tubing that has been sterilized with 70% EtOH. Tygon tubing connected to the 

open channel is replaced with Tygon tubing with cells, and hBMVECs are introduced to the open 

channel at 50 μL/min. Freshly seeded endothelial cells alongside a polymerized scaffold is shown 

in Figure 4.3b. Devices are placed on their sides with the hBMVEC channel on top, in a custom 

3D printed holder, for 1 hour. This allows hBMVECs to settle due to gravity on the scaffold wall, 

where endothelial cell monolayer will form to create a BBB with low permeability. Although 

endothelial formation on all sides of the microchannel is desired to create a complete lumen, 

formation on the scaffold wall is imperative for BBB formation. Tygon tubing is replaced and the 

channel is flushed with combined media, 50% EGM-2 MV and 50% DMEM with 10% FBS, 

leaving adhered hBMVECs, shown in Figure 4.3c. Devices remain cultured on their sides. Media 

is replaced every day if not perfused. Device progress is monitored with an inverted light 

microscope. One day after endothelial cell seeding, cells proliferate to fill the entire vasculature 

channel, forming a complete monolayer on all channel walls, shown in Figure 4.3d. 
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4.2.5 Microchannels with Physiological Dimensions  

 Blood vessel size is variable depending on location and function, with different cell types 

and protein expression to fulfil specific requirements. There are five main vessel types, including 

those involved in venous and arterial blood flow. Arteries are the largest vessels, with diameter 

ranging from 1 to 4 mm, responsible for transporting blood from the heart to smaller vessels.[211] 

Arteries have high structural integrity to withstand pressures originating from the heart; the main 

Figure 4.3 Cell seeding into the BBB MPS is achieved in the following order: (a) the tissue 

structure with embedded SVGP12 cells is polymerized in situ, (2) hBMVECs are seeded into the 

remaining vascular channel, (3) hBMVECs adhere in the vascular channel and nonadhered cells 

are flushed out of the channel and (4) the complete MPS is formed upon monolayer formation of 

hBMVEC in the microchannel. 
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arteries that provide blood to the brain include the carotid artery and the vertebral artery. Arterioles 

are the vessels that connect arteries and capillaries, with diameters ranging from 5 to 250 µm in 

the brain.[212] Arterioles must have significant tone to control capillary flow, and therefore 

contain smooth muscle cells to control vessel contraction. Precapillary arterioles, with diameters 

less than 35 µm, give rise to capillaries and have a lower density of smooth muscle cells, instead 

including a dense population of pericytes that wrap around vasculature and contribute to 

contraction.[213] Capillaries are the smallest vessel, with diameters less than 10 µm in the brain. 

The BBB exists at the capillary unit of the brain microvasculature network, where permeability 

and solute exchange is primarily mediated by chemical signaling.[213] Venous vessels consist of 

Figure 4.4 Microvessels are fabricated in the BBB MPS with dimensions as small as 100 µm by 

50 µm with uniform scaffold formation in the (a) Y-junction and (b) along the central channel. 

Small cell fabrication is achieved with (a) scaffold formation with embedded SVGP12 cells, (b) 

hBMVEC seeding in the remaining channel, and (c) hBMVEC adhesion to the channel and 

scaffold. 
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venules, with diameters ranging from 10 µm to 100 µm, and veins, which have diameters ranging 

from 500 µm to 5 mm.[211, 214] Venous vessels lack the tone present in arterial vessels due to 

low pressure transport of blood to the heart, though consist of unique valving mechanisms to move 

blood towards the heart while preventing backflow.  

 When engineering microvasculature, it is important to tune vessel diameter according to 

function, though this consideration is often neglected. As shown in Table 1.1, most BBB MPS 

consist of channels larger than 200 µm, with some millimeters in width. Microvasculature with 

200 µm diameters are arterioles or arteries, where smooth muscle cells should be incorporated to 

properly model the vessel structure. Although these channel dimensions are far outside of the 

physiological range for BBB capillaries, these design sacrifices are made due to the difficulty in 

engineering small channels with seeded microvasculature. Small channels are challenging to align 

for multi-layered devices with semi-permeable membranes, and pumping requirements to drive 

fluids through small channels are high. The only known method to achieve capillary sized 

microvasculature is by spontaneous vessel formation between large channels, though controlled 

flow and shear stresses through these engineered capillaries cannot be easily controlled or 

monitored due to random formation and tortuosity of these small vessels.[72, 215]  

Through in situ scaffold polymerization within a single microchannel, vessels the size of 

small arterioles have been fabricated, specifically with 50 µm width and 100 µm height. These 

vascularized channels are the smallest engineered vasculature compared to other BBB MPS 

reported in literature. A microchannel with a 100µm width and 100µm height is shown in Figure 

4.4. After scaffold polymerization, a final vessel size of 50 µm by 100µm is achieved, resulting in 

capillary sized microvasculature. Uniform scaffold width is demonstrated in the channel junction 

as well as along the main channel length, shown in Figure 4.4a and Figure 4.4b. SVGP12 cells 
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are embedded in the scaffold, shown in Figure 4.4c, though few cells populate the main channel 

due to flow focusing. This could be optimized by increasing cell concentration in the scaffold. 

Two days after scaffold fabrication, hBMVECs are introduced to the vasculature channel, shown 

in Figure 4.4d. Cells adhere to channel walls to form a complete capillary sized MPS, shown in 

Figure 4.4e. As few as 2-3 cells make up the width of the microvasculature channel, resulting in 

vessel sizes closer to what is found in the native BBB. Ideally, smaller channels could be achieved 

by adjusting flow through each arm, as discussed in chapter three, but diffusion rates must be 

considered to ensure cells embedded in the tissue structure are receiving required nutrients. 

Diffusion limits of oxygen in a tissue are typically between 100-200 µm, so embedded cell 

populations will experience negative effects of hypoxia if cultured too far away from a media-

supplying channel.[216] 

 

4.3 MPS Viability and Immunofluorescence Analysis 

4.3.1 Viability Testing of Vasculature  

 Viability was assessed in complete MPS to assure UV light exposure and shear forces 

applied during tissue fabrication do not damage cells or induce cell death. UV light (250 nm < λ < 

400 nm) raises cytocompatibility concerns due to reactive species generation during exposure, 

which may cause oxidative DNA damage in embedded cells.[217] UV light exposure has been 

widely used to crosslink hydrogel scaffolds in tissue engineering and high cytocompatibility with 

dosages ranging from 138 to 6000 mJ cm-2.[218-223] The tissue structure is polymerized in situ 

to create the described BBB MPS using a UV light-curing spot lamp that emits energy in the UV-

A and visible portion of the spectrum (300-450 nm). The embedded cells in the scaffold are 

exposed to a UV light intensity of 30 mW cm2 for 4 seconds during hydrogel polymerization, 
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resulting in a final dosage of 120 mJ cm-2. This dosage is well within the range described in 

previous studies. The ACCU-CAL 50 radiometer used to determine light intensity measured UV-

A (320-390 nm) intensity.  

Viability is determined using a live/dead assay. Calcein AM is a dye used to fluorescently 

label living cells. Calcein AM is converted to calcein, which fluoresces green (λex ≈ 495 nm and 

λem ≈ 525 nm), upon acetoxymethyl ester hydrolysis by intracellular esterases in living cells. 

Ethidium homodimer-1 (EthD-1) is a dye used to fluorescently label dead cells. EthD-1 has a high 

affinity to nucleic acid and fluoresces red (λex ≈ 528 nm and λem ≈ 617 nm) upon binding to DNA. 

EthD-1 cannot cross intact cellular membranes, and therefore does not bind to DNA in living cells. 

The MPS vascular channel is perfused with 4 µM Calcein AM and 2 µM EthD-1 in cellular media 

using a syringe pump at flow rates < 30 µL/min. Devices are incubated for 15 minutes with cellular 

stains and imaged using a Nikon TE-2000E inverted fluorescence microscope with a mechanical 

stage. A FITC light cube (λex ≈ 480/30 nm and λem ≈ 535/45 nm) is used to measure Calcein 

fluorescence and a TRITC light cube ((λex ≈ 540/25 nm and λem ≈ 605/55 nm) is used to measure 

EthD-1 fluorescence. Viability of a complete MPS, with both SVGP12 cells and hBMVECs, is 

shown in Figure 4.5b. A brightfield image demonstrates complete tissue structure and vascular 

channel in Figure 4.5c. Fluorescence intensity for live and dead stained cells is plotted down the 

length of the channel in arbitrary units (a.u.), with intensity values averaged along the width of the 

vascular channel (vessel) or tissue structure, shown in Figure 4.5a. A high live cell fluorescent 

signal is detected in the vascular channel, consistent along channel length, with low dead cell 

fluorescent intensity. High viability in the hBMVEC monolayer confirm shear forces do not cause 

cell death in the vasculature channel. A higher intensity is observed for dead cells along the length 

of the scaffold, suggesting a lower viability compared to cells in the vascular channel.  Some dead 
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cells are shown in scaffold, though majority of the cells remain viable. Staining was also completed 

on a device without seeded microvasculature, showing that despite SVGP12 cells presenting a 

Figure 4.5 Viability is assessed in the BBB MPS. (a) Averaged fluorescent intensity of live and 

dead stained cells along the width of the vascular and tissue channel is plotted against the channel 

length. (b)The hBMVEC shows high viability in a complete MPS, with some SVGP12 cell death 

in the parallel scaffold. (c) Brightfield image of the BBB MPS. SVGP12 viability is assessed with 

(d) the polymerized scaffold in the microfluidic channel, (f) embedded in a bulk scaffold in a well 

plate and (g) adherent after exposure to UV light. 
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rounded morphology, many remain viable, shown in Figure 4.5d. Some dead cells populate the 

tissue scaffold, remaining consistent with control cells polymerized within the same hydrogels in 

a well plate, shown in Figure 4.5e. This confirms shear stresses imposed during fabrication are 

not causing cell death, rather UV light may decrease viability. Adherent cells exposed to the same 

UV intensity but not embedded in a hydrogel scaffold are shown in Figure 4.5f. These cells show 

high viability, with very few dead cells. From this it is concluded that the scaffold and shear are 

not affecting cell viability, though UV exposure may cause minimal cell death. UV exposure can 

be tuned as discussed in Chapter 2. Even further, all MPS fabrication was initiated using LAP 

photoinitiator, which releases free radicals when exposed to 405 nm blue light. Therefore, 

scaffolds will still polymerize if lower UV-A wavelengths are filtered out in future applications to 

avoid possible cell damage.  

 

4.3.2 Immunofluorescent Analysis of HDFn and SVGP12 MPS with hBMVECs 

 Immunohistochemical analysis was used to determine cell location in the MPS, confirming 

tissue cells do not migrate into the vascular channel, and endothelial cells are not driven into the 

scaffold during fabrication. Proof of concept was demonstrated using the co-culture of HDFns and 

hBMVECs. HDFns were selected due to rapid proliferation rates, as well as the tendency to readily 

populate a matrix spindle-like outgrowth and connection to surrounding cells. Furthermore, 

fibroblasts are known to enhance endothelial cell cultures, secreting critical proteins for vascular 

angiogenesis therefore are often incorporated in vascular studies that require spontaneous 

vascularization.[224-227] HDFn present favorable growth rates, dynamic behavior in 3D matrices, 

and compatibility with endothelial cells make them a great candidate for feasibility studies. HDFns 

were suspended in the 4 wt% GelMA-PEG-SH composite scaffold precursor at a density of 3 
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million cells per mL, and MPS tissue was polymerized in situ as previously described. Media was 

changed every day prior to fabrication using 50% DMEM with 10% FBS and 50% EGM-2 MV 

media. Two days after fabrication hBMVECs were introduced to the open channel at about a 30 

million per mL cell density and allowed to adhere. Complete vessel formation was achieved after 

one day of culture. Cells within the MPS were fixed using 4% paraformaldehyde (PFA) in PBS 

for 15 minutes at room temperature, using a syringe pump to perfuse channels with PFA. Cells 

were washed by pumping PBS through the open channel. Next cells were permeabilized with 0.5% 

Triton-X for 10 minutes at room temperature, followed by again washing with PBS. A 2% BSA 

solution was used to block cells for 45 minutes at room temperature, followed by staining with 

phalloidin (1:2000 dilution) and a mouse anti-human CD-31 primary monoclonal antibody (1:200) 

overnight at 4°C. Cells are then washed with PBS, and incubated with a goat anti-mouse Alexa 

Fluor 594 polyclonal secondary antibody at 4°C overnight. Cells are finally labelled with DAPI 

Figure 4.6 Proof of concept MPS is achieved using embedded HDFn and adherent hBMVEC 

stained for actin (green), CD31(red), and DAPI(blue). (a) A max projection image of the MPS 

omitting adherent cells on glass and PDMS. (b) The cross-section of the BBB MPS. (c) A 3D 

rendering of the MPS channel formation. (d) A 3D rendering of the scaffold formation. (e) Scaffold 

and hBMVEC formation along the entire length of the channel. 
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nuclear stain and washed with PBS prior to imaging using a Zeiss LSM 710 confocal laser scanning 

microscope. 

 Phalloidin is a phallotoxin, derived from a mushroom, that binds to F-actin filaments, 

which are essential proteins contributing to the cellular cytoskeleton, contributing to structure, 

function, motility, and division of cells.[228] Phalloidin binds to the actin filaments present in the 

cytoskeleton of both HDFns and hBMVECs, labelling cells with fluorescence dye 488-I (λex = 491 

and λem = 514). CD-31, short for cluster of differentiation 31 and also known as platelet endothelial 

cell adhesion molecule (PECAM-1), is an endothelial specific protein that makes up a large portion 

of endothelial intercellular junctions.[229] Although most dense at cellular junctions, CD-31 is 

also expressed ubiquitously within the vascular compartment making it a popular protein target to 

identify endothelial cell presence or location in histological tissue sections or engineered tissue. 

CD31 is tagged using primary antibodies, followed by binding to an Alexa Fluor 594 labelled 

secondary antibody (λex = 590 and λem = 617). Confocal images of the fluorescently labelled MPS 

are shown in Figure 4.6. CD-31 is selectively labelled in endothelial cells which form a monolayer 

in the microvascular channel in red, while F-actin protein is stained in all cells present in the 

device. DAPI stain labels the cell nucleus in blue. 

 Many images were taken along the z-axis of the MPS and max projected to shown HDFn 

proliferation and hBMVEC monolayer formation within the channel in Figure 4.6a. HBMVECs 

adhered on the glass bottom and PDMS top were omitted from the max projection. HDFn response 

to the surrounding matrix is apparent, with dendritic extensions expanding outward towards 

neighboring cells. HBMVECs occupy the space along the channel and scaffold walls, forming a 

continuous barrier down the 10mm central channel in Figure 4.6e. A clear lumen for media 

perfusion is shown in the cross-sectional image in Figure 4.6b, though a gap can be seen between 
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the scaffold and the PDMS surface on the top of the microchannel. This gap is due to the oxygen 

inhibition of free radical polymerization along the PDMS surface and omitted upon oxygen plasma 

treatment of the microchannel prior to UV polymerization. This gap also contributes to a tapering 

of the channel wall, which is no longer an issue for shorter channels with oxygen plasma 

pretreatment, as shown in Figure 4.7. The proof of concept devices consists of a microchannel 

with 300 µm height, which leads to polymerization defects, which are improved upon with shorter 

devices, 200 µm in height, shown in Figure 4.7. Nonetheless, 3D images in Figure 4.6c and 

Figure 4.6d show clear definition between the hBMVEC filled microchannel alongside a 

photopolymerized scaffold, where HDFn can proliferate and form cellular outgrowths in 3D. 

Differences in scaffold geometry are displayed for BBB MPS with channel heights of 100 μm, 200 

μm and 300 μm, shown in Figure 4.8. Channel height of 200 μm shows uniform scaffold 

Figure 4.7 A complete BBB MPS is achieved using SVGP12 cells and hBMVECs, stained for 

CD31 (green), VE-cadherin (white), GFAP (red), and DAPI (blue).). (a) A max projection image 

of the MPS. (b) The cross-section of the BBB MPS. (c) A 3D rendering of the MPS channel 

formation. (d A 3D rendering of the scaffold formation. (e) Scaffold and hBMVEC formation 

along the entire length of the channel. 
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formation, as well as a vascular channel width to height aspect ratio suitable for shear stress 

analysis, therefore channels with 200 μm height are used for functional experiemnts. 

 A complete BBB MPS with SVGP12 cells embedded in the tissue scaffold and hBMVECs 

in the vascular microchannel is shown in Figure 4.7. Devices were fabricated as described 

previously though with SVGP12 cells integrated into the tissue scaffold rather than HDFn. Two 

days after scaffold polymerization, hBMVECs are introduced to the open channel and proliferate 

for two days. Next, cells are fixed, permeabilized, and blocked as described previously. After 

blocking, cells are labelled overnight at 4°C with a mouse anti-human CD-31 monoclonal antibody 

conjugated with a FITC fluorophore (1:200), a mouse anti-human GFAP monoclonal antibody 

conjugated with an Alexa Fluor 594 fluorophore (1:100),  and a rabbit anti-human VE-Cadherin 

primary monoclonal antibody (1:200). The next day, MPS are washed with PBS and stained with 

a goat anti-rabbit polyclonal secondary antibody conjugated with an Alexa Fluor 647 fluorophore 

(1:500) for 1 hour at room temperature. Cells are labelled with DAPI nuclear stain and washed 

with PBS prior to imaging. 

 As discussed previously, CD-31 is an endothelial specific protein, labelled with FITC (λex 

= 495 and λem = 519). VE- cadherin, short for vascular endothelial cadherin and known as cluster 

of differentiation 144 (CD144), is another intercellular junctional protein found in endothelial 

cells, though is less ubiquitous than CD-31 in the endothelial cell. Therefore, VE-cadherin proteins 

normally outline adherent endothelial cells, clearly identifying cell-cell junctions. VE-cadherin is 

labelled with Alexa Fluor 647 (λex = 650 and λem = 665). GFAP is an intermediate filament protein 

found in astrocytes, used to label SVGP12 cells with Alexa Fluor 594 (λex = 590 and λem = 617). 

The confocal images of the BBB MPS are shown in Figure 4.7 with CD-31 labelled green, VE-

cadherin labelled white, GFAP labelled red, and DAPI labelled blue. In the Figure 4.7a max 
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projection image astrocytes are shown to not be as proliferative as HDFn in 3D, lacking dendritic 

extensions. Some outgrowth is observed, but many cells remain spherical, failing to interact with 

the surrounding matrix. Successful astrocyte interaction would be characterized by end-foot 

processes covering a large percentage of the microvessel surface. Physiological interaction of 

astrocyte end feet and microvasculature in engineered structures have never been reported, 

suggesting primary and immortalized astrocytes may lose physiological characteristics or struggle 

to migrate when cultured in vitro. Biomimetic astrocyte formation in engineered tissues may be 

more successful with iPSC technology. Nonetheless, astrocytes are shown to conserve GFAP 

Figure 4.8 BBB MPS with 100 μm, 200 μm, and 300 μm channel height are fabricated using 

SVGP12 cells and hBMVECs, stained for CD31 (green), VE-cadherin (white), GFAP (red), 

and DAPI (blue). Complete lumens are present for all channel heights. 
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activity, suggesting key chemokines necessary for BBB maturation are still produced despite 

morphological differences. Alongside the tissue structure, a complete endothelial monolayer is 

formed on all channel walls, with junctional proteins present between neighboring cells. The 

microchannel lumen is conserved, allowing perfusion of media and applied shear stress, shown in 

the 3D images in Figure 4.7b and Figure 4.7c. The endothelial monolayer and scaffold also 

remain uniform down the entire 10 mm length of the central channel, shown in Figure 4.7d. There 

is no gap between the scaffold and PDMS surface after pre-treating channels with oxygen plasma 

before fabrication, and the scaffold has a nice, vertical wall without tapering in the z-direction. 

This uniform geometry is critical for permeability analysis with tracer molecules to ensure 

fluorescent molecules are not diffusing into gaps around the microvascular monolayer.  

 

4.4 Functional Analysis of BBB MPS  

4.4.1 Determining Permeability of the BBB 

 The first suggestion of a barrier preventing movement of molecules from the 

cardiovascular system to the central nervous system was made by Paul Ehrlich in 1878 following 

a series of studies involving the circulation of dyes.[230, 231] Ehrlich reported that intravenous 

infusion of intravital dyes resulted in staining of peripheral organs while the brain and spinal cord 

showed no uptake in dye. Successive studies involved the injection of various molecules with 

different sizes and charges, including famous experiments by Edwin Goldmann involving Trypan 

Blue tracers, leading to anatomical and physiological understanding of the BBB accepted by 

scientists today.[232] Molecular tracing molecules have been a valuable tool for exploring BBB 

mechanism of action and response to injury in vitro, and continue to provide utility in determining 

physiological relevance of engineered MPS.[56, 61, 199, 233, 234] Tracer molecules range in size 
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and sensing technique depending on application. Larger molecules tend to permeate slower across 

barrier systems, while molecules smaller than 500 Da easily diffuse through endothelial layers 

depending on charge and functionalization. The permeability of Transwell models and MPS with 

semipermeable membranes can be assessed using trace molecules, measured by sampling solution 

from the apical and basal sides of the membrane over time and measuring the change in tracer 

molecule concentration. Concentration can be determined using quantitative analysis such as high-

performance liquid chromatography (HPLC), though when tracer molecules are fluorescent or are 

conjugated with a fluorescent dye, permeability can be measured using a microplate reader or 

fluorescence microscope. In MPS without semipermeable membranes, fluorescent tracer 

molecules can be spatially monitored to calculate permeability over time without sampling. In 

vessels with cylindrical geometries or irregular morphologies in 3D matrices, highly sensitive 

microscopes must be used in order to track perfusion in a single plane.[27, 33] Spinning disk 

confocal microscopy provides the speed and resolution to obtain single-plane images of 

fluorescent molecules diffusing into a matrix, though this equipment is not readily available in 

many research labs, especially considering these assays involve live cells and therefore cannot be 

transported long distances from culture facilities. Instead, MPS with planar channels and optically 

transparent windows for imaging, such as the BBB MPS proposed in this work, can be monitored 

using standard inverted fluorescent microscopes. Even further, the GelMA-PEG-SH composite 

scaffold utilized in our proposed MPS is optically transparent and much easier to image through 

compared to opaque collagen and Matrigel scaffolds. 

BBB MPS permeability is assessed using fluorescently labelled dextran at multiple 

molecular weights. By introducing fluorescent tracer molecules into the ‘vessel’ portion of the 

device, the fluorescence in the ‘tissue’ structure is measured to observe how barrier permeability 
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fluctuates with varying cell types and shear forces. Using a syringe pump at 5 μL/min, 12.5 µg/mL 

of 20 kDa FITC-dextran (λex = 490 and λem = 525) and 70 kDa Texas Red dextran (λex = 596 and 

λem = 615) in EMG-2 MV media was perfused into the MPS channel. Once fluorescent signal 

appears in the channel, flow is slowed to 5 μL/min and imaging is started. Fluorescence images 

are collected at multiple locations every 30 seconds for 5 minutes with a Nikon TE-2000E inverted 

microscope with a mechanical stage and on-stage incubator. Representative images obtained 

during permeability assays are shown in Figure 4.9a and Figure 4.10a. Permeability is calculated 

with the following equation: 

𝑃 =  

𝑑𝐼𝑔𝑒𝑙

𝑑𝑡
∙ 𝑙 ∙  𝑤

𝑙 ∙  𝐼𝑙𝑢𝑚𝑒𝑛
 

The change in intensity of the scaffold over the five-minute imaging period, 
𝑑𝐼

𝑑𝑡
, is 

calculated by taking the slope of the sampled data. 𝐼𝑙𝑢𝑚𝑒𝑛 is the intensity of the lumen at five 

Figure 4.9 Permeability assessment of 70kDa Dextran conjugated with Texas Red dye. 

Permeability of three different devices were tested: SVG P12 embedded scaffold with no 

hBMVEC barrier, acellular scaffold with a hBMVEC barrier, and a complete device with both 

SVGP12 embedded scaffold and hBMVEC barrier. 
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minutes minus the intensity of the gel at t=0. The length and width of the scaffold viewing area is 

denoted as 𝑙 and 𝑤, respectively. Images are analyzed using ImageJ software. 

Permeability of a 70 kDa Texas Red dextran and 20 kDa FITC dextran flowing through an MPS 

without hBMVECs is compared to the permeability of the tracer molecule in a device with a 

completely vascularized channel, shown in Figure 4.9 and Figure 4.10. Results show two-fold 

permeability increase in devices without hBMVECs compared to SVGP12 and hBMVEC co-

cultured devices for both molecular weight dextran, which is expected due to the absence of a 

barrier layer impeding flow. Permeability of MPS with SVGP12 cells embedded in the tissue 

matrix and hBMVECs in the open channel is compared to MPS with an acellular scaffold and 

hBMVECs in the open channel. No change in permeability is measured between devices with MV 

only versus those co-cultured with SVGP12 for both dextran molecular weights. This may be due 

to SVGP12 cells lacking key astrocytic protein expression necessary to induce a microvascular 

Figure 4.10 Permeability assessment of 20kDa Dextran conjugated with FITC dye. Permeability 

of three different devices were tested: SVG P12 embedded scaffold with no hBMVEC barrier, 

acellular scaffold with a hBMVEC barrier, and a complete device with both SVGP12 embedded 

scaffold and hBMVEC barrier. 

 



116 

 

response. Previous studies have reported decreased permeability of endothelial cell line 

monolayers when co-cultured with the SVG P12 cell line, though these studies involved cells 

adherent in 2D.[65, 66] SVG P12 cells may interact different when in a 3D culture model, or a 

higher density of cells is required to achieve the necessary secreted protein concentration for 

endothelial response.  

 

4.4.2 Mechanical Forces Experienced by Blood Vessels  

 Vascular systems are exposed to constant mechanical forces due to the continuous nature 

of blood flow in the cardiovascular system, illustrated in Figure 4.11a. Flow driven through blood 

vessels results in shear stress (τ) experienced by endothelial cells on the vessel walls. These shear 

forces have been shown to play a major role in endothelial cell function, largely in part due to 

mechanosensing mechanisms at the biomolecular level.[27, 235] Mechanosensing molecules on 

endothelial cells include junctional proteins, receptor kinases, integrins, focal adhesions, G-

proteins, G-protein-coupled receptors, and ion carriers.[236, 237] Two key proteins that respond 

to shear stresses include OCLN and platelet endothelial cell adhesion molecules (PECAM-1).[238, 

239] With shear stress, OCLN phosphoralation is decreased, leasing to an increased among of 

OCLN. As an integral component of the TJ complex, connecting TJs and actin filaments, the 

upregulation of OCLN results in a tighter connection between neighboring cells. This in turn 

decreases the permeability of the cell barrier. PECAM-1 part of the mechanosensory complex 

present in adherens junctions between cells, also including VE-cadherin and VEGFR2.[236]  Upon 

the application of shear stress, PECAM-1 undergoes conformational changes that leads to the 

activation of extracellular signal-regulated kinases (ERKs).[240] This activation is thought to play 

a role in angiogenesis, as well as weaken the adherens junction to allow migration of immune cells. 
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In vitro, adherent endothelial cells exposed to shear stress polarize in the direction of fluid flow 

while also increasing density of junctional proteins between cells, therefore decreasing 

permeability.[241, 242] These studies have confirmed the necessity of flow in MPS to elicit 

biomimetic cellular response, demonstrating the poor utility of 2D Transwell BBB models. Along 

with shear stress, flow through blood vessels results in pressure (P) exerted against channel walls. 

Abnormal blood pressure is a systemic pathology in the case of hyper- and hypo- tension, and at 

the cell level pressure exerted on vessel walls is important for maintaining vessel tone and 

Figure 4.11 (a) Various mechanical forces act on vascular during blood flow, including shear 

stresses and hydrostatic pressure. (b) A syringe pump is used to drive fluid through a BBB MPS 

oriented on its side over 24 hours. 
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mechanically inducing angiogenesis.[243, 244] Furthermore, capillary hydrostatic pressure is vital 

to drive fluid into surrounding tissue.[245]  Pressure forces will not be explored in this study, 

though it is important to note that in the BBB MPS described, deformation occurs within the MPS 

tissue due to pressure caused by fluid flow. The pliability of the MPS scaffold under pressure better 

models the physiological elasticity of ECM compared to the rigid semipermeable membranes in 

other microfluidic systems.[246]  

 Shear stress experienced by endothelial cells is dependent on vessel size and flow rate. 

Shear stress can be determined in a cylindrical vessel with the following equation: 

𝜏 =  
4𝜂𝑄𝑓

𝜋𝑟3
 

Where η is viscosity, Q is volumetric flow rate, and r is the channel radius. Cylindrical channels 

are ideal geometry as uniform shear stress is experienced on the complete vessel wall. 

Unfortunately, rectangular channels do not experience uniform shear on all walls. Instead, highest 

shear rates are experienced at the center of the channel, decreasing towards the walls. For these 

reason, many systems designed to apply shear forces to adherent cells are modeled like a ‘parallel 

plate’ where channel width is much larger than channel height to ensure similar shear across a 

large cell population in the center of the channel. Shear stresses for the region experiencing 

homogeneous forces in the center of a rectangular channel can be calculated from the following 

equation: 

𝜏 =  
6𝜂𝑄𝑓

ℎ2𝑤
 

Where η is viscosity, Qf is volumetric flow rate, h is channel height, and w is channel width. The 

appropriate flow rates necessary for applying shear in the BBB MPS were calculated using the 

described equation, with shear forces approximated at 1 dyn cm-2 and 3 dyn cm-2. 
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4.4.3 Experimental Setup for Applying Shear Stress 

Media is driven through the vasculature in BBB MPS using the setup shown in Figure 

4.11b. Syringe pumps are used to avoid the pulsatile flow that occurs with peristaltic pumps, which 

has been shown to damage cells in vitro.[247] MPS are oriented on their side with scaffold 

structure below vessel channel during perfusion; the inlay in Figure 4.11b shows the 3D printed 

device that holds the MPS during culture. It is important to gradually increase flow rate within the 

MPS upon application of shear to ensure adherent cells have time to acclimate to new forces. If 

shear is not gradually increased, cells will detach from the culture surface. The permeability of 

BBB MPS under static and flow culture conditions were compared. Endothelial cells were exposed 

to physiological shear for 24 hours beginning 1 day after hBMVEC seeding. Averaged values of 

shear stresses in capillaries in the brain have been measured at 4-30 dynes cm-2.[235, 248, 249] 

Shear stresses in veins are typically between 1-4 dynes cm-2.[248, 250] BBB MPS were exposed 

to approximately 1 dyn cm-2 and 3 dyn cm-2 shear stresses with 5 µL min-1 and 17 µL min-1 flow 

rates, respectively.  Due to media volume and hardware constraints, cells were exposed to shear 

stress lower than reported physiologically, though similar shear stresses to what are tested herein 

have been previously reported to decrease permeability in a hBMVEC monolayer treated with 

astrocyte conditioned media.[251] Starting at a flow rate of 2 µL min-1 (0.4 dyn cm-2 shear), flow 

rate was gradually increased in 1 to 3 µL min-1 increments every 30 minutes. Applied shear stress 

of 1 dyn cm-2 was achieved after 1.5 hours of ramping, while applied shear stress of 3 dyn cm-2 

took 3 hours of flow rate ramping. Cells were exposed to shear forces for 24 hours. After applying 

shear stress, permeability of BBB MPS was assessed using fluorescent molecular 70 kDa Texas 

Red dextran and 20 kDa FITC dextran tracer molecules are described previously.  
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4.4.4 Effects of Shear Stress on Permeability 

 The permeability of 60kDa molecular tracers across the BBB MPS does not change with 

flow, shown in Figure 4.12b, as the maximum permeability is achieved with hBMVEC alone 

because of detection limits and low permeability experienced with large molecules. There is a 

decrease in permeability of smaller tracer molecules, at 20 kDa molecular weight, across the BBB 

MPS exposed to shear stresses compared to static BBB MPS, suggesting shear tightens the 

junctions between cells and limits permeability, shown in Figure 4.12b. Shear decreases 

permeability by 50% compared to BBB MPS without flow, though increasing flow rates to 3 dyn 

cm-2 does not further decrease permeability. To see a further decrease in permeability of 20 kDa 

dextran, higher flow rates may be required. As previously discussed, endothelial cells are known 

to polarize and elongate in the direction of flow, a key morphological change that demonstrates 

the mechanoreceptive capabilities of endothelial cells. Interestingly, microvascular cells from the 

brain have been reported to show a much different response. Multiple studies have demonstrated 

that hBMVEC are unlike other types of endothelial cells in that they do not elongate in response 

to flow.[201, 203] Although no cytoskeletal remodeling is observed, these studies still suggest 

cells are activated by shear forces. As shown in brightfield images in Figure 4.12d, hBMVECs in 

the BBB MPS do not align in the direction of flow with applied shear stress, but rather show 

alignment without shear. It has previously been reported that multiple cell types, including 

endothelial cells, align along the length of microchannels, with more alignment observed with 

decreasing channel width.[252, 253] Similarly, an elongated endothelial morphology is observed 

along the length of the microchannel in cells cultured statically, shown in Figure 4.12c. Upon 

exposure to flow, this elongation is reduced, and cells appear to have a more squamous 

morphology. This is due to the unique nature of hBMVECs, where tight junction proteins are 
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critical to prevent intercellular mobility of molecular larger than 500 Da. Shear activated 

hBMVECs do not elongate to minimize the tight junctions length between cells, therefore 

conserving selectivity.[203] HBMVEC reorganization from elongated to squamous morphology 

is observed, possibly as a mechanism to minimize tight junction length upon shear activation. 

 

Figure 4.12 Permeability of BBB MPS culture statically was compared to BBB MPS experiencing 

1 dyn cm-2 or 3 dyn cm-2 shear stresses over 24 hours using (a) 70 kDa dextran conjugated with 

Texas Red dye and (b) 20 kDa Dextran conjugated with FITC dye. Brightfield images are used to 

compare hBMVEC morphology after (c) static culture and (d) 1 dyn cm-2 applied shear stress. 
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4.4.5 Permeability of Small Molecules Limited by Efflux Pump Activity 

 Tracer molecules with low molecular weights were also used to assess fidelity of the BBB 

MPS. Solutions of 3 kDa FITC dextran (λex = 490 and λem = 525) and 429 Da Rhodamine B (λex = 

553 and λem = 627) were introduced to the MPS channel at concentrations of 12.5 µL mL-1 in 

media and monitored every 15 seconds for 5 minutes with a Nikon TE-2000E inverted microscope 

with a mechanical stage using FITC and TRITC light cubes, respectively. Images were analyzed 

using ImageJ. For 3 kDa tracer molecules, similar permeability was observed in MPS from both 

shear conditions.  

 The smallest tracer molecule used for permeability analysis was Rhodamine B, a 

fluorescent tracer dye with has a molecular weight of 429 Da. Molecules smaller than 500 Da can 

transverse the BBB in vivo, though many are subsequently transported back into circulation due to 

the activity of efflux pumps on the luminal and basal surfaces of endothelial cells. P-gp is an ATP-

dependent efflux pump that limits molecule entry to the brain, presiding on the luminal surface of 

microvascular cells in the BBB. P-gp is thought to play a role in back-transport of molecules larger 

than 400 Da.[254] Rhodamine dyes have been widely used to determine functional activity of P-

gp, as these molecules are small enough to transverse the barrier to then be actively removed by 

P-gp efflux pumps.[255-258] In vitro P-gp upregulation has been observed in hBMVECs exposed 

to shear forces when compared to cells cultured in static conditions. [259, 260] A decrease in 

permeability of Rhodamine B was seen in BBB MPS exposed to 1 dyn cm-2 shear forces when 

compared to BBB MPS, shown in Figure 4.13b, while 3kDa dextran permeability was the same 

between flow and no flow conditions, shown in Figure 4.13a. This can be explained by the 

upregulation of P-gp on hBMVECs under shear, actively transporting molecules back into the 

vessel channel as they diffuse into the tissue structure. To challenge P-gp function in the BBB 
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MPS, hBMVECs were treated with 10 mM of Cyclosporine-A (CsA) for 1 hour before testing 

Rhodamine B permeability. CsA is an immunosuppressant drug that has been shown to inhibit P-

gp activity. CsA is a competitive inhibitor, effectively blocking efflux pump function, leading to 

the accumulation of Rhodamine B in the scaffold on the basal side of the hBMVEC monolayer. 

Permeability of Rhodamine B is shown to increase after BBB MPS incubation with CsA, 

suggesting efflux pumps that were previously activated by shear stresses are functionally inhibited. 

The permeability of Rhodamine B in shear-exposed BBB MPS treated with CsA is the same as 

permeability seen in BBB MPS cultured without flow, suggesting a physiological response 

activated by flow is absent after CsA treatments. An alternate explanation for increased 

Rhodamine B permeability is that CsA treatment physically damaged the BBB. A slightly 

increased permeability of 3kDa dextran molecules was observed for CsA treated BBB MPS 

Figure 4.13 Permeability of (a) 30kDa dextran conjugated with FITC dye and (b) 479 Da 

Rhodamine B were assessed for BBB MPS cultured statically and exposed to shear forces. P-gp 

efflux activity was challenged using the P-gp inhibitor, CsA, and assessed with tracer molecules. 
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compared to conditions with and without flow, an effect is more likely due to barrier damage rather 

than efflux pump inhibition.  

 

4.5 Cellularized Multidevice Fabrication 

 The described studies run in parallel could provide a wealth of data with limited user 

requirements, saving time and resources, as well as demonstrating the utility of MPS in setting that 

require high throughput. Channels in parallel will have the same pressure drop and hydrodynamic 

resistances, ensuring solution will flow simultaneously through all devices. Input pressure must 

account for the sum of the hydrodynamic resistances across all devices, requiring higher pneumatic 

pump pressure during fabrication compared to a single channel.  Simultaneous fabrication of 

multiple MPS was achieved as a proof-of-concept for scale-up. Multiple devices were fabricated 

as previously described. Parallel device mold fabrication was completed using soft 

photolithography. With this design, there are 12 Y-channels on a 1 inch by 3 inch glass slide. The 

device is assembled as described previously. Four of the 12 devices available on the slide are 

simultaneously fabricated to demonstrate proof of concept, though this fabrication can be 

expanded to create more. Tubing is connected using 2 Y-shaped tubing connectors, joining the 4 

device right arms together into one inlet. The same is done with the left arms. As described 

previously, devices and tubing are flushed with 70% EtOH and PBS, and one arm is filled with 

polymerizing scaffold with HDFn. Scaffold and PBS flowed laminarly through all devices in 

parallel. Device flow was stopped, and scaffolds were polymerized with 30 mW/cm2 UV light for 

3 seconds. Polymerized scaffold with embedded HDFn are shown in Figure 4.14a. Scaffold tubing 

was clamped closed with a pinch valve, and PBS was replaced with DMEM with 10% FBS using 
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a syringe pump at 30 μL/min. Device media was changed the following day. Two days after 

scaffold polymerization, media was replaced with 50 μg/mL fibronectin in EGM-2 MV media. 

After 30 minutes of incubation with media, the inlet tubing was removed from the channel side of 

Figure 4.14 (a) Scaffold with embedded HDFns were polymerized simultaneously in 4 devices. 

(b) HBMVECs were seeded into vascular channels. 
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the device, and hBMVECs were introduced at 30 million cells per mL EGM-2 MV, one device at 

a time. Inlet tubing with 50% EGM-2 MV and 50% DMEM with 10% FBS was introduced back 

to the devices. After 1 hour of culturing in the incubator on its side, the connected inlet tubing was 

perfused at 30 μL/min, pushing non-adhered hBMVECs out of the device. Media was changed in 

the device the following day. Brightfield images of completed MPS are shown in Figure 4.14b.  

 Devices were analyzed with immunofluorescence after fixation, permeabilization and 

blocking as described preciously. Actin fibrils were stained with FITC conjugated phalloidin. 

Endothelial cells were identified based on the presence of VE-cadherin. VE-cadherin was tagged 

Figure 4.15 Immunofluorescence is used to locate HDFn and hBMVEC in the four simultaneously 

fabrication MPS, stain for actin (green), VE-cadherin (red), and DAPI (blue). 
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using a rabbit anti-human VE-cadherin primary monoclonal antibody (1:200) followed by a goat 

anti-rabbit polyclonal secondary antibody conjugated with an Alexa Fluor 594 fluorophore 

(1:500). Nuclei are stained with DAPI. Images were taken using a Zeiss LSM 710 scanning 

confocal microscope and stitched together to create a composite image of all devices, shown in 

Figure 4.15. Fibroblasts proliferated in each parallel scaffold, forming dendritic outgrowth into 

the surrounding matrix, while hBMVEC proliferate to fill the remaining channel in each device. 

Scaffold polymerization is not uniform in all devices, and resistance differences in each channel 

after complete MPS fabrication prevented simultaneous perfusion. These limitations can be 

addressed by using a flood lamp rather than a spot lamp for more uniform UV distribution in large 

polymerization areas, as well as utilizing stiff, plastic microfluidic channels with PEEK tubing to 

limit transient fluid motion after stop flow.  
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CHAPTER FIVE 

IMPEDANCE MONITORING IN MICROPHYSIOLOGICAL SYSTEMS 

5.1 Electrical Measurements in Barrier Systems 

5.1.1 Transendothelial Electrical Resistance (TEER) and the Endothelial Layer 

 Although molecular tracers are informative tools to gain insight on barrier permeability, 

they offer limited information on barrier development and performance over time and they also 

require intensive experimental setup prior to permeability analysis. As an alternative, barrier 

selectivity can be quantified by determining the flow of electrical current through a barrier. 

Electrodes can be integrated into microchannels for monitoring cell proliferation and properties 

over days or weeks, compared to just minutes of monitoring with molecular tracers. Through using 

in line electrodes with external equipment, barrier fidelity can be assessed with temporal resolution 

to better understand development as well as dynamic response to antagonists. Transendothelial 

electrical resistance (TEER) is used to determine ionic permeability between cells in a barrier 

system. TEER is defined by the following equation: 

𝑇𝐸𝐸𝑅 =  𝑅𝑏𝑎𝑟𝑟𝑖𝑒𝑟 𝑥 𝐴  

where Rbarrier is the resistance across the cellular barrier and A is the area of the cellular barrier. 

Rbarrier is measured by driving a direct current (I) across a cell monolater, often cultured on a 

semipermeable membrane. The resultant voltage (V) is measured and resistance is calculated using 

Ohm’s Law: 

𝑅𝑏𝑎𝑟𝑟𝑖𝑒𝑟 =  
𝑉

𝐼
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 TEER has been a tool for defining tightness of cell monolayers since at least 1978, 

specifically to characterize the Madin-Darby canine kidney epithelial cell line.[261-264] This 

technique has been developed and commercialized to become a standard metric for epithelial and 

transendothelial electrical resistance in Transwells, and even expanded to be incorporated into 

microfluidic devices and MPS. TEER provides quantitative information on the ionic conductance 

between cells in a monolayer noninvasively, allowing live monitoring of monolayer growth and 

differentiation. The equipment available for purchase from bioinstrumentation companies, such as 

Millipore Sigma and World Precision Instruments typically consists of two electrodes, often as a 

“chopstick” oriented pair. One electrode is placed on the apical side of the membrane barrier, while 

the other electrode is on the basal side. Each side has a silver electrode for passing a current across 

the barrier with AC square wave with a frequency of 12.5 Hz and a silver/silver chloride electrode 

for measuring the resultant voltage. An AC square wave is used as an alternative to DC to avoid 

charging effects on the cell layer and electrodes.[23] These values are used to calculate the ohmic 

resistance. The resistance of a semipermeable membrane without cells is subtracted from the 

resistance of the cell-seeded monolayer, and normalized across the surface area of the membrane, 

reported as Ω cm-2. For each Transwell setup, a single value is given to define barrier tightness, 

which can vary depending on user technique. The angle of the chopstick electrodes during 

measurements affects the uniformity of current density across the membrane, often leading to 

falsely high TEER values. Even further, TEER measurements do not provide spatial information, 

failing to capture heterogeneity in monolayer formation within a single Transwell. TEER also 

exclusively provides information regarding gaps between cells, valuable in determining 

proliferation rates, though not informative on paracellular or junctional protein formation. 
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Regardless, TEER remains a primary reported metric defining development and permeability of 

an endothelialized in vitro vascular model.  

 TEER has been used in vivo to identify BBB permeability in living rats, as well as in in 

vitro brain endothelial cell cultures.[265-267]  TEER values of the BBB in vivo have been reported 

as high as 5900 Ω cm-2, while in vitro transwell measurements are far lower, with TEER values 

typically less than 200 Ω cm-2. To increase barrier selectivity, and subsequently TEER values, 

many groups will incorporate a chemical treatment, such as retinoic acid, to elicit a cellular 

response. Astrocyte endothelial co-culture models and iPSC-derived cells also result in higher 

TEER values. Applied shear stresses and mechanical forces on cells in a microfluidic channel are 

also known to increase TEER, though require special fabrication to incorporate electrodes within 

or adjacent to a microchannel. Henry et al. created a 4-point impedance measurement system for 

a two chamber, semipermeable membrane microfluidic device, allowing impedance measurements 

up to 65 days after seeding mucociliary airway epithelial cells and intestinal epithelial cells, shown 

in Figure 5.1b.[77] Often times electrodes integrated are very large to guarantee a uniform current 

density, allowing a direct comparison of TEER values collected from fluidic systems to in vitro 

Transwell models and reported in vivo measurements. In Figure 5.1a and 5.1b electrode 

geometries are shown, which cover a large percentage of the channel and output a single value to 

define the TEER of the system.[61] These large electrodes limit visual monitoring of the cell layer 

using phase microscopy. Also, these devices must be intricately aligned to assure electrode 

orientation conserves current density across the incorporated membrane, or outputs may be 

reported falsely high. Other examples of BBB MPS with incorporated electrodes for TEER 

measurements include those to measure endothelial cell growth on a membrane [268] or co-

cultured endothelial cells and astrocytes on a planar membrane with electrodes on the apical and 
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basal sides. [61, 67] Other groups simply introduce temporary electrodes to the inlet and outlet 

ports, a technique that results in non-uniform current with TEER values dependent on channel 

geometry rather than cell monolayer.[57, 69, 269, 270]  Often times when introducing electrodes 

to only the inlet and outlet, results are normalized to extreme minimums and maximums to give 

relative comparisons, making it impossible to compare TEER collected from MPS to in vivo 

measurements and those from other in vitro systems. 

 

5.1.2 Electrical Impedance Spectroscopy 

 As an alternative to TEER, impedance measurements can be used to characterize barrier 

tightness. Rather than using direct current (DC) to determine resistance, alternating current (AC) 

Figure 5.1 Sensors are integrated into microfluidic devices to measure TEER across a cell barrier. 

(a) Microelectrodes are used to measure TEER across a BBB on chip.[61] (b) Electrode are 

integrated into a standard MPS with a semipermeable membrane for four-electrode impedance 

measurements.[77] (c) Small platinum electrodes are incorporated on the basal and apical side of 

a BBB grown on a semi-permeable membrane in a microchannel.[67] 
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can be used to obtain measurements that identify cell characteristics beyond ionic permeability 

between cells. Impedance values measured by sweeping an AC signal across multiple frequencies 

offers information on the capacitance of the cell layer, cytoplasm conductivity, and other important 

transcellular and paracellular characteristics. Capacitive measurements have been used to 

determine cell viability, differentiation, and endocytosis, and potentially the uptake and movement 

of particles through the BBB via active transport.[271, 272] Impedance is determined similar to 

ohmic resistance, relating a driven current to measured voltage using Ohm’s law. By sweeping an 

AC signal and measuring the resultant current over a collection of frequencies, the changes in 

amplitude and phase can be determined. The resultant impedance (Z) determined from alternating 

currents and voltages is complex, possessing real and imaginary components. Impedance is 

calculated as follows: 

𝑍(𝜔) =  
𝑉(𝜔)

𝐼(𝜔)
= 𝑍𝑟𝑒𝑎𝑙(𝜔) + 𝑗𝑍𝑖𝑚𝑎𝑔(𝜔)  

where ω is the radial frequency and j is the imaginary unit. From these values the magnitude of the 

impedance as well as the phase angle are determined between the applied current and measured 

voltage. The impedance magnitude is calculated as follows: 

|𝑍| =  √𝑍𝑟𝑒𝑎𝑙
2 + 𝑍𝑖𝑚𝑎𝑔

2 

The phase angle (φ) is also calculated using real and imaginary impedance values as follows: 

𝜑 = arctan ( 
𝑍𝑖𝑚𝑎𝑔

𝑍𝑟𝑒𝑎𝑙
) 

The measured modulus and phase shift can provide information on not only the paracellular 

permeability properties, but also characterize specific cell properties, such as cell layer 
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capacitance. Srinivasan et al. outline the equivalent circuit diagram for this system, and how 

cellular components are considered or omitted based on the frequency region where certain circuit 

elements dominate, shown in Figure 5.2.[23] In short, in a low frequency region, the capacitance 

of the electrodes is measured. In the mid frequency range, TEER values and electrical capacitance 

of the cell membrane can be determined. High frequency regions are mostly dominated by the 

resistance of the cell medium. These values can be optimized by fitting experimental data to the 

equivalent circuit model. Electrical monitoring of cell barriers is a real-time metric for assessing 

barrier permeability, offering valuable information on rapid and transient changes in cell function 

and confluency, though data must be properly interpreted with respect to the study design in order 

to provide clear and useful conclusions. It has been suggested that combining both electrical testing 

and traditional tagged-macromolecule tracing is necessary to comprehensively analyze barrier 

selectivity and response to introduced compounds.[273] 

 As mentioned previously, at low frequencies impedance measurements provide 

information on cell proliferation and permeability of monolayers in both Transwell cultures and 

MPS. For higher frequencies, capacitive measurements can be used to extract cellular information 

due to the dielectric characteristics of the cell cytoplasm and lipid membrane. These dielectric 

characteristics result in the displacement of internal charges when an external electric field is 

applied. This displacement is described by the permittivity of the system. Complex dielectric 

properties of cells can be described by the conductivity and permittivity of the cell membrane and 

cytoplasm, extracted from impedance measurements.[274] The impedance (Z) of a cell population 

in suspension can be used to determine the complex permittivity (𝜀̃) of this mixture with the 

following equation: 
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𝑍 =  
1

𝑗𝜔𝜀̃𝐾
 

where 𝑗 =  √−1, ω is the angular frequency, and K is the ratio of electrode area to gap between 

the electrodes. Complex permittivity is related to the measured permittivity (ɛ) and conductivity 

(σ) of the solution as follows: 

𝜀̃ =  𝜀 − 𝑗
𝜎

𝜔
 

 Das et al. described the derivation of electric properties of single cells within heterogenous 3D 

cell suspensions using Maxwell’s mixture theory in tandem with a single-shell model of cells in 

suspension.[274, 275] This mathematical theory can be used to estimate single cell characteristics 

Figure 5.2 (a) An equivalent circuit model is diagramed for adherent cells. Ion movement between 

cells is represented by a resistor (RTEER). The resistance of the cellular membrane (Rmembrane) is in 

parallel with the capacitance of the cytoplasm (CC). The resistance of the cellular medium (Rmedium) 

and the capacitance of the electrode (CE) are also considered. (b) Impedances of different 

components of the circuit model are detect in specific frequency regions.[23] 
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for cell suspensions, avoiding the disadvantages of single cell analysis. These disadvantages 

include complex cell handling and trapping, localized joule heating in confined current pathways, 

and natural heterogeneity of cells in different stages of the division cycle.  Foster and Schwan’s 

simplified equivalent circuit model of a single cell in suspension includes a cytoplasm resistor in 

series with a cell membrane capacitor, shown in Figure 5.3a.[275, 276] This circuit model is 

derived from the complete circuit model for a single shelled particle in suspension, shown in 

Figure 5.3b. In short, the capacitance of the cell membrane and resistance of the cytoplasm can 

be derived from calculated permittivity and conductivity values using the simplified equivalent 

circuit and the following equations: 

𝐶𝑚𝑒𝑚(𝜔) =  
9𝜙𝑟𝜀

4𝑑
𝐾 

𝑅𝑖(𝜔) =  
4 (

1
2𝜎𝑚

+
1
𝜎𝑖

)

9𝜑𝐾
 

where ϕ is the volume fraction of cells in suspension, R is the radius of the cell, and d is the 

membrane thickness. The conductivity of the media (σm), cell conductivity (σi), and cell 

permittivity (ɛ) are used to determine the membrane capacitance (Cmem) and cytoplasm resistance 

(Ri). These electrical component values can be used to monitor cell electroporation, lysis, as well 

as growth dynamics.[277-279] For the impedance spectroscopy system described herein, 

impedance measurements are collected across a range of frequencies, showing feasibility by 

detecting the impedance of adherent cells as well as cells suspended in a polymerized matrix 

compare to acellular materials and solutions. The equivalent circuit model for the BBB is very 

similar to the generalized circuit models shown in Figure 5.2 and Figure 5.3, though may include 

additional components to account for specialized proteins that limit permeability. For example, an 



136 

 

extra resistor may be in series with the membrane resistance, accounting for the additional 

molecular unit further preventing ion flow between cells.  

 

5.1.3 Monitoring with Spatiotemporal Resolution 

 Various microelectrode geometries, dimensions, and materials have been assessed for 

impedance spectroscopy applications in 2D and 3D.[280, 281] Most of these techniques are used 

to characterize single cells, cell monolayers, or 3D cell populations by collecting impedance 

measurements in a two-electrode, three-electrode, or four-electrode configuration. Four-electrode 

configurations lack the simplicity of configurations with fewer electrodes but is favorable in many 

applications due to a reduction in noise. Four-electrode configurations directly measure the effects 

of an applied current or voltage on the solution, therefore not measuring potentials at the electrode 

Figure 5.3 Circuit models of single cells in suspension. (a) Foster and Schwann’s simplified circuit 

model includes a cytoplasm resistor (Ri) and membrane capacitor (Cmem) in series, as well as the 

resistance (Rm) and capacitance (Cm) of the surrounding medium. (b) The complete circuit model 

consists of a cytoplasm resistor (R’i) and capacitor (C’i) in series and a membrane resistor (R’mem) 

and capacitor (C’mem) in parallel, as well as the resistance (R’m) and capacitance (C’m) of the 

surrounding medium.[275] 
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surface. This set-up is ideal for barrier systems or biological tissue. Despite the advantages of four-

electrode configurations for MPS monitoring, this method cannot provide spatiotemporal 

information. Instead, two-electrode and three-electrode configurations are used in an electrode 

array to spatially map impedance values. For a two-electrode configuration, impedance is 

measured between a working electrode and a counter electrode. Therefore, multiple different 

electrode combinations can be paired, collecting data down the length and with width of the array. 

Unfortunately, this method can result in noisy data due to the inability to decouple impedances of 

the solution and those due to electrode polarization. These disadvantages can be mitigated with a 

three-electrode configuration, where a reference electrode with a known, stable potential is 

incorporated and used to measure potential changes of only the working electrode, essentially 

halving the noise caused by electrode polarization.    

 Planar microelectrode arrays in a linear configuration have previously been used to detect 

and map pressure ulcer location using impedance measurements.[282] Damaged tissue with lower 

impedances were able to be detected adjacent to healthy tissue, and data was presented in a heat 

map with spatial resolution. Electrodes were paired with adjacent electrodes and measurements 

were interpolated to provide impedance values in a single plane. Impedance mapping with linear 

microelectrode arrays have also been used to achieve resolution in the z-direction by pairing 

electrodes that are not adjacent.[283] These measurement result in current flow further away from 

the electrode surface, providing impedance values in the z-direction, though these impedance 

values are higher and tend to be lower in resolution. Nonetheless, Chai et al were able to locate an 

obstacle on the electrode array, as well as detect cell growth, using the planar electrode array.[283] 

They also suggest mathematical methods for reconstructing electrical impedance tomography 

(EIT) measurements in 3D. Unfortunately, this system was still lacking in total area measured, as 
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only 16 electrodes were incorporated. High spatial resolution has been achieved in both 2D and 

3D cell culture using EIT with electrodes oriented in a circle around the sensing region.[284-286] 

This same radial electrode orientation is used in noninvasive medical imaging where variations in 

electrical properties between different tissues, fluids, and gasses allow real time imaging of 

physiological phenomena, such as respiration and brain function.[287, 288] The mathematical 

theory behind achieving high resolution images with this technique involves a forward problem 

and an inverse problem. In the forward problem a known current is applied between electrode pairs 

with a predicted potential distribution. The inverse problem involves calculating the expected 

resistivity that would match the electrical potential observed, therefore providing an input for the 

forward problem.  This results in a cycle of providing parameters for predicted outcomes and 

measuring outcomes to adjust input parameter to better fit the mathematical model. These 

calculations are typically made using electrodes oriented around the perimeter of a measurement 

region and are simplified through using radial coordinates. EIT mathematical theory and electrode 

orientation would provide high resolution heatmaps for MPS applications, though detection area 

typically has a 1:1 aspect ratio, limiting measurement region to a small portion of a long channel. 

Figure 5.4 (a) Electrodes are oriented along the central channel of the MPS. (b) The 

microelectrode array consists of 60 electrodes. 

 



139 

 

 The system described herein involves a planar, linear microelectrode array along nearly 2 

mm of the microfluidic channel. Two-electrode and three-electrode configurations are used to map 

impedance values within a microchannel, achieving spatial resolution with conductive fluids and 

adherent cells. 

 

5.2 Device Design and Fabrication 

5.2.1 Device Geometry and Electrode Count 

 To achieve spatial resolution down the length of the channel, as well as across both the 

vessel and tissue portions of the channel, a 60 electrodes array is incorporated within the 

microchannel. The electrode array, shown in Figure 5.4, is equidistant in the width of the channel 

and covers 2.9 mm down the length of the central channel. By incorporating many electrodes along 

the length of the channel, homogeneity of MPS growth down the channel can be determined during 

development. Electrodes are 50 µm in diameter and 141 µm from the nearest neighbor, allowing 

interpolation of measured two-point impedance values between combinations. Furthermore, 

electrode size enables multiple measurements in the 500 µm channel width without covering a 

large percentage of the growth area, therefore visual monitoring of MPS formation is still enabled. 

For proof of concept measurements, electrodes are paired with the nearest neighboring electrode, 

and interpolated to determine impedance close to the electrode surface. To obtain resolution in the 

z-axis, electrodes can be paired increasingly far apart and processed with more complexity. Neural 

networks and EIT data processing theories can be used to increase resolution of this system, though 

are out of scope of this proof of concept configuration. Electrodes in the microfluidic channel are 

etched through a parylene insulation layer, exposing 50 µm diameter sensing regions within 70 
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µm diameter circles. Gold lines, starting at 25 µm in width and tapering up to 300 µm in width, 

connect electrodes to contact pads for connecting to external hardware. Contact pad dimensions 

and designs are critical to ensure sufficient connection and alignment, and multiple designs have 

been tested, shown in Figure 5.5. The final contact pad design, shown in Figure 5.5c, are 1.9 mm 

in width and 4 mm in length, as well as alternating in location to simplify alignment. Beyond 

electrodes, contact pads, and connection between the two, alignment marks are incorporated on 

either side of the electrode array to insure uniform alignment to the microfluidic channel. Even 

further, additional glass areas were exposed by etching through parylene to permit PDMS oxygen 

plasma bonding to glass for long term MPS culture, as PDMS and parylene do not readily bond 

upon exposure to oxygen plasma. The final electrode array used was the design shown in Figure 

5.5c.  

 

 

Figure 5.5 Multiple electrode designs were tested during system development including (a) 

version 1, (b) version 2 and (c) version 3. 
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5.2.2 Electrode Fabrication 

 Electrode arrays were fabricated on 2 by 3 inch glass slides using photolithography and lift 

off. Initial metal deposition and gold electroplating steps are shown in Figure 5.6a. First, glass 

slides were rigorously cleaned using 2% HellmanexTM III cleaning solution, acetone, and IPA. 

Slides were dried with N2 gas and treated with UV ozone for 2 minutes. Once transported to the 

clean room, slides were treated with oxygen plasma for 45 seconds before coated with metal. A 

Kurt Lesker physical vapor deposition 75 magnetron sputtering system is used to deposit 30 nm 

Figure 5.6 (a) A 30 nm Cr layer and 100 nm Au layer is deposited using a metal evaporator, 

followed by pattern using photolithography and the electroplating of an additional 100nm of Au. 

(b) The photomask used to pattern the metal coated slide before electroplating. 
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of chromium (Cr) and 100 nm gold (Au) on the glass slide at 1 Å sec-1. Next, photolithography is 

used to pattern slides prior to electroplating. The slides are primed with MCC Primer 80/20 

(MicroChem) and then coated with about 1.5 µm Shipley Microposit S1813 photoresist by 

spinning for 60 seconds at 3000 rpm and 1200 acceleration using a spin coater. Samples are then 

soft baked for 60 seconds at 115°C. Using a Karl Suss MA6/BA6 Mask Aligner, resist is exposed 

to UV light for 9 seconds through the mask shown in Figure 5.6b. All photolithography masks as 

designed in AutoCAD and printed on transparency film as previously discussed. Post exposure, 

slides are baked at 115°C for 60 seconds. Resist is developed in MF-CD-26 developer for 60 

seconds to expose electrode areas for electroplating, and then rinsed with DI H2O and dried with 

N2 gas. Any excess resist is removed with a final oxygen plasma exposure for 45 seconds.  

 An additional 100 nm of Au is electroplated onto the gold layer to decrease the resistance 

of the electrode array. This is done using Elevate Gold 7990 solution (Technic) and a power source. 

A large beaker is filled with elevate gold solution and heated to 60°C on a hot plate. A platinized 

titanium anode is placed in a beaker parallel to the metal coated glass slide, with the gold side of 

the slide arranged facing the anode. The seed layer clamp area, shown on the side of the pattern in 

Figure 5.6b, is clamped to the negative terminal of the power source, with the positive terminal 

clamped to the anode. To plate an additional 100nm of Au onto the 7.616 cm2 surface area of the 

exposed electrode pattern on the slide at 3.5 mA cm-2, a 26.7 mA current was driven between the 

anode and sample for 27 seconds. After plating, the slide was immediately washed in DI H2O and 

dried with N2 gas.  

 Once electroplated, gold was removed to reveal the electrode pattern using chemical 

etchant, steps shown in Figure 5.7a. First, photolithography was used to cover electrode area. 

Slides are washed with IPA and primed with MCC primer. Slides were then coated with about 1.5 
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µm Shipley Microposit S1813 photoresist by spinning for 60 seconds at 3000 rpm and 1200 

acceleration using a spin coater. Samples are then soft baked for 60 seconds at 115°C. Using a 

Karl Suss MA6/BA6 Mask Aligner, the slide is aligned to the mask shown in Figure 5.7b using 

cross-hatched alignment marks and resist is exposed to UV light for 9 seconds. Post exposure, 

slides are baked at 115°C for 60 seconds. Resist is developed in MF-CD-26 developer for 60 

seconds to expose final electrode pattern, and then rinsed with DI H2O and dried with N2 gas. 

Excess resist is removed by treating with oxygen plasma for 45 seconds. The slide was then coated 

Figure 5.7 (a) Photolithography is used to shield patterned electrodes from chemical etching. (b) 

The photomask used to coat the electrodes with resist prior to metal etching. 
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in Au etchant in a crystallization dish for a few seconds and washed with DI water. The slide was 

then coated in Cr etchant in a different crystallization dish and washed with DI water. Final 

electrode patterns are then present, and resist is washed off with acetone to reveal the gold surface.  

 The final step involves insulating the slide in parylene and etching through to expose 

electrodes, contact pads, and a small section of glass for PDMS bonding, steps shown in Figure 

5.8a. First, slides are rinsed with IPA and treated with UV ozone for 5 minutes. Next, a vacuum 

chamber is used to evaporate a self-assembled silane monolayer, 3-(Trimethoxysilyl)propyl 

methacrylate, onto the slide at 80°C for 5 minutes. Finally, a Labcoater 2 Parylene Deposition 

Figure 5.8 (a) The slide is coated in an insulating parylene layer, patterned with photolithography, 

and etched to expose electrodes and contact pads using deep reactive-ion etching (b) The 

photomask used to pattern the parylene coated slide before etching. 
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System (Specialty Coating Systems) is used to insulate the slide. About 4.4g of Parylene C dimer 

results in an approximately 4.1 µm thick parylene coating. Deep reactive-ion etching is used to 

expose electrodes, contact pads, and a small glass area. First, photolithography is used to coat areas 

in resist that are not to be etched. Parylene coated slides are cleaned with IPA and primed with 

MCC primer. Thick positive AZ 9260 photoresist is spun onto the slide at 2.4 rpm with 1200 

acceleration for 60 seconds to achieve resist layer at least as thick as the parylene layer. Resist is 

annealed at 110°C for 3 minutes. Using a Karl Suss MA6/BA6 Mask Aligner, the slide is aligned 

to the mask shown in Figure 5.8b using cross-hatched alignment marks and resist is exposed to 

UV light for 23 seconds. Resist is then developed in AZ Developer 1:3 for 4 minutes and excesses 

resist is removed by oxygen plasma treating for 45 seconds. Finally, an Alcatel AMS 100 Deep 

Reactive Ion Etcher is used to etch through parylene using 250 V oxygen plasma at 0°C for 10 

minutes. Photoresist is removed using acetone, slides are dried with N2 gas and devices are ready 

for use.  

 

5.2.3 Hardware Design  

 Impedance measurements are made using a combination of hardware, software, and post 

processing techniques. A flow diagram is shown in Figure 5.9, displaying components required 

for data acquisition, including the hardware (blue), inputs and outputs of LabVIEW programming 

(green), and heatmap generation using post-processing code in MATLAB (red). System hardware, 

including a multiplexer and a potentiostat, allows switching between electrode pairs for subsequent 

frequency sweeps. Therefore, data can be rapidly collected across electrode pairs down the length 

of the channel without manually connecting working and counter electrodes to the potentiostat. 

The custom hardware set-up consists of a NI PXIe 2524 in NI PXIe-1073 chassis Multiplexer and 
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a Reference 600+ Gamry Potentiostat. The PXIe-2524 multiplexer switch module consists of many 

multiplexer configurations, though the dual 64 channel bank is used. The pinout for the switch 

module consists of 64 channels on each bank, allowing all 60 electrodes to be connected to both 

banks. This set-up permits two-point impedance measurements by connecting the working 

electrode to one bank and the counter electrode to the other bank, allowing any electrode pair to 

be selected. Connections are made between the multiplexer and the electrode array using a custom 

printed circuit board (PCB). The PCB was designed using EagleCAD, the board layout is shown 

in Figure 5.10. Wires printed on the front side are shown in red and wires printed on the back are 

shown in blue, connected using small through holes. Through holes are also used for the integration 

Figure 5.9 The sensing system consists of hardware (blue), LabVIEW software for hardware 

control and data output (green), and post-collection data processing using MATLAB (red). 
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of contact pins, a mount header and banana plug connectors. PCBs are printed by the company 

ALLPCB and populated using solder paste and a reflow oven. The complete PCB is shown in 

Figure 5.11a. Spring loaded gold contact pins are on the bottom side of the PCB, shown in Figure 

5.11b. Spring loaded pins are aligned to the contact pads on the glass slide, and weights or clamps 

are used to compress pins onto pads for proper connection. A 160-pin cable assembly (Pickering) 

is connected to the header on the PCB, assuring appropriate pin designations per electrode location 

for programmed switching and impedance measurements. Banana plug connecters are mounted on 

the PCB and used to connect the potentiostat to the selected working and counter electrodes. A 

square portion between pins is cut out of the PCB for electrode access. In Figure 5.12a a well 

Figure 5.10 EagleCAD is used to design a custom PCB for connection the microelectrode array 

to the multiplexing hardware. 
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from an 8-well chamber slide is glued onto the glass slide using PDMS, allowing bulk solution 

impedance measurement. In Figure 5.12b, a microfluidic channel is incorporated on top of the 

electrode array, allowing parallel laminar flow of two solutions. Alignment of the PDMS 

microchannel on the slide assures the interface between solutions is centered along the electrode 

array, as shown in Figure 5.12c.  

 Impedance measurements are made using a Gamry Reference 600+ high-performance 

potentiostat. The system consists of six output cables for the following connections: working 

electrode, working sense, counter electrode, counter sense, reference electrode, and ground. For a 

two-point impedance set-up, working and working sense leads are connected to one banana plug 

and the counter lead is connected to the other banana plug. The counter sense lead is not used. An 

Ag/AgCl counter electrode is made by reacting a silver wire in bleach for 5 minutes, which is then 

rinsed and connected to the reference lead. The ground lead is clamped to the PCB. Before data 

Figure 5.11 (a) The PCB is populated with a 160-pin surface mounted header, connected to the 

multiplexing using a cable assembly. Banana plug connectors are used to connect the potentiostat 

to the PCB. (b) Spring-loaded pins are populated on the bottom side of the PCB, achieving contact 

with each electrode contact pad. 
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can be collected, the potentiostat is calibrated using a 200 Ω calibration cell in a Faraday cage. 

Outside of the custom LabVIEW program, the potentiostat is operated using the Gamry 

Framework program. Measurements are made by applying a voltage from the working electrode 

to the counter electrode, and then measuring the resultant current between the working and 

reference electrodes. The AC voltage and frequency range, as well as points measured per decade, 

are defined in the Framework Program. It is important to note that the Gamry Framework program 

incorporates additional processing parameters, such as measuring the open circuit potential before 

Figure 5.12 (a) Clamps are used to ensure spring-loaded pins are correctly connected to the 

electrode array. A chamber slide well is glued to the top of the electrode array to collect static 

measurements, with a Ag/AgCl reference electrode. (b) The through-hole region in the center of 

the PCB allow monitoring of a microchannel aligned to the top of the electrode array. The 

reference electrode is introduced to the channel outlet. (c) Flow of two different solutions can be 

directed through the microchannel, and solution interface is aligned to the center of the electrode 

array. 
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running the experiment as well as amplifier settings that are not included in the LabVIEW 

operation. 

 

5.2.4 Software Design 

 All multiplexer switching and potentiostat operation is done using custom NI LabVIEW 

programming. The LabVIEW front panel is shown in Figure 5.13. This code allows the control of 

multiplexing as well as potentiostat settings. Multiplexer switching is controlled using the NI-

SWITCH hardware driver with LabVIEW. On the front panel, starting and ending electrodes are 

selected, as well as the number of nearest neighboring electrodes to be paired. For all 

measurements made in proof of concept experiments, nearest neighbor measurements are made to 

Figure 5.13 The LabVIEW front panel allows input of measurement parameters, as well as live 

visualization of data collection and electrode pairs being measured. 
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simplify post processing. Potentiostat operation is controlled using the Gamry VFP600 integration 

with LabVIEW. On the front panel, frequency sweep initial and final values as well as number of 

points collected per decade can be set. Also, the voltage amplitude can be defined. Additional 

settings, such as read speed and various filtering settings, can also be adjusted on the front panel. 

Upon starting collection, the impedance magnitude is displayed on the Front Panel Chart, along 

with the electrode pair currently being measured. Collecting data across all electrode pairs and 

many frequencies is completely automated using this program, though data collection can take five 

to ten minutes depending on the data density. Although this acquisition is not real-time, cell 

changes typically occur on the scale of minutes to hours rather than seconds, so temporal resolution 

should be sufficient at this rate. LabVIEW data is exported as a text file for easy integration with 

MATLAB. Post-processing of data in MATLAB involves creating a 3 by 29 grid, with 87 pixels, 

to represent each electrode pair with nearest neighbor measurements. Impedance magnitude is 

assigned to a colormap for clear visualization of spatial differences when comparing electrode 

pairs.  

 

5.3 Data Collection 

5.3.1 Preliminary Studies with Conductive Fluids 

 Preliminary studies were completed between two-electrodes using electrode array version 

1, Figure 5.5a, which was not electroplated to achieve an extra 100 nm of Au. The final Au layer 

on this electrode array was 100nm, though the dimensions of the electrodes were conserved in all 

versions. Contact pads were much smaller in this electrode array, complicating connections to the 

multiplexer. Instead, for these original studies, wire was soldered onto individual contact pads and 
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directly connected to the potentiostat. Conductive solutions were introduced to a microfluidic 

channel aligned on top of the electrode array and the Ag/AgCl reference electrode was inserted 

into the microchannel outlet. Impedances were measured with a 100 mV driving voltage from 1 to 

10 MHz frequency and 10 points measured per decade. Impedances magnitude and phase shift was 

compared between three solutions: 5.71 M NaCl, 0.571 M NaCl, and DI water. The highest ionic 

conductivity is expected for the NaCl solution with the highest molarity, while DI water is not 

conductive. Therefore, it is expected that 5.71M NaCl will have the lowest impedance, while DI 

water will have the highest. These trends were observed for measurements made without and with 

a reference electrode, shown in Figure 5.14a and Figure 5.14b, respectively. Impedance 

measurements made with a reference electrode were much cleaner, showing very clear trends with 

the largest differences in impedance magnitude at frequencies between 10 and 100kHz. Impedance 

phase also shows very clear shifts depending on solution conductivity, with the lowest conductivity 

Figure 5.14 The impedance magnitude (●) and phase (○) of NaCl solutions at different molarities, 

as well as DI water, is measured across a frequency sweep (a) without a reference electrode and 

(b) with a reference electrode. 
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solution having a peak impedance at a lower frequency. Measurements made without a reference 

electrode were not as clean as those made with a reference electrode, though clear differences in 

impedance between solutions is observed at frequencies between 1 and 10 kHz. A slight phase 

shift was also observed without a reference electrode. Reference electrodes provide cleaner data 

when compared to data collected without a reference electrode because the potential changes are 

measured in only half of the electrode setup, as reference electrodes have a stable electrode 

potential. Therefore, without a reference electrode, changes at both the working and counter 

electrodes are detected, complicating data output. Unfortunately, reference electrode integration 

in a microfluidic system can be complex, inserting an Ag/AgCl wire into the output channel is not 

a good long term option due to fluid evaporation over long term culture as well as inconsistencies 

in placement between MPS. Furthermore, Ag/AgCl reference electrodes have been shown to lead 

to cell death in long term cultures, suggesting long term use is not practical in an MPS.[289, 290] 

Therefore, the ability to detect impedance changes in electrode setups without a reference electrode 

is promising for future applications.  

 With the previous experiment set-up, temporal sensitivity of electrode measurements was 

detected using the same molarity NaCl solutions and DI water, shown in Figure 5.15. Over time 

the impedance magnitude was measured as different solutions were pushed through the 

microfluidic channel on the electrode array. Measurements were collected with a driving voltage 

of 100 mV and at 50 kHz frequency for data collected with and without a reference electrode at a 

sampling rate of 1 measurement per second. Impedance values increased within a matter of 

seconds with the introduction of less conductive fluid, and then recovered back to the initial value 

when the highest molarity NaCl was introduced back to the channel. This trend was observed for 

experiments with and without a reference electrode. Impedance values were much higher at 50 
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kHz frequency for measurements taken without a reference electrode compared to those taken with 

a reference electrode. These observations are important to ensure electrode durability over long 

experiments as well as sensitivity with changing environments.  

 Data density can be increased beyond the 87-pixels collected with nearest neighbor 

measurements by altering electrode spacing between different pairs. When moving paired 

electrodes farther apart, impedance will increase due to the larger distance for movement of current 

flow, though the current profile will extend higher in the z-direction. Therefore, changes in MPS 

barrier fidelity along the height of the channel can be detected, and a greater data density can be 

achieved to extract more specific characteristics from the MPS. More complex post-processing 

techniques would be required to fully understand this data, though the potential use of this 

technique was confirmed using a similar experimental design as described previously. Impedance 

Figure 5.15 Temporal sensitivity of a single electrode pair is assessed by measuring impedance 

using sequential introduction of different solutions through the microfluidic channel (a) without 

a reference electrode and (b) with a reference electrode. 
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measurements of a 5.71M NaCl solution were collected with a reference electrode and a 100 mV 

driving voltage and 50 kHz frequency, at a sampling rate of one measurement per second. 

Electrode changes were performed simply by connecting the potentiostat to the corresponding wire 

soldered to the contact pad, the multiplexer was not used in this experiment. Changes in impedance 

were detected with both temporal and spatial sensitivity, as the impedance rapidly increased when 

selecting electrode pairs farther apart, shown in Figure 5.16. The highest impedance was detected 

between electrodes spaced the furthest apart. By confirming spatial sensitivity, future applications 

in electrical impedance tomography data processing are conserved.  

 Using the same experimental set-up, impedance of polymerized GelMA on top of the 

electrode array was assessed for both acellular and cellularized scaffolds. HDFn cells were 

cultured as previously described and suspended in a 5 wt% GelMA solution with 0.5% Irgacure 

Figure 5.16 Spatiotemporal sensitivity is demonstrated by measuring impedance while adjusting 

electrode pair spacing using a reference electrode. 
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2959 photoinitiator in DMEM. Scaffolds were pipetted on top of the electrode array and 

polymerized using a UV spot lamp. Two cell concentration conditions were compared, one seeded 

at a low concentration of 10,000 cells mL-1, and the other at a high concentration of 100,000 cells 

mL-1. Impedance was measured using 100 mV driving voltage from 1 Hz to 1 MHz frequency with 

an Ag/AgCl reference electrode. Impedances of cellularized scaffolds were also compared to those 

of acellular polymerized GelMA in DMEM and acellular polymerized GelMA in PBS. All 

measurements were collected using the same electrode pairs, the electrode surface was cleaned 

with IPA between samples. The impedance magnitude and phase of each condition across the 

Figure 5.17 The impedance magnitude (●) and phase (○) of a polymerized GelMA scaffold in 

PBS, polymerized GelMA scaffold in DMEM, polymerized GelMA scaffold with 10,000 cells 

mL-1 (low cells) in DMEM, and a polymerized GelMA scaffold with 100,00 cells mL-1 (high cells) 

is measured across a frequency sweep. 
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frequency sweep are shown in Figure 5.17. At frequencies below 1 kHz, the GelMA scaffold 

populated with cells results has lower impedance magnitudes compared to those without cells. The 

lowest impedances are observed in GelMA samples with the highest number of cells. Normally, 

the addition of cells to conductive solutions and scaffolds, with both adherent cells and 3D culture, 

leads to an increase in impedance.[291] Alternatively, when a non-conductive insulating 

biopolymer like GelMA is seeded with cells the impedance decreases. This has been thought to be 

due to gap junctions between cell membranes allowing current flow between adjacent cells, 

resulting in cells acting as conductors for short periods of time.[292, 293] This phenomena has 

been reported with gelatin-chitosan and Matrigel scaffolds.[292-294]  At frequencies below 1 kHz, 

the insulating characteristics of GelMA results in similar impedance magnitudes despite ionic 

difference between acellular DMEM and PBS conditions. Alternatively, at frequencies from 10 

kHz to 100 kHz, ionic differences between solutions become apparent. The impedance values of 

cellularized and acellular GelMA in DMEM are equal, and these values are lower than acellular 

GelMA in PBS. Trends are also observed for measured phase values. In the mid-frequency range, 

the peak phase values are lower with higher cell populations, though the frequency at the 

impedance peak is similar for GelMA with DMEM. The GelMA in PBS condition has a phase 

peak shifted towards higher frequencies. At a frequency higher than 100 kHz phase peaks are 

similar for all DMEM conditions, but at a lower magnitude and shifted towards higher frequencies 

for the PBS condition. 

 This data shows the fabricated electrode arrays and potentiostatic measurements are 

suitable for detected cell populations in a polymerized scaffold, suggesting cell characteristics can 

be extracted from the tissue structure fabricated in the MPS. Therefore, the spatial resolution of 

the microelectrode array has the potential to enable both barrier formation and selectivity, as well 
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as tissue formation and cell proliferation rates. Furthermore, insulating properties of GelMA result 

in counterintuitive trends for cell growth, which can be monitored over time. This capability will 

prove useful in confirming consistent tissue populations in parallel MPS, a metric that is critical 

for standardizing MPS operation and confirming the co-culture is seeded and proliferating at 

consistent ratios.  

 

5.3.2 Multiplexer Operation  

 The previously discussed experiments were instrumental in confirming microelectrode 

function, though experimental outcome led to a redesign of the electrode array and multiplexing 

setup. It was observed that after multiple sequential experiments with the same electrode pairs at 

100 mV driving voltage, the 100 nm Au electrode began to delaminate, becoming very damaged 

and unusable. This characteristic would merit them unusable for long term experiments with MPS 

applications. Therefore, electroplating was integrated into the fabrication protocol to achieve a 

thicker Au layer with a lower innate resistance, which would withstand higher voltages for longer 

periods of time. Unfortunately, this change resulted in poor data output at 100 mV, showing no 

obvious trends between conductive fluids. Therefore, higher driving voltages were applied across 

the electrode pairs, demonstrating similar sensitivity without electrode damage. These 

characteristics were conserved even after multiplexed experiments where electrodes were used to 

measure impedance at many frequencies with many electrode pairs. Design was further altered to 

integrate with the described PCB and push pins, replacing the original setup which involved push 

pins integrated into a custom 3D printed header and a rats nest of wires connecting the pins to the 

multiplexer shown in appendix Figure C.2. Replacing free wire with a commercially manufacture 

connector from Pickering, as well as creating connections with a custom PCB, simplified assembly 
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and allowed multiplexed measurements down the entire channel. Final design included staggering 

contact pads to improve alignment to the PCB and adjusting Au line fan-out to allow PDMS 

bonding to glass.  

 Using the new set-up and custom LabVIEW code, impedance values of 5M NaCl, 100 mM 

NaCl, and 1 mM NaCl were measured. A well from an 8-well chamber slide was glued to the 

electrode array using PDMS at a 10:1 ratio. NaCl solution was added to the well at a 500µL 

volume, with an Ag/AgCl reference electrode. The frequency sweep shown in Figure 5.18 is 

extracted for a single electrode pair from a fully multiplexed data set using custom MATLAB. 

Data was collected from all 60 electrodes with nearest neighbor pairing at a driving voltage of 600 

Figure 5.18 The impedance magnitude (●) and phase (○) of NaCl solutions at different molarities, 

as well as DI water, is measured across a frequency sweep through the entire multiplexed hardware 

setup. Impedance measurements across a single electrode pair are extracted from the dataset using 

custom MATLAB code. 
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mV, at frequencies from 10 Hz to 1 MHz, with 5 points measured per decade. Impedance increased 

with decreasing conductivity, and peak phase values shifted toward lower frequencies with higher 

impedance. These trends confirm PCB and multiplexing hardware do not impede on the ability to 

measure impedance from the electrode arrays. Impedance values between each nearest neighbor 

pair were visualized on a heatmap using single pixels in a grid to represent a measurement. White 

circles represent electrode locations relative to the pixels containing impedance data. The heat map 

shown in Figure 5.19 displayed the impedances measured at 998 Hz. Inactive electrodes are 

present, characterized by the impedance measurements that do not change between different 

solution conductivities. For electrodes that are active, an increase in impedance is observed with 

Figure 5.19 Impedance measurements of NaCl solutions between all electrode pairs are visualized 

at a single frequency using a heatmap. 



161 

 

decreasing conductivity. Electrode inactivity can be attributed to electrode fouling, fabrication 

defects, or defects in PCB construction.  

 

5.3.3 Impedance Mapping Adherent Cells 

 Impedance of media and adherent cells was also measured with the same well set-up. 

Media measurements were made using 500 µL EGM-2 MV media. Cell measurements were 

collected after seeding hBMVECs in 500 µL EGM-2 MV. Prior to cell seeding, the electrode array 

was coated in 50 µg mL-1 fibronectin in PBS for 30 minutes at 37°C in an incubator. Fibronectin 

solution was removed and hBMVECs were seeded at a 100,000 cells mL-1 density and allowed to 

Figure 5.20 (a) The impedance magnitude (●) and phase (○) of media and hBMVECs adhered to 

the electrode surface is measured across a frequency sweep through the entire multiplexed 

hardware setup. Impedance measurements across a single electrode pair are extracted from the 

dataset using custom MATLAB code. (b) HBMVECs form a complete monolayer on the 

microelectrode array. 
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adhere for 30 minutes. The cell monolayer was then washed twice with EGM-2 MV to remove 

non-adherent cells and 500 µL of EGM-2 MV was introduced for impedance measurements. The 

cell monolayer on top of the electrode array is shown in Figure 5.20b. Impedance measurements 

were collected with a 600 mV driving voltage at frequencies ranging from 1 Hz to 1 MHz with 5 

points per decade. Data was collected for all electrode nearest neighbor pairs. Impedance values 

measured with the same pair of electrodes observed in the NaCl experiment described previously 

were extracted from the data set using MATLAB. An increase in impedance at frequencies less 

than 10 kHz was observed when cells were adhered to the electrode surface, shown in Figure 

5.20a. At these frequencies, transcellular differences are not detected, rather changes in cell 

coverage are measured. Peak phase values also shift to lower frequencies with the addition of cells. 

Heatmaps were also created comparing adherent cells to media alone within on the electrode array 

at 998 Hz frequency, shown in Figure 5.21. Across the electrode array, impedance values were 

higher with the cell monolayer. These experiments confirm the microelectrode hardware can be 

Figure 5.21 Impedance measurements are compared between media alone and adherent cells at a 

single frequency using a heatmap. 
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used to detect biological changes in cell culture, though resolution is lacking to obtain capacitive 

characteristics of cells. This resolution can possibly be improved by including a thin parylene 

coating on electrodes to reduce electrode-electrolyte interface impedance overpowering capacitive 

cell measurements.  

 

5.4 Future Applications and Experiments 

 Proof of concept is demonstrated for described set-up through preliminary experiments, 

though scope and applications of this technology are far more impactful. With the microelectrode 

array described, spatiotemporal information can be obtained for a living MPS without physical 

alteration or introducing tracer molecules. With that being said, there are many ways this system 

can be improved upon. For starters, increasing data density and including more complex 

processing power could lead to more informative data towards decision making based on both cell 

proliferation and biological characteristics. This technology can be developed using EIT 

processing techniques, allowing image reconstruction of cell characteristics using traditional EIT 

mathematics: the forward problem and the inverse problem.[284] Alternatively, there is potential 

for the use of neural networks in identifying key features in measured data extracted from ground 

data. This method would require many post facto characterization experiments to identify the 

ground truth. Another system improvement that can be integrated is identifying how to incorporate 

a reference electrode without microchannel disruption or increased cellular toxicity. Potentially, 

an electrode or additional larger electrode can be modified with Ag/AgCl using a bioplotter and 

coated in a thin polymer film to avoid leaching of Cl- into cellular environment. If these problems 

are addressed, there are great applications of this technology towards parallel monitoring of 

multiple MPS in drug discovery operations. The described multiplexer hardware with the same 
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pin-output can even be used to collect data from multiple parallel MPS by integrating fewer 

electrodes in along the length of the channel. This would allow parallel monitoring of MPS 

operation to ensure uniformity, as well as simultaneously assess differences with different MPS 

treatments. 
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APPENDIX A 

SUPPLEMENTARY INFORMATION FOR GELMA RHEOLOGICAL 

CHARACTERIZATION 

 Figures in this section include raw data and supplemental images for the rheological 

analysis of GelMA and subsequent cell studies described in Chapter Two. A schematic of GelMA 

synthesis is shown in Figure A.1. Data presented in Chapter Two is again displayed, but including 

G’, G’, and tan(δ) and error bars showing the standard deviation, are shown in Figure A.2, Figure 

A.3, and Figure A.4. Gel points and cure time, described as the inflection point and the where 

tan(δ) = 1, respectively, are shown in Figure A.5a and Figure A.5b. Temperature sweeps with 

error bars are shown in Figure A.6. Data processing techniques for cell assays are shown in Figure 

A7 and Figure A8. Viability analysis of spheroids in GelMA is shown in Figure A9, and spheroid 

size measurements over the course of the experiment is shown in Figure A10.  

 Prior to moving towards the spheroid model to demonstrate activity of embedded cells in 

GelMA, a sprouting bead assay was tested to observe angiogenic activity of human umbilical vein 

endothelial cells. This assay is primarily used with fibrinogen scaffolds to quantify angiogenic 

activity with cells exposed to pro-angiogenic or inhibitive factors, or to complement in vivo 

vascular analysis. The protocol for this experiment was adapted from Nakatsu et al.[295] In short, 

Cytodex 3 microcarrier beads were rehydrated and coated in HUVECs. Coating was enabled by 

combining HUVECs and beads in a round bottom tube and flicking every 20 minutes for 4 hours 

to allow uniform adhesion of cells on beads. Cell coated beads were incubated in a tissue culture 

flask with media overnight, and the next day suspended in 6 wt% GelMA with 0.3 wt% Irgacure 

2959 photoinitiator or 2 mg/mL fibrinogen with 0.35 U/mL thrombin and 26.7 μg/mL aprotinin as 

the control. Solutions were introduced at 500μL per well to a 24 well plate. Wells were exposed 
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to 12 mW cm-2 UV light for 1 minute (746 mJ cm-2 dosage) using a UV flood lamp and media was 

introduced on top. Three hours after matrix preparation, HDFn were seeded on top of gels with 

media changes every two days. Cells in the fibrinogen control showed outgrowth as early as 1 day 

after seeded, but HUVECs responded minimally to GelMA scaffolds. In some conditions, cells 

would become circular on the bead surface, while in other the cells remained tightly adhered, 

showing some response to the matrix, shown in Figure A11. Unfortunately, dynamic response 

was not observed, which may in part be due to the lack of fibril supports important to guide 

angiogenic sprouting. The importance of fibril support in cellular outgrowth has been reported in 

literature.[151] These findings also led to the integration of PEG-SH into GelMA scaffolds to MPS 

fabrication to better support embedded cell growth.  

 

 

 

 

 

 

 

 

Figure A.1 Synthesis of gelatin methacryloyl (GelMA) 
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Figure A.2 Storage modulus (G’) and loss modulus (G’’) of GelMA samples from 0.1 Hz to 10 Hz 

for (a) porcine GelMA polymerized at 37°C, (b) bovine GelMA polymerized at 37°C, (c) piscine 

GelMA polymerized at 37°C, (d) porcine GelMA polymerized at 4°C, (e) bovine GelMA 

polymerized at 4°C, and (f) piscine GelMA polymerized at 4°C. 
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Figure A.3 Storage modulus (G’), loss modulus (G’’) and tan(δ) of GelMA samples over 5 minutes 

polymerized at 5 mW cm-2 after incubation at 37°C for (a) High DS porcine GelMA, (b) Mid DS 

porcine GelMA , (c) Low DS porcine GelMA , (d) High DS bovine GelMA , (e) Mid DS bovine 

GelMA  (f) Low DS bovine GelMA, (g) High DS piscine GelMA, (h) Mid DS piscine GelMA, 

and (i) Low DS piscine GelMA.  
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Figure A.4 Storage modulus (G’), loss modulus (G’’) and tan(δ) of GelMA samples over 5 minutes 

polymerized at 5 mW cm-2 after incubation at 4°C for (a) High DS porcine GelMA, (b) Mid DS 

porcine GelMA , (c) Low DS porcine GelMA , (d) High DS bovine GelMA , (e) Mid DS bovine 

GelMA  (f) Low DS bovine GelMA, (g) High DS piscine GelMA, (h) Mid DS piscine GelMA, 

and (i) Low DS piscine GelMA. 
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Figure A.5 (a) Gel points and (b) Cure points calculated from UV polymerization rheology of 

samples crosslinked at 37°C for piscine, bovine, and porcine GelMA at low, mid, and high degrees 

of substitution.   
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Figure A.6 Storage modulus (G’) and loss modulus (G’’) were measured for temperature sweeps 

from 50°C to 4°C to 50°C for porcine GelMA polymerized at (a) 37°C  with high degree of 

substitution, (b) 37°C with mid degree of substitution, (c) 37°C with low degree of substitution, 

(d) 4°C  with high degree of substitution, (b) 4°C with mid degree of substitution, and (c) 4°C with 

low degree of substitution.  
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Figure A.7 Aspect ratio was measured for HDFns cultured on GelMA polymerized at (a) 37°C 

and (b) 4°C by using thresholding phalloidin-stained cells using ImageJ to isolate cell edges. After 

thresholding, ellipses were fit to edges and aspect ratio was measured using ImageJ particle 

analyzer.   
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Figure A.8 Spheroid radius was determined using (a) brightfield images. (b) Edges were 

determined using ImageJ and the (c) Radial normalized integral intensity was measured. Day 4 

spheroid sizes were measured manually using fluorescent confocal images. 
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Figure A.9 MDAMB231 human mammary spheroids were cultured inside GelMA scaffolds of 

different animal sources, degrees of substitution, and polymerization conditions. Viability was 

demonstrated using live/dead staining. 
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Figure A.10 Spheroid sizes varied depending on GelMA scaffold degree of substitution when 

chemically crosslinked alone, quantified as peak radial intensity. (a) Spheroids demonstrated size 

dependence on GelMA material properties, with stiffer scaffolds generally resulting in larger 

spheroids. Spheroids were largest in porcine GelMA polymerized at 4°C, regardless of degree of 

substitution. (b) After four days of growth, Spheroids embedded in porcine GelMA scaffolds with 

coordinated gelation and crosslinking decreased dramatically. Spheroids embedded in porcine 

GelMA with chemical crosslinking alone increased in size for the lowest DS and decreased for 

mid and high DS. Spheroids embedded in cold-water fish GelMA showed similar traits regardless 

of crosslinking conditions, and generally increased in size over the four-day period. 
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Figure A.11 Cytodex spheres are coated with endothelial cells and monitored for angiogenic 

outgrowth in 6 wt% GelMA compared to fibrin matrices. HUVECs do not undergo angiogenesis 

in GelMA scaffolds.  
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APPENDIX B 

SUPPLEMENTARY INFORMATION FOR MPS FABRICATION AND CELL 

CULTURE 

B.1 Introduction 

 This appendix compiles designs tested, and considerations made with stop-low lithography 

during the process of systems design and testing. Some of these designs include different 

dimensions and geometries of channels. Further, multiple negative mold fabrication methods were 

used prior to settling with photolithography as the method of choice to create the SU-8 mold for 

soft lithography. Laminar flow was induced with multiple flow strategies within microchannels. 

Common scaffold defects are discussed, as well as material property and cell density optimization.  

B.2 Master Mold Fabrication and Mask Design 

 Initially, photolithography was used to create master molds using SU-8 negative 

photoresist on 3-inch silicon wafers. Masks were design in Adobe Illustrator, with channel widths 

ranging from 100 μm to 900 μm in 100 μm increments, shown in Figure B.1. Most of these masks 

were not used to fabricate negative molds, channels tested included those with widths of 100 μm, 

500 μm, and 900 μm. Masks for creating negative molds for multichannel devices for simultaneous 

fabrication discussed in Chapter Three and Chapter Four were designed in AutoCAD with widths 

of 250 μm, shown in Figure B.2, and 500 μm shown in Figure B.3. Photomasks for creating SU-

8 molds of channels with 25 μm, 50 μm, and 100 μm width were also designed in AutoCAD, 

shown in Figure B.4. Channels with a 25 μm width were not successfully fabricated using SU-8 

due to resolution restraints, channels delaminated during development. Lastly, three-inlet 

microchannel masks were designed using AutoCAD, shown in Figure B.5 for future use in 

creating multilayered scaffolds with stop-flow polymerization, potentially incorporating additional 

related cell types into the MPS such as smooth muscle cells and pericytes. 
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 Beyond photolithography, negative masks were fabricated using more rapid prototyping 

techniques, including laser raster, 3D printing, and xurography. Laser rastered molds, shown in 

Figure B.6a, limited resolution and as well as resulted in roughness that prevented PDMS bonding 

to glass slides. Stereolithography 3D printed masks, shown in Figure B.6b, also resulted in 

surfaces too rough for bonding PDMS to glass. Lastly, molds created using Xurography, shown in 

Figure B.6c, did not result in surface roughness problems, but instead were difficult to keep 

aligned when transferring to a glass surface before soft lithography of PDMS. 
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Figure B.1 Y-channel photomasks with channel widths ranging from 100 to 800 μm, for SU-8 

negative photolithography with 3-inch silicon wafers. Designed using Adobe Illustrator. 
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Figure B.2 Y-channel photomasks for simultaneous device fabrications with 250 μm channel 

widths for SU-8 negative photolithography with 4-inch silicon wafers. Designed using AutoCAD. 
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Figure B.3 Y-channel photomasks for simultaneous device fabrications with 500 μm channel 

widths for SU-8 negative photolithography with 4-inch silicon wafers. Designed using AutoCAD. 
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Figure B.4 Y-channel photomasks for small devices with 25 μm, 50 μm, and 100 μm channel 

widths for SU-8 negative photolithography with 4-inch silicon wafers. Designed using AutoCAD. 
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Figure B.5 Three-inlet microdevice photomasks for SU-8 negative photolithography with 4-inch 

silicon wafers. Designed using AutoCAD. 
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Figure B.6 Other methods for creating Y-channel molds include (a) laser rastering, (b) 3D 

printing, and (c) xurography. 
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B.3 Stop-flow Polymerization Methods, Defects, and Future Applications 

 As described in Chapter Three, a pneumatic pump is used to create laminar flow profiles 

in microchannels. Other techniques for creating laminar flow in Y-shaped microchannels include 

fluid withdrawal through the microchannel outlet as well as passive pumping. As shown in Figure 

B.7a, by using a biopsy pump to create large inlet reservoirs, enough fluid is stored at the inlets to 

draw out through the outlet tubing using a syringe pump in withdrawal mode. This method has 

been used previously to stop flow before scaffold polymerization by cutting the outlet tubing.[184, 

185] This method is successful in creating laminar flow using a simple setup, shown in Figure 

B.7c, but does not permit post-polymerization driven flow through the remaining channel to apply 

shear due to large inlets. Another method for inducing laminar flow involves passive pumping, 

where surface tension present at the inlet drops directs flow towards the outlet, shown in Figure 

B.7b.[296] This method has been used previously for polymerizing parallel scaffolds in a Y-

shaped microdevices.[297] Inlet droplets must be smaller than outlet droplets, but equal to each 

other. Limitations of this technique include the precise pipetting required to ensure pumping is 

equal at both inlets. The described laminar flow techniques have disadvantages but avoid common 

defects that were observed when using pneumatic pumps. A common defect includes a bump that 

often occurs at the convergence of the two inlets, due to continued flow after stop flow, 

uncoordinated valving, and inequalities in viscosity, shown in Figure B.8. This defect was the 

most common complication in fabrication of MPS, though was greatly avoided due to the 

integration of a T-junction assuring stop flow valving occurred simultaneously.   

 Stemming from Dr. Daniele’s previous work, microfibers were fabricated using 

hydrodynamic focusing in a microfluidic device and integrated into MPS channels. This effort was 

towards creating an MPS with a cylindrical vessel to attempt uniform shear on all walls rather than 
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the inconsistent shear observed with rectangular channels. Microfibers were continuously 

fabricated using photocurable polymers in a microchannel with chevron structures that create 

hydrodynamic forces, resulting in hollow fibers. These methods have been previously described 

in detail.[298, 299] Hollow fibers made of 70% polyethylene glycol dimethacrylate are shown in 

Figure B.9a and Figure B.9c. Fibers can also be fabricated using a composite scaffold of GelMA, 

PEG-SH and PEG acrylate with photoinitiator and adhesion molecules, and integrated with cells, 

as previously described.[298] Fibers with HDFns embedded in the walls are shown in Figure B.9b, 

actin stained with phalloidin (green) and DAPI (blue). HUVECs grown in the channel lumen are 

shown in Figure B.9d, also actin stained with phalloidin(green) and DAPI (blue). Aceullular fibers 

were integrated into microdevices with 900 μm width as a proof of concept, shown in Figure B.10. 

This was done manually, by handling microfibers with tweezers and carefully aligning them in the 

channel before treating the surround PDMS with oxygen plasma using a Corona plasma treater. 

Dyed water was successfully driven parallel through the channel on the side with the vessel and 

without the vessel, maintaining the solution interface in the center of the channel. Unfortunately, 

the vessels were severely damaged during handling and this fabrication method was incredibly 

user intensive. For this reason, it was discontinued.  

 An interesting defect observed in microdevices could possibly be leveraged for future 

applications. This defect is a phenomenon observed occasionally in channels where bubbles 

formed and dehydrated parts of the scaffold. The scaffold dehydration resulted in a sinusoidal 

pattern that was consistent along the entire channel, shown in Figure B.11a. The pattern was 

maintained even after rehydration of the channel, shown in Figure B.11b. This effect is 

hypothesized to be due to buckling of the scaffold upon dehydration. Although a major defect for 
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BBB MPS, this observed phenomena could possibly be used to create physiological models that 

accurately mimic geometries present in vivo, such as the crypt structures present in the intestines.  

 

 

Figure B.7 Laminar flow through devices was tested using alternative methods including (a) 

pulling solutions from inlet reservoirs using tubing on the outlet and a syringe pump in withdrawal 

mode and (b) passively pumping using droplets on the inlet and outlet holes.  
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Figure B.8 A common defect in stop-flow polymerization includes a bump at the start of the main 

channel. (a) Photocurable precursor and non-photocuring solution flows parallel prior to UV 

exposure. (b) After UV exposure, the GelMA scaffold has a defect caused by uncoordinated 

valving.  
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Figure B.9 Using hydrodynamic focusing and photocurable polymers, microfibers are rapidly 

fabricated. (a) 70% PEGDA microfibers have uniform walls and lumens. (b) HDFns proliferate 

within 3% GelMA, 1.5% PEG-A and 1.5% PEG-SH fiber walls. (c) 70% PEGDA microfibers are 

hollow. (d) HUVECs proliferate within the lumen of 3% GelMA, 1.5% PEG-A and 1.5% PEG-

SH microfibers. Cells were fixed and stained with actin (green) and DAPI (blue). 
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Figure B.10 Microfibers are integrated within 900 μm Y-devices. (a) Manual alignment makes it 

difficult to uniformly integrate microfibers. (b) Fibers align along the central channel, and flow 

can be directed along the fiber. 
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Figure B.11 (a) Upon evaporation of fluid within the microchannel, the scaffold has been shown 

to buckle into a sinusoidal pattern. (b) The sinusoidal patten persists after rehydration of the 

channel. 
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B.4 Material and Cell Density Optimization 

 As previously discussed in Appendix A, cells have been shown to poorly integrate with 

GelMA in 3D. Initially, the photocurable scaffold selected for MPS fabrication and optimization 

was GelMA at different concentrations. Unfortunately, this material proved inappropriate for the 

application because scaffolds at a concentration low enough to support cell outgrowth and 

proliferation did not have the structural integrity to withstand shear. Therefore, PEG-SH and 

GelMA composite materials were used to leverage structural support of PEG-SH with the bio-

active components on GelMA, allowing low concentration scaffolds that can withstand shear 

forces. PEG-SH and GelMA composite material optimization is shown in Figure B.12. HDFns 

were embedded in scaffolds, allowed to grow for two days, fixed, and stained with phalloidin 

(green) and DAPI (blue). The most cell outgrowth occurred with PEG-SH to GelMA ratios of 1:3. 

This scaffold was tested at 2 wt% and 4 wt% concentrations, showing dynamic cell growth in both. 

Cell integration into the scaffold was still not as intensive as that seen in fibrinogen scaffolds, 

shown in Figure B.12e, but showed better integration when compared to Matrigel Figure B.12f. 

A PEG-SH to GelMA ratio of 1:3 was tested at 2 wt% and 4 wt% concentrations in a microchannel. 

It was observed that the low concentration scaffold did not have the structural integrity to fill the 

entire channel, instead contracting will cell cultures over time, shown in Figure B.13a. The higher 

concentration scaffold showed less cell outgrowth, but maintained its integrity in the channel, 

shown in Figure B.13b. Due to these observations, scaffolds with a 1:3 ratio of PEG-SH to GelMA 

at a 4 wt% total concentration was selected for future experiments.  

 The other major optimization explored in this study was tuning cell concentrations to 

ensure sufficient cells were integrated in both the scaffold and the channel. Cell seeding that was 

too low, as well as incorrect orientation of microfluidic devices during cell adhesion, resulted in a 
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channel with sparse cells that did not adhere to the scaffold-channel interface, shown in Figure 

B.14. HBMVECs in the channel were stained with phalloidin (green) and DAPI (blue). To address 

this issue, cells were introduced to the channel as a pellet at a 30 million per mL density and 

incubated on their side to ensure cell adhesion to the gel to create a vascular-tissue barrier.  
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Figure B.12 HDFn outgrowth network formation is dependent on the ratio of PEG-SH, which 

provides structural support, and GelMA, which has bioactive groups, tested at concentrations and 

ratios of (a) 4 wt% solids 1:1 ratio of PEG-SH to GelMA, (b) 2 wt% solids 1:3 ratio of PEG-SH 

to GelMA, (c) 4 wt% solids 1:3 ratio of PEG-SH to GelMA, and (d) 4 wt% solids 3:1 ratio of PEG-

SH to GelMA. (e) HDFn readily proliferated and formed a network in a fibrinogen scaffold but (f) 

did not integrate well with Matrigel. Cells were fixed and stained with actin (green) and DAPI 

(blue). 
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Figure B.13 Scaffolds must support cell growth while also maintaining structure in a channel. (b) 

2 wt% solids 1:3 ratio of PEG-SH to GelMA with fibroblasts result in scaffold contraction and 

poor formation in a channel. (b) 4 wt% solids 1:3 ratio of PEG-SH to GelMA scaffolds supported 

cell growth and maintained structure in the microchannel. Channel width is 500 μm.  
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Figure B.14 When endothelial cells are integrated in the scaffold at an insufficient density and 

orientation, an endothelial monolayer is not formed on the scaffold structure. Cells were fixed and 

stained with actin (green) and DAPI (blue). 
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APPENDIX C 

SUPPLEMENTAL INFORMATION FOR MPS IN-LINE SENSING 

C.1 In-line Sensing Hardware Optimization 

 Hardware optimization for in-line monitoring of MPS was carried out in numerous steps 

with multiple versions leading up to the final design described in Chapter Five. Before the 

multiplexer set-up was integrated devices shown in Figure 5a were directly connected to the 

potentiostat. This was done by putting a drop of solder on one of the contact pads, surrounding it 

in laser cut Kapton tape to prevent contact with surrounding contact pads, shown in Figure A.1a. 

This method required user intensive switching between pads and care that sufficient contact is 

made without touching surrounding contact pads. The next attempt to connect the electrode array 

to the potentiostat involved soldering wires to each contact pad, and connecting the potentiostat 

alligator clips to the wires, shown in Figure A.1b. This method did not have as much of a risk of 

contacting multiple contact pads as the previous technique, though it still required user intensive 

switching between wires. For this reason, the multiplexer hardware was integrate as described in 

Chapter Five. The first version was complicated to assemble. It involved using spring-loaded pins, 

staggered to connect to each contact pad as shown in Figure A.2a. The pins were assembled within 

a 3D printed housing unit designed in SolidWorks. Unfortunately due to the width of the contact 

pads, pins were difficult to align, as shown in Figure A.2b. Alignment was made easier by the 

housing unit which held the glass slide in slotted guides for each slide, as shown in Figure A.2c. 

Spring loaded pins were soldered to wires and insulated in heat shrink tubing. Wires needed to be 

long enough to connect the pins on the microscope to the multiplexer, resulting in a rat’s nest of 

wire that was assembled in a 160-pin header, shown in Figure A.2d. This wire resulted in residual 

noise, resulting in unsuccessful impedance measurements with this system. Although the system 
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did not work, proof of concept impedance measurements of electrical components was completed 

with the housing units, wire, and header shown in Figure A.2d. Resistors were distributed in a 

pattern down the length of a breadboard and connected to adjacent pins on opposite housing units. 

The impedance of these resistors was measured using the automated LabVIEW code described in 

Chapter Three, resulting in the heatmap shown in Figure A.3a. When RC circuits were integrated 

into the breadboard, which have a much different bode plot compared to resistors alone as shown 

in Figure A.3b, changes along the parallel component setup can be seen in the heat map shown in 

Figure A.3a. This experiment worked to verify the LabVIEW code worked to automatically 

switch between electrode pairs and collect impedance measurement. The second multiplexer 

connection prototype was designed for the electrode array shown in Figure 5b. Contact pads were 

redesigned for easier alignment and connection to a PCB. The PCB designed for this array, shown 

in Figure A.4, had pins aligned down the slide length, requiring very small gaps between contact 

pads, which was not desirable for fabrication and alignment reasons. Furthermore, the PCB header 

was mirrored compared to the pin alignment, ruining applications of this PCB for multiplexing. 

Fortunately, this PCB required a redesign to correctly assign header pins to spring loaded pins, 

allowing the subsequent redesign of contact pad location to the final version described in Chapter 

Three. 
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Figure C.1 Before the multiplexer was integrated into the sensing hardware, connections were 

made between the electrode array and the alligator clips connected to the potentiostat through (a) 

laser cutting Kapton tape to isolate contact pads and form contact with a dot of solder to ensure 

proper contact and (b) wires soldered onto contact pads.  
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Figure C.2 Version 1 of multiplexer integration includes (a) spring-loaded pins connected in a 3C 

printed holder and soldered to wire. (b) Pins align to contact pads on the electrode array. (c) 3D 

printed holder connected pins to contact pads at a force sufficient to create an electrical connection. 

(d) Wires were connected to the multiplexer using a 160-pin header.  
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Figure C.3 (a) Parallel resistors and capacitors were used to test the multiplexing hardware. (b) 

Resistors and capacitors have result in very different Bode plots with RC circuits decreasing in 

impedance magnitude as frequency increases. (c) A breadboard was used to connect electrical 

components to the multiplexer. 



219 

 

 

Figure C.4 Version 2 of the multiplexer consists of pins in parallel, complicating alignment. 

Furthermore, the pin assignments were not correct for use with LabVIEW data collection code. 
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C.2 MATLAB Code for Multiplexed Data Heatmaps 

C.2.1 MATLAB Code for Heatmap Plotting 

test = test1mM600; %file 1 

test2 = test100mM600; %file 2 

test3 = test5M600; %file 3 

name1 = '1mM NaCl'; %name of first file 

name2 = '100mM NaCl'; %name of second file 

name3 = '5M NaCl'; %name of third file 

f = 18; %column of desired frequency to plot 

  

%colorbar location 

  left1 = .925; 

  cb_bottom = .1 ; 

  cb_width = 0.010 ; 

  cb_height = .8 ; 

  

%extract impedances for selected frequency 

z= test([2:end],f); 

z2= test2([2:end],f); 

z3= test3([2:end],f); 

m = 1; 

  

%format string into 3x29 matrix 

for j = 1:29 

    for i = 1:3 

        zhold(i,j) = z(m); 

        zhold2(i,j) = z2(m); 

        zhold3(i,j) = z3(m); 

        m = m +1;  

    end 

end 

  

%define grid location 

[X,Y] = meshgrid(100:100:3000,100:100:400); 

  

%create extra row and column with values of top row and leftmost column 

NewRow = zhold(1,:); 

NewCol = [zhold(1,end);zhold(:,end)] 

NewRow2 = zhold2(1,:); 

NewCol2 = [zhold2(1,end);zhold2(:,end)] 

NewRow3 = zhold3(1,:); 

NewCol3 = [zhold3(1,end);zhold3(:,end)] 

  

%add extra row and column to data matrix 
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newzr = [zhold; NewRow]; 

newz = [newzr NewCol]; 

newzr2 = [zhold2; NewRow2]; 

newz2 = [newzr2 NewCol2]; 

newzr3 = [zhold3; NewRow3]; 

newz3 = [newzr3 NewCol3]; 

  

%define maximum impedance for plotting electrodes 

z_max = max(max(max(newz)),max(max(newz3)))*ones(60,1); 

  

%assign min and max values 

bottom = 1E5 

top = 2E5 

  

%create figures with 3 tiles for each data plot 

figure;  

subplot(3,1,1); 

  

%plot first heat map with overlaid electrodes 

hold on 

surf(X,Y,newz) 

view(2) 

xlim([0 3100]) 

ylim([0 500]) 

plot3(elec(:,2),elec(:,3), z_max,'co','LineWidth',0.5,... 

    'MarkerEdgeColor', 'k',... 

    'MarkerFaceColor', 'w',... 

    'MarkerSize',8); 

title([name1, ' at ',num2str([test(1,f)]), ' Hz']); 

caxis([bottom top]) 

axis equal; 

  

%plot second heat map with overlaid electrodes 

subplot(3,1,2); 

hold on 

surf(X,Y,newz2) 

view(2); 

xlim([0 3100]) 

ylim([0 500]) 

plot3(elec(:,2),elec(:,3), z_max,'co','LineWidth',0.5,... 

    'MarkerEdgeColor', 'k',... 

    'MarkerFaceColor', 'w',... 

    'MarkerSize',8); 

title([name2, ' at ',num2str([test2(1,f)]), ' Hz']); 

caxis([bottom top]) 

axis equal; 
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%plot third heat map with overlaid electrodes 

subplot(3,1,3); 

hold on 

surf(X,Y,newz3) 

view(2) 

xlim([0 3100]) 

ylim([0 500]) 

plot3(elec(:,2),elec(:,3), z_max,'co','LineWidth',0.5,... 

    'MarkerEdgeColor', 'k',... 

    'MarkerFaceColor', 'w',... 

    'MarkerSize',8); 

title([name3, ' at ',num2str([test3(1,f)]), ' Hz']); 

caxis([bottom top]) 

axis equal; 

  

%format colormap and add labels 

colormap(flipud(hot)) 

cbax = axes('visible', 'off'); 

caxis(cbax, [bottom, top]); 

h = colorbar(cbax, 'location', 'eastoutside', 'position', [left1 cb_bottom cb_width cb_height] ); 

ylabel(h,'Impedance(\Omega)'); 

 

C.2.2 MATLAB Code for Bode Magnitude and Phase Plots Between an Electrode Pair 

 %magnitude data selection 

test = test1mM600; %file 1 

test2 = test100mM600; %file 2 

test3 = test5M600; %file 3 

%phase data selection 

ptest = test1mM600_phase; %file 1 

ptest2 = test100mM600_phase; %file 2 

ptest3 = test5M600_phase; %file 3 

  

name1 = '1mM NaCl'; %name of file 1 

name2 = '100mM NaCl'; %name of file 2 

name3 = '5M NaCl'; %name of file 3 

  

%extract frequency values 

x= test(1,[3:end])';  

x2= test2(1,[3:end])'; 

x3= test3(1,[3:end])'; 

  

%identify electrode pair 

a = 58; %electrode 1 
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b = 59; %electrode 2 

j = 1; 

  

%Identify row that corresponds with electrode pair 

for i = 1:length(test(:,1)) 

     

    if test(i,j) == a && test(i,j+1) == b 

        hold = i; 

    end 

     

    if test(i,j) == b && test(i,j+1) == a 

        hold = i; 

    end 

     

     

end 

  

%extract impedances from selected electrode pair 

z= test(hold,[3:end]); 

z2= test2(hold,[3:end]); 

z3=test3(hold,[3:end]); 

pz= ptest(hold,[3:end]); 

pz2= ptest2(hold,[3:end]); 

pz3=ptest3(hold,[3:end]); 

  

%create figure and plot magnitude and phase 

figure;  

hold on 

yyaxis left 

scatter(x,z,'filled', 'r') 

scatter(x2,z2, 'filled', 'k') 

scatter(x3,z3, 'filled', 'b') 

title(['Electrodes ',num2str(a), ' and ', num2str(b)]); 

%caxis([yaxis xaxis]) 

xlim([10 1000000]) 

set(gca, 'YScale', 'log') 

set(gca, 'XScale', 'log') 

legend(name1,name2,name3) 

xlabel('Frequency (Hz)')  

ylabel('Impedance (\Omega)') 

  

%format figure 

yyaxis right 

scatter(x,pz,'r', 'o') 

scatter(x2,pz2,'k', 'o') 

scatter(x3,pz3,'b', 'o') 
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legend(name1,name2,name3) 

ylabel('Phase (\circ) '); 

ax = gca; 

ax.YAxis(1).Color = 'k'; 

ax.YAxis(2).Color = 'k'; 
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APPENDIX D 

COLLABORATIVE PROJECTS 

D.1 Introduction 

 Multiple collaborative in vitro experiments were completed using human cells to 

demonstrate cellular response to different molecules and environments, as well as molecule 

affinity to specific protein expressed by human cells.  

D.2 Protein-Binding of Azobenzene-Cyclized Peptides 

 This work was a collaborative effort between the Daniele, Menegatti, and Freytes group.at 

NC State A photo-switchable azobenzene-cyclized peptide was designed and characterized, 

specifically to target vascular cell adhesion molecular 1 (VCAM-1).[300] VCAM-1 is a cell 

adhesion protein that mediates the adhesion of various immune cells to the vascular endothelial 

cell surface. This protein is a key molecule for recruiting immune cells to sites of injury and 

infection. VCAM-1 expression was induced on hBMVECs using a combination of interleukin 4 

(IL-4) and Lipopolysaccharide (LPS). IL-4 is a chemokine that induces differentiation and 

activates various immune cells. LPS is a component of bacterial cell walls, and therefore is a 

common molecule used to induce immune response in vitro. Together, IL-4 and LPS work to 

synergistically induce VCAM-1 in hBMVEC. This is confirmed with both RT-PCR analysis and 

immunohistochemistry. In Figure D.3, LPS is shown to induce VCAM-1 expression in hBMVEC, 

but to a far lesser degree than IL-4 and LPS dual treatment. VCAM-1 is not significantly induced 

for either treatment condition in HUVEC and HDFn cultures. When stained with an anti-VCAM-

1 antibody, IL-4 and LPS dual treatment shows significantly more VCAM-1 expression when 

compared to the other treatments, shown in Figure D.4. Binding of peptide variant cycloAZOB[G-
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VHAKQHRN-K*] was tested in both the cis and trans configuration using VCAM-1 induced 

hBMVECs. It is expected that cis configured peptides will bind more readily to VCAM-1 induced 

hBMVECs compared to peptides in the trans configuration. Neither configuration should show 

affinity for cells that do not express VCAM-1. Results demonstrated these trends, shown in Figure 

D.1. Confocal microscopy was used to image fixed hBMVECs that have been incubated with 

biotin-streptavidin labelled peptide (green), as well as DAPI labelled (blue). Colocalization of 

Anti-VCAM-1 antibody (red) and CycloAZOB[G-VHAKQHRN-K*] in the cis confirmation is 

shown in Figure D.2. 
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Figure D.1 CycloAZOB[G-VHAKQHRN-K*] in the cis conformation incubated with cells (A) 

expressing and (B) not expressing VCAM-1, cycloAZOB[G-VHAKQHRN-K*] in the trans 

conformation incubated with cells; (C) expressing and (D) not expressing VCAM-1, and (E) the 

relative intensity of biotin-labelled cis/trans cycloAZOB[G-VHAKQHRN-K*] incubated with 

VCAM-1+/- induced cells. Statistics were done with a 2-tailed t-test with a p value <  0.05 (*) 

considered statistically significant. 
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Figure D.2 IL-4/LPS treatment induced VCAM1 expression confirmed with (A) antibody staining 

(B) cis cycloAZOB[G-VHAKQHRN-K*] peptide and (C) the colocalization of the anti-VCAM1 

antibody and cis cycloAZOB[G-VHAKQHRN-K*] peptide around the nucleus of the cell. 
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Figure D.3 Confirmation of VCAM1 induction by LPS exposure via immunohistochemical 

analysis and qRT-PCR characterization. BMEC was demonstrated to express VCAM-1 when 

treated with IL-4, followed by LPS. LPS treatment alone showed no significant change in VCAM-

1 expression. HUVEC and HDFn controls showed no increase in VCAM-1 expression with either 

treatment condition. Statistical analysis was performed using a 2way ANOVA with Tukey’s post 

hoc comparison test with an alpha value of 0.05 (*) considered statistically significant. 
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Fig. D.4 Confirmation of VCAM1 induction in BMECs by synergistic treatment with IL-4 and 

LPS via immunohistochemical analysis quantification. Relative intensity of tagged VCAM-1 

antibody compared across different cell treatment condition agrees with RT-qPCR measurements, 

showing the most induction of VCAM-1 in BMECs treated with IL-4 followed by LPS. Error bars 

represent standard deviation. Statistical analysis was performed using a paired t-test with an alpha 

value of 0.05 (*) considered statistically significant. 

 

  



231 

 

D.3 Synergistic Delivery of Chemotherapeutic Drugs Demonstrated using a Spheroid Cell 

Model 

 This study was done in collaboration with Dr. John Schneible in the Menegatti Lab at NC 

State. A chitosan hydrogel system was developed to synergistically deliver chemotherapeutic 

drugs, doxorubicin (DOX) and gemcitabine (GEM). The scaffold delivery system was evaluated 

using both adherent and 3D cell models. The 3D cell model involved spheroids of triple negative 

breast cancer cells, MDAMB231. Spheroids were generated using the protocol described in 

Chapter Two. Spheroids were then treated with free drugs and drug combos, as well as drug-loaded 

chitosan. Chitosan experiments were done using Transwells to avoid direct contact of gels with 

spheroids. After three days of incubation, spheroids were live/dead stained with Calcein AM and 

ethidium homodimer-1 to identify live (green) and dead (red) cells, respectively, shown in Figure 

D.5. Dual drug delivery from the chitosan hydrogel demonstrated both cell death and spheroid 

decrease in size. Quantified decrease in volume of dual drug delivery from the chitosan hydrogel 

is shown in Figure D6a. This volume change at a single drug concentration is also confirmed in 

Figure D6b, showing dual drug delivery from the chitosan hydrogel resulting in the only treatment 

that resulted in spheroids shrinking over time. This suggests the possibly utility of the dual 

treatment of synergistic drugs delivered from naturally-derived hydrogels in treating aggressive 

tumors. 
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Figure D.5 Images of spheroids treated with different conditions; all grey-scale images represent 

spheroids prior to treatment and all fluorescent images represent spheroids following treatment; 

green and red, represent viable and non-viable cells, respectively. (A) and (B) are the control, (C) 

and (D) are the unloaded hydrogel, (E) and (F) represent treatment with 1.67 μM GEM, (G) and 

(H) represent treatment with 2.5 μM DOX, (I) and (J) represent treatment with 2.0 μM DOX and 

20 μM GEM concurrently administered, and (K) and (L) represent treatment with 2.08 μM DOX 

and 20.8 μΜ GEM released from the ACS gel. The scale bar in all images is 400 μm. 
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Figure D.6 (a) Change in volume of spheroids corresponding to a selected dose of treatment. The 

control (black) and ACS hydrogel (grey) represent spheroids receiving no treatment and exposure 

to 150 mg of unloaded hydrogel, respectively. Treatments were performed using drug 

concentrations of 1.67 μM GEM (green), 2.5 μM DOX (red), 20 μM GEM + 2 μM DOX as free 

drugs concurrently administered (blue), and 20.8 μM GEM + 2.08 μM released from the ACS 

hydrogel (orange). Data are represented as mean ± S.D. (n ≥ 3); ns represents no statistical 

significance, * and ** represent p < 0.05, and p < 0.01, respectively, as obtained from the Student’s 

t-test. (b) Tumor organoid volume change observed as a function of drug concentration for free 

GEM (green), free DOX (red), free GEM:DOX concurrently administered at a molar ratio of 10:1 

(blue), and GEM:DOX released from ACS hydrogel at molar ratio ≥ 10:1. Data are represented as 

mean ± S.D. (n ≥ 3). 
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D.4 Sonicated Fibrin Nanoparticles Enhance Angiogenic Response 

 This study was done in collaboration with Dr. Ashley Brown’s lab at NC State, specifically 

with undergraduate student Colleen Roosa. As demonstrated in Appendix A, fibrinogen is a 

suitable matric for inducing an angiogenic response in endothelial cells. More porous networks 

that enhance the angiogenic response of endothelial cells can be fabricated by sonicating fibrin 

nano particles (FNP). Fibrin polymerized with thrombin was broken into FNP by shearing gels 

through a cell strainer. Subsequent FNP were then sonicated to create smaller nanoparticles 

(SFNP). Cytodex beads were coated in HUVECs as described in Appendix A. HUVEC coated 

beads were embedded in SFNP doped fibrinogen at different concentration, as well as fibrinogen 

clotted with thrombin. The most sprouting was observed in fibrinogen spiked with 1 mg mL-1 

SFNP, though all SFNP conditions showed more sprouting than the fibrinogen control, shown in 

Figure D.7. This demonstrates that SFBN and fibrinogen composite scaffolds are solid enough to 

support cell outgrowth, with porosity to enhance outgrowth, even without thrombin.  This study 

confirms the importance of material characterization and tuning in inducing desired biological 

response.  
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Figure D.7 The angiogenic assay demonstrated that HUVEC cells sprout in SFBN gels within 48 

hours (Fig 5). Sprouts were significantly longer (p<0.0001) in fibrin clots containing SFBNs 

compared to the fibrinogen + thrombin controls. Cells also sprouted significantly better in 1 

mg/mL SFBN clots compared to all conditions. Confocal microscopy showed that these clots are 

the most loosely crosslinked, which may better support cell migration and longer sprouts. There 

were no significant differences between sprout length in 5 mg/mL and 10 mg/mL clots. This is 

likely due to their similar clot structure, as shown in the confocal results.  
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LIST OF ABBREVIATIONS: 

 

Acronyms: 

3D three dimensional 

2D two dimensional 

GLP good laboratory practice 

GMP good manufacturing practice 

GCP good clinical practice 

MPS microphysiological system 

BBB blood-brain barrier 

PDMS polydimethylsiloxane 

CNS central nervous system 

BMVEC brain microvascular endothelial cells 

MRP1 multidrug resistance protein 1 

P-gp P-glycoprotein 

BCRP Breast cancer resistance protein 

TJ tight junction 

ZO-1 zona occludins 1 

CLDN5 claudin-5 

OCLN occludin  

PECAM-1 platelet endothelial call adhesion molecule 1 

ERK extracellular signal-regulated kinases 

NVU neurovascular unit 
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ESC embryonic stem cells 

iPSC induced pluripotent stem cell 

PBS phosphate buffered saline 

RT-PCR reverse transcriptase polymerase chain reaction 

ECM extracellular matrix 

GelMA gelatin methacryloyl 

DS degree of substitution 

TNBSA 2,4,6-trinitrobenzene sulfonic acid 

HDFn human dermal fibroblasts, neonatal 

DMEM Dulbecco’s modified eagle medium 

PEG polyethylene glycol 

Re Reynolds number 

PEGDA poly(ethylene) diacrylate 

COC cyclic olefin copolymer 

hBMVEC human brain microvascular endothelial cell 

EGM-2 MV microvascular endothelial cell growth media 2 

NHA normal human astrocytes 

SVGP12 SVG p12 immortalized fetal glial cells 

GFAP glial fibrillary acidic protein 

PEG-SH poly(ethylene glycol) thiol 

LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

PFA paraformaldehyde 
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PECAM-1 platelet endothelial cell adhesion molecule 

CD144 cluster of differentiation 144 

HPLC high performance liquid chromatography 

CsA cyclosporine A 

TEER transendothelial electrical resistance 

DC direct current 

AC alternating current 

Z impedance 

EIT electrical impedance tomography 

Cr Chromium 

Au Gold 

PCB printed circuit board 

VCAM-1 vascular cell adhesion molecule 1 

IL-4 interleukin 4 

LPS lipopolysaccharide 

DOX doxorubicin 

GEM gemcitabine 

FPN fibrin nanoparticles 

SFPN sonicated fibrin nanoparticles 
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Units: 

° degrees (angular) 

°C degrees Celsius 

A amp 

Da Daltons 

dyn dynes 

g gram 

GHz gigahertz 

h hour 

Hz hertz 

J joule 

kPa kilopascals 

kHz kilohertz 

m meter 

mA milliamp 

mg milligram 

MHz megahertz 

mJ millijoule 

mL milliliter 

mm millimeter 

mM millimolar 

ms millisecond 
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mW milliwatt 

min minute 

nm nanometer 

Pa Pascals 

Rpm revolutions per minute 

s second 

V volt 

W watt 

μg microgram 

μL microliter 

μm Micrometer 

Ω ohm 

 

 

Mathematical Terms: 

𝑀𝑐
̅̅ ̅̅  Molecular weights between crosslinks 

q swelling ratio 

ws weight of swollen gel 

wd Weight of dry gel 

G shear modulus 

Q volumetric swelling ratio 

c concentration 

Mn molecular weight 
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R universal gas constant 

T absolute temperature 

G’ storage modulus 

G’’ loss modulus 

Re Reynolds number 

ΔP pressure drop 

Rf fluidic resistance 

L channel length 

ρ density 

v velocity 

dh hydraulic diameter 

μ viscosity 

w channel width 

h channel height 

u fluid velocity field 

p Pressure field 

f acceleration field 

η viscosity 

Qf volumetric flow rate 

r Radius 

τ shear stress 

Rbarrier resistance across the barrier 
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A area 

V voltage 

I current 

Z impedance 

J imaginary unit 

ω radial frequency 

Zreal real impedance 

Zimag imaginary impedance 

φ phase angle 

ɛ permittivity 

σ conductivity 

ϕ volume fraction 

C capacitance  

K ratio of area to gap 

 


