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Abstract 

The Impact of Blood Components on Aging 

Payam Amiri, Kiana Aran (PI) 

Advancements in modern medicine have greatly extended human life expectancy. 

However, with the onset of age-associated conditions such as Alzheimer’s disease, 

autoimmune disorders, and certain cancers, healthy aging is becoming an increasingly 

pressing issue. Blood exchanges between young and old partners demonstrate old blood 

can cause detrimental effect to the young animal, notably on the brain tissue. However, 

the complexity of blood makes it difficult to identify what role the individual factors play 

in the aggregate observed effect. This dissertation seeks to explore the potential effects of 

erythrocytes on the brain as we age. Erythrocyte morphology and rigidity changes as 

mammals age, altering their physical dynamics as they flow within the capillary bed. This 

impacts downstream biological events, such as the release of reactive oxygen species and 

hemoglobin, potentially compromising the blood-brain barrier. This work outlines the 

development of the next generation of blood exchange tools to further understand the role 

of blood in aging. Additionally, this work aims to develop a novel blood-brain barrier, 

organ-on-a-chip and to test the impact of erythrocytes on the brain. In doing so, we 

identify erythrocytes as a critical contributor to age-associated neurological decline.  
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Chapter 1: Introduction to the Scope of the Thesis 

The Problems of an Aging Population 

Advances in modern medicine have greatly extended human life expectancy, with 

the most notable increases occurring within the past 150 years. In the latter half of the 

19th century, life expectancy in the developed world was roughly between 40-50 years.5 

In the following century, life expectancy steadily increased and now stands at roughly 85 

years, and it is not uncommon for one to reach their centennial years. However, life 

expectancy has plateaued in the past decade.5 We as a society are faced with a new 

problem. There is now a greater and more pressing issue of new age-associated diseases 

and conditions that need to be addressed. 

There are a myriad of age-associated diseased that include, but are not limited to, 

Alzheimer’s disease,6 Parkinson’s disease,7 various cancers8,9 and autoimmune 

conditions10 that have in recent years presented with a higher prevalence in the global 

population. Not only does this increase in disease prevalence place a significant personal 

strain on individuals, but there is also increased cost on the global healthcare 

infrastructure. Many of these age-associated conditions follow complex cellular 

pathways, and are not only difficult to treat, but are a taxing strain on global resources. 

Furthermore, there is a notable decrease in the quality of life as individuals age. 

Advanced age has a strong association with the deterioration of bodily systems such as 

the metabolic system,11 muscular system,12 neurosensory system.11 Additionally, and 

most pertinent to this dissertation, advanced age has shown to have a very strong 

association with cognitive decline.13–15 
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The concept of healthy aging describes early interventions that may be taken to 

encourage a more productive transition into advanced age. Various groups have identified 

interventions that support heathy aging, such as early life physical activity15 or the 

sufficient intake of -3 fatty acids.16 A more thorough understanding of alternative 

interventions can lead to hugely beneficial societal implications. 

Heterochronic Parabiosis and Blood Exchange 

The genesis of this work stems from heterochronic parabiosis studies. 

Heterochronic parabiosis is the surgical joining of two organisms of two different disease 

states. For the duration of a parabiosis experiment, the two parabionts have a shared 

circulatory system, and it has been demonstrated in mice that this procedure can have 

restorative effects, such as alleviating radiation toxicity,17 mitigating muscular 

dystrophy,18 and also rejuvenating old animals.19 It is observed that the healthy parabiont 

is able to alleviate some of the disease burden off of the afflicted partner. 

Specifically, from the aging heterochronic parabiosis studies, a major limitation 

was identified early on. Due to the complexity of the procedure, it was difficult to 

identify what factors contributed to the rejuvenation of the old animal and the decline of 

the younger partner. While the two animals do share their circulatory system, the 

contributing factors that culminate to the observed aggregate effect of rejuvenation or 

decline are far more complex than blood factors alone. Through their joined circulatory 

system, the old parabiont has access to the young parabiont’s organ systems. The old 

animal benefits from the young partner’s liver for detoxification, renal system for 

secretion, lungs for oxygenation, and digestive track for nourishment.20,21 The inverse is 

true as well for the younger parabiont, as that animal’s organ systems are under a greater 
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functional burden. Additionally, through exposure to youthful pheromones the old 

parabiont would have improved neuronal health.22,23 Furthermore, such studies have 

limited translatability. 

Heterochronic blood exchanges between young and old mice have provided new 

insight into the biology at play in parabiosis. Similar to heterochronic parabiosis, Rebo et 

al. demonstrated that a single blood exchange between mice of different age groups 

results in the general rejuvenation of the old parabiont and general decline of the young 

parabiont across multiple germ layers (Figure 1.1).1 This study removed the influence of 

shared organ access and demonstrated that returning the circulatory environment of an 

older animal to that of a younger state may result in rejuvenation. 

 

Figure 1.1: Blood exchange between young and old partners have demonstrated to 

have rejuvenative effects on blood exchange young and old partners.1 
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Returning to the previous discussed work on heterochronic blood exchange, the 

effect that heterochronic blood exchange had on the brain health of the animals was 

notable and most pertinent to the body of this dissertation. After exchange with an old 

partner, there was a drastic decline in neurogenesis in the young animal. However, there 

was no notable improvement in the levels of neurogenesis in the old animal (Figure 1.2).1 

This observation however raises a question. A healthy young mouse should have a 

properly fictional blood-brain barrier (BBB). If there were inhibitory factors in the blood 

of the old animal, the BBB of the young animal should have offered some protection for 

the young animal.2,24,25 This suggests that there must have been factors in the blood of the 

old animal that caused the loss of BBB integrity. 

 

Figure 1.2: Following blood exchange between young and old mice, there was a 

significant decline in the young animal’s hippocampal neurogenesis, but there was no 

observed improvement in the neurogenesis of the old animal.1 
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The BBB is characterized by tightly joined endothelial cells and supplemental 

basement membranes (Figure 1.3) .2,24,25 It serves to isolate the central nervous system 

(CNS) from the circulating blood.24 Specifically, the BBB presents high resistance to 

most blood-derived products to prevent their diffusion into the CNS. This is crucial as 

many circulating compounds are neurotoxic and/or neuro-inflammatory to brain health, 

such as fibrinogen26 and TGF-β.27 The tight junctions (TJs) of adjacent BBB endothelial 

cells play a pivotal role in maintaining its integrity.28 It has also been shown that 

advanced age is associated with the decline in the integrity of the BBB29,30 but the 

underlying pathologies leading to loss of BBB integrity with age are yet to be understood. 

In addition, several neurological diseases are associated with a compromised BBB, such 

as Alzheimer's disease,25,30,31 Parkinson's disease,25 multiple sclerosis,32 and traumatic 

brain injury.33. 
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Figure 1.3: The BBB is composed of various cells, including endothelial astrocyte 

and pericyte cells. This structure separates the animal’s circulating blood from the 

CNS.2 



7 
 

Erythrocytes 

While the model of blood exchange improved upon parabiosis by reducing the 

number of contributing factors in the experiment, there are still limitations with the 

current model. Most notably, the composition of blood is extremely complex, with a 

variety of components that include leukocyte, plasma proteins, nucleic acids, exosomes 

and, with particular interest for this work, erythrocytes.34–37 For the aim of this 

dissertation, I seek to provide evidence that identifies erythrocytes as a significant 

contributor to age associated neurological decline. 

Erythrocytes, the most abundant cells in circulation, are vital gas transporters38 

and remain in the circulation for up to 120 days in humans and 60 days in mice. 39–42 As 

animals age, erythrocytes undergo significant morphological changes. For example, old 

erythrocytes (even when recently generated) are more rigid and less deformable than the 

erythrocytes produced by a young mammal. Studies corroborating this phenomenon 

encompass multiple animal models and experimental set-ups, including erythrocyte 

deformability and blood viscosity through centrifugal analysis and phase-contrast 

microscopy and membrane fluidity studies of erythrocyte ghosts.43–47 Previously 

published computational and real-time microscopy research determined that when 

healthy young erythrocytes are subjected to a high shear stress environment, such as that 

of physiological capillaries, they deform from their native biconcave disk structure to a 

paraboloid.48 Due to increased rigidity, erythrocytes of old mammals deform less readily, 

which is predicted to increase the shear stress on these cells (Figure 1.4).46 
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Figure 1.4: The erythrocyte membrane deforms to a paraboloid shape to better 

accommodate the shear stress in the capillary beds. Here, the black arrows depict 

the flow profile of shear stress forces. Erythrocytes from old animals (bottom) 

cannot deform as readily as young animal erythrocytes (top), due to their greater 

rigidity, and retain their discus shape.3 

Erythrocytes are known to produce nitric oxide (NO) through their endothelial 

NO synthase (eNOS)  membrane protein.49 eNOS is one of the 3 NO synthase isoforms 

and was originally identified in the endothelial cells lining the blood vessels, but more 

recently has been identified in erythrocytes. Interestingly, the high levels of shear stress 

found in capillary beds increase the activity of eNOS, subsequently increasing the 

production of the reactive oxygen species and NO.50 The primary purpose of this 

behavior is to induce vasodilation, and reduce local blood pressure, using shear stress as a 

surrogate marker. 
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The NO by erythrocytes has been implicated in increased permeability of the 

BBB.51–54 Supporting these findings, antioxidants have shown to restore BBB 

function.55,56 Furthermore, denser and more rigid erythrocytes produce more NO.57 

Additionally, erythrocytes in young mammals remain in circulation for a longer time, 

while in old animals erythrocytes have a higher turnover rate.58–61 Tangentially, the lysis 

of erythrocytes releases hemoglobin (Hb) into circulation, and studies of cell-free Hb 

found strong associations with oxidative stress and BBB damage.62,63 

Scope of Dissertation 

To determine what role, if any, erythrocytes play in age-associated neurological 

decline, it will first be pertinent to develop the tools that will be necessary to conduct 

these experiments. The first shall be a programable device capable of blood fluidic 

handling. One purpose of a microfluidic blood handling system would be for the 

execution of future blood exchange procedures. There are many considerations that must 

be taken when working with mice, the first being the small blood volume of rodents. A 

rodent is estimated to have 58.5 mL/kg body weight of blood,64 which results in less than 

2 mL of total blood volume in a typical mouse. Any pump that would be used must be 

engineered to have a minuscule volume of dead space, as to minimize the volume 

extracted from the mouse. Additionally, the pump must be programable and bidirectional 

as to allow the user to set the volumes to be transferred and whether the blood is to be 

withdrawn or introduced. The blood handling system must also be reliable to a high 

confidence of less than 3% error. Due to the small blood volume of the mice, a 

compounding error in the fluidic handling of the blood can potentially invalidate a study. 
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The next aim of this dissertation is to develop a new microfluidic, organ-on-a-

chip, technological platform for understanding the age-specific multiparametric effects of 

erythrocytes on the integrity of the BBB, connecting these effects with the changes in cell 

morphology, biochemistry, and viability. This is significant in investigating the role of 

systemic milieu in preventing or promoting the passage of molecules to the brain and, 

thus, the impact on neurological and age-associated disease. 

The organ-on-a-chip will be a functional microfluidic BBB. The device will be 

designed in a way that it would mimic the shear inducing capillaries found in the brains 

of mice. BBB cells will be cultured within this device. After the cells have matured, BBB 

functionality is verified, and baseline measurements will be taken to monitor the metrics 

of the simulated BBB under healthy and damaged conditions. The second purpose of the 

microfluidic blood handling system would be for use in this novel organ-on-a-chip 

device. 

Lastly, the microfluidic blood exchange system will be used with the organ-on-a-

chip BBB to assess the effect of erythrocytes on the BBB. Erythrocytes will be drawn and 

isolated from young and old donors. These cells will be introduced into the validated 

system in order to identify what affect age has on the interaction between erythrocytes 

and the cellular structures of the BBB. A limitation of rodent studies is the difficulty to 

identify how different factors interact with each other. Furthermore, when investigating 

within a living organism, the researcher is hampered by the organism’s innate function of 

maintaining homeostasis.65–67 Through feedback-loops and systemic redundancies, 

organisms tend to be extremely robust at compensating for external stressors.  
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Chapter 2: The Development of the Microfluidic Blood Handling System 

Parameters and Purpose of Microfluidic Blood Handling System 

The microfluidic blood handling system is a peristaltic pump that is designed for 

two purposes: the transference of small volumes of blood between live mice and the 

fluidic control system for the BBB organ-on-a-chip. The engineered blood handling 

system is required to satisfy several criteria. The first is a dead space volume of no 

greater than 50µL. The blood handling system must also be programable and 

bidirectional. This allows the user to set the volumes to be transferred, and whether the 

blood is to be withdrawn or introduced. The blood handling system must also be reliable 

to a high confidence of less than 3% error. Due to the small blood volume of the mice, a 

compounding error in the fluidic handling of the blood can potentially invalidate a study. 

To satisfy these requirements, the blood handling system will be constructed 

around the mechanics of a peristaltic pump.68 A peristaltic pump falls under the category 

of positive displacement pumps. Generally, a peristaltic pump consists of a single flexible 

tube that is wrapped around the circumference of a pump head. The pump head has a 

series of rollers that make contact with a flexible tube. At the points of contact, the 

flexible tube is compressed, and the interior cavity closes. As the pump head rotates, the 

points of contact migrate down the length of the flexible tube, and the fluid trapped 

within the tube is either expelled or withdrawn in the direction of rotation. 

This peristaltic pump design has several benefits over other pump models that 

make it better suited for the blood handling system.68 The first is the ability to minimize 

the dead-space of the system to achieve a value of 50 µL or less. The dead-space of a 
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peristaltic pump is defined by the length and cross-sectional area of the tubing used in the 

system. This may be simply achieved with the use of microtubing. Furthermore, the cycle 

rate of the pump head and direction of rotation may be controlled with a simple micro-

controller by altering the rate or sequence of motor steps. 

Alternative positive pump designs include, but are not limited to, syringe or piston 

pumps,69 diaphragm pumps,70 or rotary pumps.71 A major limitation of these models 

however are the large dead-spaces these systems require. Additionally, these models 

would require intricate components such as one-way-valves or gears that would be 

difficult to fabricate. Specifically for the piston and diaphragm pumps which require one 

way valves, the flow rate and direction of the pump would be difficult or impossible to 

adjust.70 These are some of the reasons that these models were rejected for 

implementation in the microfluidic blood handling system. 

The Design and Fabrication of the System’s Mechanical Components 

At the core of the blood handling system is a flexible silicone tube that is 

intermittently compressed by a series of rollers that are radially spaced around a rotating 

pump head. A motor controls the pump, which is used to withdraw blood from either a 

cannulated mouse or a blood suspension. As the rollers move along the silicone tube, 

blood is pulled into the pump and infused into either the mouse’s exchange partner or the 

receiving reservoir. The transferred volume is a function of the silicone tubing internal 

diameter, motor step rate, and duration of exchange. The flow rate can be modified by 

adjusting the motor step rate. The flow rate of the system can be optimized to account for 

various factors which include, but are not limited to, fluid viscosity, blood exchange 

volume, hemolysis and coagulation. 
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To allow for application in multiple scenarios, two different pumps were 

designed—the first pump having a single pump head (Figure 2.1) and the second pump 

having 2 independent pump heads (Figure 2.2). Built from a similar underlying 

technology, the single pump has a smaller footprint and is easier to use in tighter areas. 

The dual pump is more robust as each head may move independently. This effectively 

allows it to perform all the functions of the single pump with the addition of performing 

multiple exchanges at once or more complex exchanges.  

 

Figure 2.1: The single pump microfluidic blood handling system is a 3D printed 

device that features a single pump head. 
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Figure 2.2: The dual pump microfluidic blood handling system is a 3D printed 

device that features 2 independent pump heads. 

The single-pump small animal blood exchange device consists of a 3D-printed 

hardware housing, dual rotating pump heads, pump head rollers, 22 gauge (22g) tubing 

connectors, and silicone tubing (Figure 2.3). The casing for the dual pump was 3D 

printed in three separate parts with an Ultimaker S5 using an acrylonitrile butadiene 

styrene (ABS) 2.85 mm filament, which was due to its high impact strength and impact 

resistance. Briefly, each part was designed with computer-aided design (CAD) software 

(SolidWorks) and printed through additive manufacturing path generated with the 

accompanying printer software (Cura). The layer height for the structures was set to 0.2 

mm with a wall thickness of 2 mm, and the infill was set to 10%. 
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Figure 2.3: The 3D printed components of the single pump were designed to 

interact with a section of silicone tubing with a 22g inlet and outlet. The 22g 

connectors can connect to polyethylene-50 tubing, or 3 French polyurethane 

tubing. 

Moreover, each part was designed to friction fit together as the final housing 

around the mechanical and electrical structures of the small animal exchange pumps. 

Similarly, the housing for the single pump is 3D printed in two separate parts with the 

same ABS filament and printer settings as described previously using the Ultimaker S5. 

The dual pump was designed in a way that the three parts may pressure fit 

together. An additional two sets of pump heads were printed using the ABS filament 
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(Figure 2.4). In this case, the printed parts for the pump head are designed to fit together 

permanently using a two-part epoxy glue. The pump head(s) then pressure fit onto the 

stepper motor and are further secured with the two-part epoxy glue. 

 

Figure 2.4: The 3D printed components of the dual pump were designed to 

interact with a section of silicone tubing with a 22g inlet and outlet per pump 

head. The 22g connectors can connect to polyethylene-50 tubing, or 3 French 

polyurethane tubing. 

The pump head rollers were fabricated from 18-gauge (18g) and 22g hypodermic 

metal tubing. The 18g hypodermic tubing was used to create bushings that were fixed 

into the 3D printed pump head with the two-part epoxy glue.  Placed within the bushings 

and fixed with the two-part epoxy, a section of 22g hypodermic tubing was used as a 

shaft. A section of 18g hypodermic tubing was set encompassing the 22g shaft and 
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allowed to freely rotate (Figure. 2.5). The free-rotating section of 18g hypodermic tubing 

was the component of roller that made contact and compressed the silicone tubing of the 

peristaltic pump, ultimately allowing for smooth fluid movement when pumping. Finally, 

a silicone oil lubricant was applied to the rollers to reduce friction. 

 

 

Figure 2.5: The pump rollers were fabricated from a section of 22g hypodermic 

tubing, nested within a 18g bushing. The free rotating bushing can make contact 

with the silicone tubing of the system without fraying or excessively damaging 

the silicone material. 

To reduce mechanical friction and to prevent motor stalling, the pump head was 

lubricated using a silicone oil lubricant as well. This ensures smooth compression of the 

tube occurs to avoid ruptures. These characteristics improve the reproducibility and 

reliability of the system. Silicone tubing was used to wrap around the pump head 

(Instech; product number P720/TS-22020S22). The silicone tubing was subsequently 

crossed over to connect into the 3D printed socket in the pump body. Lastly, 22g 

connectors of the silicone tubing were used to connect the polyethylene (PE)-50 tubing 

(Instech; PE-50 tubing, 0.02in inner diameter x 0.083in outer diameter). 
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Electronics and Coding of Blood Handling System 

Both pump systems are controlled by an Arduino Uno microcontroller electronic 

board that allows for both digital and analog input and output pins that can be integrated 

with different circuitry and an accompanying programmable computer code through an 

Arduino software.72,73 Arduino is an open-source electronic software and hardware 

platform. The simple manipulation and customization of the Arduino platform makes it 

an attractive system to use for the development of the two pumps. 

A stepper motor is well suited for this application as it allows for the conversion 

of electrical pulses into small discrete mechanical movements. Stepper motors are 

favorable for the case of small animal exchange devices in that stepper motors have 

extremely precise positioning and repeatability of movement within a 3-5% accuracy per 

step (with this error being non-cumulative with each successive step). Furthermore, 

stepper motors are ideal within exchange devices given there are no contact brushes in 

the motor, so the lifetime of the pump only relies on the lifetime of its bearings and is 

therefore extended compared to other pumps such as direct current (DC) motors. 

Both systems were powered by a 12 watt (W) (12 volt (V)) alternating current 

(AC)-DC adaptor. The positive line for the adaptor was interrupted by a 2 ampere (A) 

blade fuse and a toggle switch, used to turn the system on or off. The blade fuse serves to 

protect the circuitry from any potential unexpected power surge.  

The Arduino Uno for the single pump system was paired with a motor driver 

integrated circuit (L293D). The motor driver was connected to the single stepper motor 

and Arduino following the single pump wiring diagram. The AC-DC adaptor was used to 
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satisfy the power demands of the Arduino Uno microcontroller as well as the motor 

driver. The system was wired as described in Figure 2.6. Jumper wires were used to make 

the depicted connections for the system. 

 

Figure 2.6: The wiring diagram of the single pump system allows for the single 

stepper motor to be controlled by the Arduino Uno through the motor driver. 

Like the single pump system, the dual pump system was controlled by an Arduino 

Uno microcontroller and custom Arduino code to control the exchange volume, flow rate, 

and direction of fluidic handling. However, the dual pump was paired with an Adafruit 

motor shield. The motor shield functions in a comparable way to the motor driver for the 

single-pump device. The motor shield allows for the ability to control the direction and 

speed of the motor using the Arduino code to operate a single motor or both motors 

simultaneously. The motor shield was connected onto the Arduino using soldered single 
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row header pin connectors. To power the exchange device, the Arduino microcontroller 

utilized a 9V battery. The positive line for the battery was interrupted by a toggle switch, 

used to turn the system on or off. Similar to the single pump, the motor shield was 

powered by a 12W (12V) AC-DC adaptor, with the positive line for the adaptor 

interrupted by a 2A blade fuse. Finally, two stepper motors were used in this pump. 

Stepper motor one (SM1) was connected to the M1 and M2 terminal block of the 

Adafruit motor shield, and stepper motor two (SM2) was connected to the M3 and M4 

terminal block of the Adafruit motor shield. The wiring diagram for the dual pump is 

described in Figure 2.7. 

 

Figure 2.7: The wiring diagram of the dual pump system allows for the 2 stepper 

motors to be controlled by the Arduino Uno through the Adafruit motor shield. 
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Custom Arduino codes were written for each system using the Arduino IDE 

software. The first code compiled to control the single pump (Figure 2.8). To improve the 

usability of the code, the code contains a series of variable that may be adjusted to 

achieve the desired parameters. The first variable is “half_cycle.” This variable correlates 

to the volume that the pump is programed to dispense and must be calibrated empirically 

due to variations in silicone tube elasticity. Increasing this value results in an increase in 

the volume dispensed, and a decrease in this variable reduces the volume dispensed. This 

value should also be divisible by 66.6 to account for the number of steps per full rotation 

of the stepper motor. The second variable is the number of full exchanges that are desired 

and may be modified by adjusting the variable “exchange_number.” The variable 

“slack” is a constant and accounted for the lack in tension in the silicone tubing prior to 

the pump changing direction when exchanging blood. The “delay_” variable controls the 

speed. Increasing the delay, in steps of 5, slows the speed of the motor, and reducing the 

delay number increases the motor speed. The code is designed to run automatically when 

the system is turned on and will cease pumping as soon as the desired number of 

exchanges has been satisfied. 

 

 



22 
 

 

Figure 2.8: The code for the single pump is directed by 4 variables, that the user 

may adjust to calibrate the system or modify the parameters for the desired 

experiment. 

Since the dual pump is controlled through the Adafruit Motor Shield, as opposed 

to the motor driver, a different code is required to operate the system. The code however 

was written in a similar manor to the single pump, where the parameters and calibration 

are controlled through the same 4 variables. “Half_cycle,” “exchange_number,” “slack” 
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and “delay_” are present in this code and carry the same definitions. There are 2 

variations of the code for the dual pump, however. The first being a variation that only 

controls a single pump, while the other remains idle. That code is represented in Figure 

2.9. An additional variable for this program is the specification of which pump needs to 

be used. To do this, the myMotor and getStepper values need to be adjusted to select 

either pump head 1 or 2.  

 

Figure 2.9: To only use a single pump from the dual pump, 4 variables are used to 

control the system that the user may adjust to calibrate the system or modify the 

parameters for the desired experiment. The specific pump may also be selected. 
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The second variation of the dual pump code is depicted in Figure 2.10. In this 

program, the code is written similarly to that of the single action dual pump, with the 

exception of the user no longer needing to specify which pump head needs to be selected 

as active. 
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Figure 2.10: To only use both pumps from the dual pump, 4 variables are used to 

control the system that the user may adjust to calibrate the system or modify the 

parameters for the desired experiment. 

Validation and System Calibration 

Calibration of these systems was conducted using two different exchange models 

under various exchange conditions. The first being the “back-and-forth exchange” model 

where blood is being exchanged between two mice in a simple back-and-forth fashion. A 

limitation of this experimental setup is that with each exchange, the native blood of each 

mouse is diluted with that of the partner. Therefore, the actual volume of foreign blood 

both mice are receiving with each exchange is diminished, eventually reaching an 

asymptote. The second model is the “extraction-replacement exchange” model. With this 

experimental set up, a single mouse received blood from a vial of donor blood. After each 

infusion, the volume being withdrawn from the mouse is discarded. This prevents the 

donor stock of blood from being diluted with the native blood of the mouse. This model 

however cannot be implemented in the exchange between 2 live partners. 

The calibration exchanges were conducted using sample aliquots of water with 

and without red food coloring to simulate two different mice, either of similar (34 g and 

34 g) or different weights (34 g and 28 g) (Figure 2.11). Furthermore, the exchange was 

also simulated for a single 34g mouse using the extraction-replacement model (Figure 

2.12). The blood volume for the mice can be estimated using the calculation at 58.5 

mL/kg of body weight.64 Following a predetermined number of exchanges, samples from 

each aliquot were colorimetrically quantified using an absorbance plate reader (520 nm). 
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Blinded studies were compared to mathematical models provided generated by the 

Conboy Lab (UC Berkeley). 

 

 

Figure 2.11: Back-and-forth simulation exchanges were conducted between mice 

of different or similar sizes, and the percent exchanged was compared to a 

mathematical model. 

 

Figure 2.12: Extraction-replacement simulation exchanges were conducted 

between a simulated mouse and a stock of simulated blood, and the percent 

exchanged was compared to a mathematical model. 
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To implement either system for blood exchange (Figure 2.13), there are several 

crucial steps. The first being the calibration of the pump. Variations in the elasticity of 

the flexible silicone tubing alters the flow rate of the system, even when the programed 

step rate is unchanged. Variations in the elasticity may be primarily attributed to the use 

and wearing of the tubing from repeated exchanges. To lessen the impact of this 

phenomenon, the lines should be stored in a non-tensioned position. To calibrate the 

pump, the system should be connected to 5 cm long sections of PE-50 tubing on each 

end. The lines should be filled with a neutral solution, and the inlet tube should be placed 

in a revisor of the same solution. The outlet may be placed in an empty microcentrifuge 

tube. The pump should then be turned on and allowed to run until the flow changes 

polarity. The volume in the outlet tube should be measured. If the volume needs to be 

adjusted, the Arduino code should be modified as described previously. “Const int 

half_cycle = xxxx” describes the number of motor steps that the system outputs for a 

single direction exchange. Increasing this number increases the exchange volume and 

decreasing this value reduces the volume exchanged. It should be noted that the dead 

space for the system is 50 µL. For any amount of volume exchanged, the effective 

exchange would be that volume minus 50 µL. 
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Figure 2.13: To execute an in vivo blood exchange, a mouse needs to be 

connected to the blood handling system via a surgically placed jugular vein 

catheter. 

The second critical step for the implementation of this system is to prevent the 

incidence of coagulation and blockages within the system. Empirically, it has been 

observed that metal encourages blood aggregation and heparin coating can limit this 

phenomenon. However, there are still situations when aggregation can occur. Heparin 

coating is accomplished by filling the line with 10 units/mL of heparin in normal saline 

overnight with the open ends of the lines joined with a 22g coupler.  
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Chapter 3: The Development of the First-Generation Blood-Brain Barrier Organ on 

a Chip 

Device Design and Fabrication 

The first generation of the BBB organ-on-a-chip was created to observe the 

interaction of erythrocytes with brain endothelial cells in a physiologically relevant, high 

shear environment, and to be able to observe the effect of these erythrocytes on the 

endothelial cells. To do this, the device was designed to be composed of 3 layers: a glass 

substrate layer with interdigitated electrodes, a middle thin culture well layer, and the 

shear inducing capillary layer on top (Figure 3.1). 

 

Figure 3.1: The BBB organ-on-a-chip device is composed of three layers. The 

endothelial cells may be able to grow within the culture wells of the device and 
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interact with erythrocytes that are perfused through the channels in the upper 

layer. The cells grown within the device will grow over interdigitated electrodes. 

Interdigitated electrodes are two individual electrodes that form a comb-like 

structure. The structures are mirrored from each other and offset by a half electrode pitch 

(Figure 3.2). The interdigitated electrodes were built from the technology of trans 

epithelial electrical resistance (TEER). TEER operates based off of the principle, that as 

the confluency of the cells in culture increase, specifically that of endothelial cells, there 

would be an increase in electrical resistance between the electrodes that flank the cells. 

This is because of the tight junctions that the endothelial cells form, which limit the free 

passage of ions between the electrodes. The gold interdigitated electrodes were produced 

in collaboration by Dr. Jacobo Paredes. In brief, the electrodes were fabricated with 

standard lithography methods. An SU-8 layer was deposited onto gold slides that featured 

structures negative to that of the final design. 10 nm chromium was sputtered onto the 

glass, followed by 50 nm of gold. The SU-8 layer was removed, leaving behind the final 

interdigitated electrodes. 

 

Figure 3.2: The interdigitated electrodes are featured on a standard glass slide. 

Each electrode set is composed of two independent electrodes that form a comb-
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like structure. The off-set electrodes can be used to monitor the electrical 

resistance of a cell culture monolayer. 

The middle layer is a thin polydimethylsiloxane (PDMS) layer that was designed 

to overlap with the interdigitated electrodes. These regions are crucial to allow adequate 

room for the cells to grow a uniform monolayer over the electrodes, without obstructing 

the microchannels of the top layer. This layer was designed to be 50 µm in height. 

The top channel of the device was built to feature the shear inducing 

microcapillaries. From a single inlet, two channels branched out to form the control and 

experimental conditions with each condition connected to a unique outlet. The 

experimental channels were a set of 16 channels 10.2 µm in diameter, and the single 

control channel had a diameter of 163.2 µm. The height of these channels was designed 

to be 15 µm. The experimental channels were modeled after the physiological diameter 

of mouse brain microcapillaries. This was done to ensure sample uniformity between 

control and experimental conditions. To ensure similar flow profiles between the channel 

sets the cross-sectional area between the channels and the culture wells was kept equal. 

Following Poiseuille's Equation (𝜏=(4𝜂·𝑄)/(ℎ2·𝑤)), the shear stress within a channel is 

primarily an exponential function that is primarily driven by the width or the height, 

whichever value is smaller.74 Due to this formula, the theoretical shear value for each of 

the experimental channels could be estimated as roughly 23.5 times greater than that of 

the control channel. 

To optimize culture techniques and experimental protocols, different variations of 

this device were fabricated. The first version was the culture-only device (Figure 3.3). 

The culture-only device is composed of 2 layers: a glass substrate, and a PDMS layer that 
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contained the features of the culture wells. The features were fabricated using standard 

soft lithography techniques and SU-8 2025 to create 50 µm tall features. This device was 

for the purpose of optimizing cell culture techniques within a microfluidic device. 

 

Figure 3.3: The culture-only device consists of a single PDMS layer bound to 

glass. The PDMS contains features that serve as culture well and the purpose of 

this device is to optimize cell culture methodologies. 

The second device was the culture-channel device (Figure 3.4). This device 

featured the same PDMS culture well layer as the previous version, but it was instead 

bound to a layer of PDMS that featured the control and experimental channels. The 

channel layer was fabricated using standard soft lithography techniques and SU-8 2015 to 

create 15 µm tall features. This device was for optimizing the experiment protocol, by 

allowing cultured cells to interact with erythrocytes flowing through the channels. 



33 
 

 

Figure 3.4: The culture-channel device is a combination of the PDMS cell culture 

well structures of the previous device with the PDMS thin channel structures. The 

device does not contain the TEER interdigitated electrodes and the cells in this 

device are grown on PDMS. The purpose of this device is to optimize 

experimental protocols. 

The third and ultimate iteration of the device was the complete structure (Figure 

3.1). For this, the channels were fabricated in the method previously described. However, 

the central culture well was fabricated using spin coated PDMS on a glass slide with 

holes punched to define the culture wells. By spin coating the PDMS on a glass substrate 

at 1500 rpm, a thickness of 50 µm could be achieved.75 The thin PDMS layer was bound 

to the channel layer, and then delaminated from the glass surface. The newly exposed 

surface of PDMS was then bound to the glass interdigitated TEER electrode layer. 

For all devices, the layers were covalently bonded together using the piezo torch 

method as described by Ghaemi et al.76 Inlets and outlets were created by first punching a 

hole through the PDMS with a 0.75 mm biopsy punch (WPI, 504529). PE-50 tubing was 
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then inserted into the hole and a 2-part epoxy was used as a sealant. The tubing used was 

connected to syringes fitted with a 22g coupler. 

Culture Optimization 

Mouse brain endothelial bEnd.3 cells were grown in Dulbecco's Modified Eagle 

Medium (DMEM) containing 10% fetal bovine serum and 1% Antibiotic-Antimycotic 

solution vacuum filtered through a 0.22 µm polyvinylidene fluoride filter (complete 

growth media). The cells were grown in T-75 culture flasks and grown to 70–90% 

confluency. The cells were passaged with 0.25%Trypsin/0.2%EDTA and grown in a 37 

°C incubator under 5% CO2. 

For this device, the cells used were the bEnd.3 mouse brain endothelial cell line, 

and culture techniques were optimized using the culture-only device. The first step was to 

sterilize the device. This was done by flushing the device with 70% ethanol (EtOH). This 

was followed by a wash of 1x phosphate buffered saline (PBS). The device was then 

incubated with 50 µg/mL fibronectin and allowed to incubate within an incubator for 1 

hour at 37 °C. This was followed by a flush with complete growth media. The device was 

allowed to incubate for 2 hours with the media at 37 °C, as it was observed that this led to 

an improvement in cell adhesion. After this incubation step, the bEnd.3 cells were 

introduced to the device at the concentration of 6e4 cells/cm2, achieved by suspending the 

endothelial cells to a concentration of 1.2e7 cells/mL. The cells were placed into the 

incubator under static conditions to allow the cells to adhere to the functionalized surface 

of the device. After 3 hours, the device was perfused with complete growth media at a 

rate of 0.5 µL/min. The cells were allowed to grow for 5 days to reach full maturation 

(Figure 3.5). 
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Figure 3.5: After 5 days of culture, the endothelial cells have become fully 

confluent and adopted a striated conformation. The cells are confined to the 

growth region and do not grow past the PDMS wall on the upper right corner of 

the figure. 

Maturity was initially confirmed by immunocytochemistry (ICC) staining. This 

was accomplished by first arresting cell growth and fixing the bEnd.3 cells. Ice cold 4% 

paraformaldehyde (PFA) in PBS was perfused through the device and the device was 

allowed to sit over ice for 15 minutes. It was observed that the PFA had the effect of 

degrading the bond between the PDMS and the glass slide, allowing for the PDMS layer 

to be peeled off. This was then followed by a wash with PBS and blocking with 5% 

bovine serum albumin (BSA) for 1 hour at room temperature. The bEnd.3 cells were 

incubated with Alexa 488 conjugated zonula occludens-1 (ZO-1) (Santa Cruz, sc-33725 

AF488) antibodies at a 1:100 dilution in 0.75% BSA in PBS overnight at 4 °C. Cells 
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were washed with PBS and costained with DRAQ5 (Invitorgen, 62251) at a 1:200 

dilution in PBS for 30 minutes at room temperature. The membrane was mounted in 

fluoromount, and images were taken with the Opera Phenix Microscope (Figure 3.6). 

After 5 days of growth, the bEnd.3 cells are highly confluent and are strongly expressing 

the ZO-1 TJ marker at the cell-to-cell junction, indicating a positive stain. 

 

Figure 3.6: The bEnd.3 cells grown within the culture-only device were stained 

for ZO-1 (green) and costained with DRAQ5 (red) after 5 days of growth. By this 

point, the cells are highly confluent and are strongly expressing the ZO-1 TJ 

marker at the cell-to-cell junction, indicating a positive stain. 

Improvements to the BBB Organ-on-a-Chip 

Building upon the work of the first generation of the BBB organ-on-a-chip, there 

were several flaws with the design of the device that were used to guide the construction 

of the next generation of the system. 
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The first significant flaw was how the microcapillaries were to be modeled. To 

recreate the high shear stress of this environment, the experimental channels were 

designed to match the actual geometries of mouse microcapillaries. This led to the 

problem of being unable to feasibly achieve flow rates that induced the correct amount of 

shear stress. A flow rate of about 500 nL/min would be required to achieve 2 Pa of shear 

stress, which is not feasible with a peristaltic pump. In vivo, the mouse has a blood flow 

rate at the aorta of roughly 2 mL/minute.77 However, this flow rate is divided many times 

over as the large blood vessels fraction off into smaller branches. By the time the blood 

cells of the mice reach the capillaries, the cells are traveling at a very slow flow rate. It is 

largely because of the small capillaries that the shear stress is so high. 

The second significant flaw of the design was that the model split the single inlet 

channel of the device to feed both experimental and control channels. This was done to 

control sample variations. While controlling of sample variations is important, findings 

from groups such as Ulker et al. suggest that this design would not be suitable for the 

phenomenon that we were exploring.78 Ulker et al. found that it was not only the 

induction of physiological shear stress that upregulated eNOS production, but it was also 

the cyclically repetitive cadence of alternating between physiologically high and low 

shear stress that resulted in an upregulation of eNOS activity. This phenomenon cannot 

be replicated in this model as the flow blood cells are only able to be introduced a single 

time into the device. 

Additionally, this device design is limited by only integrating a single cell line. 

The bEnd.3 cells are widely used to model the BBB. However, this model does present 

with low TEER values when used in single culture. Given that in this system the primary 
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metric is TEER, the system has limited significance. It has been shown that when bEnd.3 

cells are used in co-culture that much higher TEER values may be reached. Astrocytes 

are an example of a supplementary cell line that can increase the TEER of bEnd.3 cells. 

To incorporate astrocytes into an organ-on-a-chip system, a separation will be needed 

between the endothelial and astrocyte culture regions, which this design cannot 

accommodate. 

Furthermore, the use of TEER as the primary metric of BBB integrity is a 

significant shortcoming of the system. A more robust system would also include 

permeability studies. A common marker for in vitro BBB permeability is for the passage 

of a fluorescein isothiocyanate (FITC) labeled dextran macromolecule to cross the 

simulated barrier into a basolateral chamber. This technique is commonly accomplished 

in transwell BBB models but is also implemented in more sophisticated BBB organ-on-a-

chip devices. Expanding the capabilities of this device to include that secondary chamber 

would not only increase the impact of the design, but also allow for the culture of 

additional cell lines. 

Lastly, the TEER system for this device was built on the two point probe method, 

using interdigitated electrodes.79 While this model does provide significant information 

on the integrity of a biological barrier, such models are not as robust as the four point 

probe method. Four point probe resistance meters separate the current and voltage 

monitoring electrodes, and thus remove the influence of contact or probe resistance.80 

This limitation of electrode design is further exasperated with the inability to integrate 

this design with the previous two shortcomings of single cell line integration and the lack 

of a basolateral reservoir. 
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It was because of these reasons, that the initial proposed design of the BBB organ-

on-a-chip was rejected, in lieu of a reimagined microfluidic device.  
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Chapter 4: The Development of the Second-Generation Blood-Brain Barrier Organ 

on a Chip, Micro Electrical Blood-Brain Barrier (µE-BBB) 

Reimagining the BBB Organ-on-a-Chip 

Similar to the first-generation of the BBB organ-on-a-chip, the second-generation 

of the device was also designed with Solidworks. This device is called the micro 

electrical blood-brain barrier (µE-BBB) and was structured to feature a luminal channel 

and basolateral chamber, separated by a 0.4 µm pore PC membrane (Figure 4.1). The 

lumen channel of the device simulated a brain microcapillary and could induce 

physiological levels of shear stress. The device was designed such that endothelial cells 

and astrocyte cells may grow within the device, and integrity of the simulated BBB may 

be monitored via paracellular leakage and TEER measurements. 
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Figure 4.1: The µE-BBB consists of a lumen and basolateral chamber with 

integrated TEER electrodes. The chambers are separated by a porous PC 

membrane. The two compartments of the device allow for endothelial and 

astrocyte cells to grow in close proximity to each other. The barrier may be 

monitored through TEER measurements and through the paracellular leakage of 

molecules across the simulated BBB. Figure was adapted with permission from 

Biorender.com under a paid academic subscription.3 

Poiseuille's equation was used to calculate the shear stress within the lumen 

channel.74 The height and width of the lumen channel was 50 µm and 1 mm respectively. 

The cell culture media's viscosity, η, used for the µE-BBB was 1.2 mPa·s. A 

physiological shear stress of 2 Pa could be induced within the system when a flow rate, 

Q, of 40 µL/min was used in the system. Low shear stress could be induced by reducing 

the flow rate of the system to 8 µL/min, achieving a shear stress of 0.4 Pa. 

To properly simulate the in vivo BBB, the media must be under constant flow to 

mimic flow within the blood vessels. However, the brain's interstitial fluid on the 

basolateral side of the BBB was more static. Therefore, the basolateral chamber was 

designed to be static and larger, amounting to 1.5 mm in height and 3 mm in width, to 

mimic the BBB and allow for sample collection from the chamber. 
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One important aspect of the design of the µE-BBB and improvement over the 

previous iteration of the BBB organ-on-a-chip was the layout of the TEER electrodes. 

These electrodes were patterned by shadow mask sputtering, and the gold deposited to a 

thickness of 50 nm onto precut pieces of PC stock. The strategic layout of the electrodes 

in relation to the cells within the µE-BBB directly affected the robust sensitivity of the 

system's TEER measurements. The µE-BBB was designed to be compatible with the 

EVOM2 epithelial voltohmmeter (World Precision Instruments) utilizing an EVOM2 

Electrical Adapter (World Precision Instruments). The EVOM2 required two apical and 

two basolateral electrodes. The large electrodes were designated as the current electrodes, 

and the small electrodes were designated as voltage electrodes. The top electrode pair 

was connected to the I1 and V2 ports of the EVOM2 Electrical Adapter, and the bottom 

electrode pair was connected to the I2 and V1 ports of the EVOM2 Electrical Adapter. 

The electrode pairs were designed to align perpendicularly to the embedded PC 

membrane so that the uniform flow of ions between the electrodes minimized the noise of 

the system (Figure 4.2).4 Furthermore, this system benefits from having electrodes that 

are fixed in place. This further prevents signal noise as there is no variation of electrode 

placement between measurements and the electrodes are completely static throughout the 

course of the acquisition. The electrodes were designed with large contact pads to allow 

for wire soldering connections to the EVOM2. The 22g tinned copper wires were bonded 

onto the gold contact pads utilizing low temperature 52In/48Tn solder, and the 

connections were reinforced with hot glue. 
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Figure 4.2: Traditional TEER electrodes do not form a uniform electric field 

between terminals. An advantage of the perpendicular embedded electrodes is the 

formation of a uniform and symmetric electric field resulting in less signal noise 

during measurement acquisition.4 

Another consideration of the system was rapid, reliable fabrication. To avoid the 

complexity of thin, multilayer PDMS fabrication of the previous device and more 

traditional microfluidic devices, microfluidic tape was used instead. The microfluidic 

tape allowed for precise control of the thickness of the shear inducing lumen channel. 

The microfluidic tape had an added benefit of simplifying membrane excision for cellular 

imaging purposes. Exposure to isopropyl alcohol (IPA) weakens the tape's adhesive, 

allowing for the user to extract the embedded PC membrane. 

A consideration that is made for the layout of the two chambers of the device is 

the cross-sectional growth area (Figure 4.3). The channels are oriented in mirrored “S” 

shapes, and along the center of the device the channels overlap with each other. This 

design element has 2 benefits. The first is the further simplification of cellular imaging, 

as the larger functional region results in more area that can be imaged. The second benefit 

is to reduce the noise that is associated with TEER measurements. TEER is normalized to 
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cm2 growth area, and by increasing the value of the surface area, a smaller correction is 

needed to standardize the measurement. 

 

Figure 4.3: The overlayed layers correspond to the lumen profile (red), membrane-

basolateral adhesive profile (green), and the basolateral profile (blue). The profiles have 

an elongated cross-sectional region to increase sensing area and improve microscopy 

visualization. The membrane basolateral adhesive profile is slightly smaller than the 

cross-sectional region of the lumen and basolateral profiles as a control for chip-to-chip 

variation. 
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A design element that was included in the device was the size of the membrane-

basolateral adhesive layer. The opening in this layer is slightly smaller than the cross-

sectional area of the basolateral chamber and the lumen channel (Figure 4.3). This 

consideration accounts for fabrication variation between devices. Nested within the cross-

sectional area, this opening defines the boundaries (12.14 mm2 surface area) of the 

fictional BBB region for the purposes of TEER normalization.  

The µE-BBB assembled by adhering the subcomponents together as shown in 

Figure 4.4 utilizing an arbor press to compress the device and increase the strength of the 

pressure sensitive adhesive. The construction of the assembly can be broken into 2 parts: 

assembly of the membrane insert, and the assembly of the entire device. The membrane 

insert was fabricated by taping the circular membrane flat onto a flat substrate. The 

membrane-basolateral adhesive layer was lightly tacked onto the membrane in a manner 

that no bubbles or kinks were introduced. The assembly was then strongly compressed 

with the use of an arbor press. Afterwards, the membrane was detached and flipped 

upside down, exposing the other side of the membrane. The membrane was again taped 

down flat, and the lumen adhesive layer was lightly tacked onto the other side. Special 

care was taken to ensure that the alignment holes of the 2 adhesive layers overlapped. 

The membrane insert was then trimmed to size with a razor blade. Finally, the membrane 

that remained within the holes in the 4 corners of the insert was burned away by touching 

the surface with a flame-heated 22g syringe needle. The complete device was assembled 

with the use of an alignment jig. The alignment jig was a flat piece of stock acrylic that 

had holes that overlapped with the inlets and outlets of the device. Four 2 cm long 

sections of 22g hypodermic tubing were placed in the holes in the alignment jig and were 
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used as alignment guides. The µE-BBB was constructed from the top layer downward 

towards the bottom layer. First, the lumen electrode was placed into the alignment jig 

over the alignment guides, and then the membrane insert was placed onto the top layer, 

also following the alignment guides. The membrane insert was tacked into place, with 

careful attention that the lumen channel touches both current and voltage electrodes. The 

partial assembly was removed from the alignment jig and compressed using the arbor 

press. The assembly was then returned to the alignment jig, and the basolateral and 

basolateral adhesive layers were attached in that order. The partial assembly was then 

removed from the jig, and the basolateral electrode was fixed to the bottom of the device. 

The complete structure was then compressed again using the arbor press. PE tubing was 

then inserted into the inlet and outlet ports of both lumen and basolateral chambers of the 

device and sealed with two-part epoxy glue. 
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Figure 4.4: The µE-BBB is comprised of A) a lumen electrode, B) a lumen 

channel, C) a PC membrane, D) a membrane-basolateral adhesive layer, E) a 

basolateral layer, F) a basolateral electrode adhesive layer, and G) a basolateral 

electrode.3 

Cell Culture Technique 

Mouse brain endothelial bEnd.3 cells and mouse astrocyte C8-D1A cells (CRL-

2541, American Type Culture Collection) were grown in complete growth media. The 

cells were grown in T-75 culture flasks and grown to 70-90% confluency. The cells were 

passaged with 0.25%Trypsin/0.2%EDTA and grown in a 37 °C incubator under 5% CO2. 

The µE-BBB was seeded with cells in two phases (Figure 4.5). The initial seed of 

astrocytes was carried out on day 0, and the seed of endothelial cells was conducted on 

day 2. First, the device was sterilized by flowing 70% EtOH through both channels, 

followed by flowing PBS. The device was then filled with 50 µg/mL fibronectin and set 

to incubate for 1 hour at 37 °C and subsequently filled with complete growth media and 

set to incubate for 2 hours at 37 °C. C8-D1A cells were introduced into the basolateral 

chamber at a concentration of 6e4 cells/cm2. This was achieved by suspending the 

astrocytes to a concentration of 4e5 cells/mL. After seeding, the µE-BBB was placed 

upside down in the incubator. After 3 hours, the device was perfused with complete 

growth media at a rate of 0.5 µL/min. After 2 days, bEnd.3 cells were introduced to the 

luminal side at the same 6e4 cells/cm2 concentration, achieved by suspending the 

endothelial cells to a concentration of 1.2e7 cells/mL. The device was then placed in the 

incubator for 3 hours to allow for cell adhesion prior to perfusing the channel at a rate of 

0.5 µL/min with complete growth media. Then, the cells within the µE-BBB were 
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allowed to grow for an additional 5 days, to reach full maturation as monitored by TEER 

trendline. Maturity was initially confirmed by imaging and subsequently determined by 

an asymptotic TEER trendline, over 170 Ω·cm2, comparable to similar models. 

 

Figure 4.5: The µE-BBB is seeded with astrocytes (yellow) on day 0, and with 

endothelial cells (pink) on day 2. By day 7, the µE-BBB is fully mature.3 

Simulated BBB Validation 

For initial visual verification of cell growth within the µE-BBB device (Figure 

4.6), H&E-stained images were collected following 7 days of growth with the C8-D1A 

cells and 5 days of growth with the bEnd.3 cells. This was accomplished by first 

incubating the cells with ice cold 4% PFA over ice for 10 minutes. The adhesive 

maintaining the µE-BBB was then weakened by submerging the device for 1 minute in 
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IPA. The membrane was then carefully excised from the µE-BBB with a razor blade, 

without scratching the inner growth regions of the layer. The membrane was washed 3 

times with ice cold PBS, followed by a 10 minute incubation with filtered hematoxylin. 

After a 30 second wash with tap water, the membrane was incubated for 30 seconds with 

Scott’s Tap Water Bluing Reagent and another 30 second wash in tap water. The 

membrane was then incubated for 4 minutes with Eosin Y and then a 30 second 

incubation with 95% EtOH. The membrane is then incubated in 100% EtOH for 2 

minutes and then washed 3 times with 100% EtOH for 30 seconds per wash. The 

membrane was then mounted in fluoromount on a glass slide and imaged under 10x 

magnification. 

 

Figure 4.6: The membrane was stained for cell growth for bEnd.3 cell growth 

after 5 days and for C8-D1A cell growth after 7 days. Both of these conditions 

demonstrate that by the end of the growth period, both cell lines have formed 

distinct monolayers covering the membrane. The bEnd. 3 cells are visibly 

confined within the narrow boundary of the channel, while the C8-D1A cells 

extend outside the field of view of the microscope in the larger basolateral 

chamber. 
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To verify BBB normal cell growth and protein expression on the PC membrane, 

fluorescent images were collected of the bEnd.3 and the C8-D1A cell line (Figure 4.7). 

ICC staining for the cell-specific markers confirmed integration of bEnd.3 and C8-D1A 

cells into the device. The ICC methodology was very similar to that of the first-

generation BBB organ-on-a-chip. In summary, the µE-BBB was washed with PBS and 

fixed with ice cold 4% PFA dissolved in PBS on ice for 15 min. The adhesive 

maintaining the µE-BBB was then weakened by submerging the device for 1 minute in 

IPA. The membrane was then excised very carefully from the µE-BBB with a razor 

blade. Then the membrane was precisely trimmed such that all remnants of the adhesive 

layers were removed, only leaving the membrane itself. Following blocking step with 5% 

BSA in PBS for 1 hour at room temperature, bEnd.3 cells were incubated with Alexa 488 

conjugated ZO-1 or Alexa 488 conjugated claudin 5 (CLDN-5) (Invitrogen, 352588) 

antibodies at a 1:100 dilution in 0.75% BSA in PBS overnight at 4 °C. The C8-D1A cells 

were incubated with glial fibrillary acidic protein (GFAP) (Invitrogen, 13-0300) 

antibodies at a 1:100 dilution in 0.75% BSA in PBS overnight at 4 °C followed by a 1 

hour incubation with a 488 goat anti-rat secondary (Invitrogen, A-11006) at room 

temperature at a 1:1000 dilution. All cells were then washed with PBS and costained with 

DRAQ5 at a 1:200 dilution in PBS for 30 minutes at room temperature. The membrane 

was mounted in fluoromount, and images were taken with the Leica SP5 Confocal 

Microscope. 
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Figure 4.7: Excised membranes were stained for cell line specific markers. The 

bEnd.3 cells were stained for TJ markers, ZO-1 and CLDN-5, after 5 days of 

growth and the C8-D1A cells were stained for astrocyte marker, GFAP, after 7 

days of growth. DRAQ5 was used as a nuclear costain.3 

The endothelial bEnd.3 cells express both TJ-associated proteins, ZO-1 and 

CLDN-581 after 5 days of growth within the μE-BBB system. Specifically, the well-

defined TJs are clearly identifiable with both markers. The C8-D1A astrocyte cell line, 

cultured on the basolateral side of the membrane, is also identifiable by its expression of 

GFAP.82 Imaged after 7 days of culture, the C8-D1A cells are morphologically distinct 

from the bEnd.3 cells grown on the opposite surface of the embedded membrane. 
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These TJs play a pivotal role in establishing the barrier. However, following cell 

line introduction into the µE-BBB, the TJ markers are not immediately robust. Several 

days of cell growth are required for TJs to properly develop within the BBB.83,84 

Accordingly, we evaluated the development of the barrier over the course of 7 days by 

monitoring two characteristics of a functional BBB, the decreased permeability and high 

electrical resistance (Figure 4.8). Permeability was monitored by quantifying the 

accumulation of 10 kDa FITC-dextran85,86 within the basolateral compartment of the µE-

BBB after circulating a 400 µL stock of 100 µg/mL solution of FITC-dextran dissolved 

in phenol red-free 10 mM HEPES DMEM (blank DMEM) through the lumen of the 

system for 1 hour at 40 µL/min with the blood handling system developed in Chapter 2. 

For the experiment, the basolateral chamber of the device filled with blank DMEM. After 

the hour had elapsed, the circulating FITC-dextran solution, the basolateral solution, and 

the stock FITC-dextran (Ex. 470, Em. 514) solution was analyzed with a LightCycler 96 

system (Roche). The concentrations of FITC-dextran in the lumen were calculated with 

the following and basolateral solutions were calculated with the fluorescence 

concentration equation, [Concentration]µg/mL=(𝐹Sample−𝐹B)/(𝐹S−𝐹B). FS was the 

fluorescence of the stock solution, FSample was the fluorescence of either the circulating 

lumen solution or the basolateral solution. The fluorescence of the blank media was 

denoted by FB. As expected, there was no change in the permeability of FITC-dextran by 

day 2. This is because astrocytes alone do not provide a functional barrier.28 However, 

after endothelial cells were incorporated into the device, a decrease in the basolateral 

accumulation of FITC-dextran was observed on days 5 (p = 0.0286) and 7 (p = 0.0286). 

By day 7 the permeability of the device to FITC-dextran was reduced by 24% relative to 
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day 0. This decrease in permeability is associated with the establishment of a tighter 

barrier within the system.85,87,88 

 

Figure 4.8: Large particle transport assays through µE-BBB were conducted by 

passing 100 µg mL-1 of 10 kDa FITC-dextran solution through the lumen 

compartment of the system for 1 hour and quantifying the amount of FITC-

dextran that had accumulated in the basolateral compartment (n = 4; Mann–

Whitney two-tailed test; * signifies p < 0.05). Initially, there is little resistance to 

the diffusion of FITC-dextran into the basolateral compartment, but as the device 

matures the permeability of the system decreases. Data represented as mean ± 

standard error of mean (SEM).3 

Daily TEER measurements were collected to monitor cell growth and the 

validation of TJ formation (Figure 4.9). This was done utilizing an EVOM2 epithelial 

voltohmmeter. Alligator clips were used to connect to the EVOM2 system via an 

EVOM2 Electrical Adapter. The initial resistance on day 0 was collected and represented 

the background resistance for the system. It was observed that when the system is 

connected to the EVOM2, the TEER value fluctuates significantly. However, this value 

tends to stabilize within 30 minutes and drifts to a point of equilibrium. An average of 15 
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resistance readings at the point of equilibrium is used as the raw TEER value of the 

measurement. The corrected TEER value, as represented by the equation below, is the 

product of the cross-sectional growth area (12.14 mm2) within the system and the 

difference of the measured resistance from the initial day 0 resistance. On-chip TEER 

measurements of the µE-BBB also demonstrated an increase (over 170 Ω·cm2) in the 

electrical resistance over time after the incorporation of the endothelial cells. This is in-

line with the progressive decrease in permeability and limited passage of ions across the 

integrated barrier after the endothelial cells are incorporated into the µE-BBB.85,88 

  

Figure 4.9: Utilizing the integrated electrodes of the system, TEER measurements 

were collected daily. During the first 2 days of culture, the astrocytes alone do not 

induce any change in resistance. However, the resistance begins to increase 

following incorporation of bEnd.3 cells after day 2 (n = 8). All data represented as 

mean ± SEM.3  
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Chapter 5: The Identification of Erythrocytes as a Contributor to Age-

Associated Loss of Blood-Brain Barrier Integrity 

The Effect of NO on ZO-1 TJ Expression on the Mouse BBB 

NO is a molecule that increases BBB permeability.51–54 To assess the effects of 

NO on TJ markers, an ICC assessment for ZO-1 was performed on endothelial cells that 

were exposed to the NO donor S-Nitroso-N-Acetylpenicillamine (SNAP) using staining 

techniques similar to those detailed in Chapter 4 (Figure 4.7).89 SNAP is catalytically 

activated by trace ions present in any buffer and linearly produced NO for 6 hours after 

the solution is prepared. SNAP was dissolved in blank DMEM to a concentration of 1 

mM. The simulated BBB was treatment with SNAP solution for 1 hour. When compared 

to the negative control, there was a notable decrease in the fluorescence intensity of ZO-

1, indicative of decreased TJ expression (Figure 5.1).90,91 This test showed that we were 

able to verify that NO does have an effect on TJ markers, and we were able to induce this 

effect ex vivo within an hour. 

 

Figure 5.1: ZO-1 (green) expression was monitored after incubation with NO 

donor SNAP, showing a decrease in ZO-1 expression in the treated condition. 

DRAQ5 (red) was used as a nuclear costain.3 
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µE-BBB Analysis of NO on the Permeability of the Mouse BBB 

The next goal was to evaluate the effect of NO on the permeability of the µE-

BBB, using the FITC-dextran and TEER metrics employed in the Chapter 4 studies, after 

the administration of SNAP. A mature day 7 µE-BBB device was filled with blank 

DMEM and a 400 µL stock of 100 µg/mL FITC-dextran. A 1 mM SNAP solution was 

circulated through the lumen of the system for 1 hour at 40 µL/min with the blood 

handling system developed in Chapter 2. The addition of SNAP resulted in an increase in 

the permeability of the µE-BBB to FITC-dextran (Figure 5.2). Compared to the negative 

control, there was a 40% increase (p = 0.0286) in the accumulation of FITC-dextran in 

the basolateral compartment. 

 

Figure 5.2: To evaluate the effect of NO on the integrity of the barrier, 1 mm 

SNAP and FITC-dextran were circulated through the µE-BBB. The accumulated 

basolateral FITC-dextran was quantified, indicating an increase in barrier 

permeability in the treated devices (n = 4).3 
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In addition, there was a 3.6% decrease in the TEER of the barrier (p = 0.0286) 

(Figure 5.3). Both of these metrics are consistent with previous studies and signify 

damage to the BBB.85,87,92,93 Furthermore, this study verifies that damage to the µE-BBB 

is detectable and, more importantly, quantifiable. 

 

Figure 5.3: TEER evaluation of SNAP treated devices demonstrate a decrease in 

TEER values following the SNAP treatment, which further demonstrate damage 

to the µE-BBB (n = 4).3 

Production of NO From Young Versus Old Mouse Erythrocytes 

To confirm and extrapolate the capability of the µE-BBB system to reflect the 

shear induced NO production, isolated erythrocytes were passed through the lumen of a 

modified µE-BBB (Figure 5.4) at different flow rates (40 or 8 µL/min). Briefly, the 

modified µE-BBB was designed without the basolateral compartment but was still 

capable of inducing physiological shear stress in the lumen compartment.  
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Figure 5.4: To evaluate the behavior of erythrocytes in response to shear stress, a 

modified µE-BBB was utilized that only contains the shear inducing lumen 

channel. Image was adapted with permission from Biorender.com under a paid 

academic subscription.3 

The erythrocytes were derived from male C57BL/6 mice. Young mouse (2-3 

months old) blood was purchased from BioIVT with sodium heparin as an anticoagulant. 

Old male mice (22–24 months) were purchased from the National Institute on Aging, and 

all animal procedures were performed in accordance with the administrative panel of the 

Office of Laboratory Animal Care at UC Berkeley. The protocols were approved by the 

UC Berkeley Animal Care and Use Committee. Blood acquired from the old mice was 

collected via cardiac puncture into 2-3 units of heparin per milliliter. All blood was used 

within 24 hours of collection. 

Erythrocytes were isolated from old and young animals using Histopaque-1077. 

First, the blood samples were collected into a filter capped flow cytometry tube. This 

prevented clumping of the blood cells and removed any clots that may have formed. The 
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1 mL blood samples were then diluted with equal parts PBS, and carefully layered over 2 

mL of Histopaque-1077. The layered solutions were then centrifuged at 400g for 30 

minutes. Next the supernatant of the vial was discarded, leaving behind only the isolated 

erythrocytes. The cells were washed 2 times with 10 mL blank DMEM, centrifuging for 

10 minutes at 250g in between, before being resuspended to a final volume of 2 mL (0.5x 

in vivo hematocrit), mixed with the NO-fluorescent probe DAF-FM,94 and were 

circulated through the modified µE-BBB at low (8 µL/min) and physiological (40 

µL/min) shear rates for 1 hour. The NO production was monitored fluorescently (495/515 

nm excitation/absorption). Physiological shear stress did not influence the NO production 

of young donor erythrocytes. However, there was an increase in the old donor erythrocyte 

production of NO by 57% (p = 0.0286) (Figure 5.5). These results are in-line with the 

established knowledge that erythrocytes generate NO once exposed to shear stress78 and 

more so that our system is capable of generating sufficient shear stress to achieve a 

change in production. Moreover, this also suggests that erythrocytes from young and old 

donors are behaving differently. 
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Figure 5.5: To quantify the production of NO by erythrocytes undergoing shear 

stress, isolated mouse erythrocytes, supplemented with NO probe DAF-FM, were 

circulated through the modified µE-BBB (n = 4). Under physiological shear stress 

conditions, there was no increase in the production of NO by young erythrocytes 

(n = 4). However, there was an increase in the production of NO from old mouse 

derived erythrocytes (n = 4). Mann–Whitney two-tailed test; ns, * signify p > 0.05 

and p < 0.05, respectively. All data represented as mean ± SEM.3 

The Effect of Old and Young Mouse Erythrocytes on the µE-BBB 

Building upon these findings, the next goal was to evaluate the role of mouse 

erythrocytes on BBB integrity. Isolated mouse erythrocytes derived from young and old 

animals were circulated through the fully matured µE-BBB at low and physiological 

levels of shear stress. Erythrocytes from the different aged mice were resuspended to 
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0.5× in vivo hematocrit using the previously described protocol (without DAF-FM), but 

were also supplemented with 100 µg/mL 10 kDa FITC-dextran. The erythrocyte 

suspension was circulated through the µE-BBB for 1 hour, as described previously. 

Subsequently, concentrations of basolateral FITC-dextran were quantified. It was found 

that there were increases in basolateral FITC-dextran, suggesting a diminished µE-BBB 

integrity that resulted from exposing circulating erythrocytes to physiological levels of 

shear stress (Figure 5.6). Compared to low shear conditions, under physiological shear 

young animal-derived erythrocytes showed an increase in FITC-dextran permeability by 

64.7% (p = 0.0286), while old animal-derived erythrocytes showed an almost threefold 

greater increase in FITC-dextran permeability, by 188.2% (p = 0.0286). The accumulated 

FITC-dextran in the basolateral chamber of the µE-BBB was 30.1% higher (p = 0.0286) 

after old animal-derived erythrocytes were circulated under physiological conditions, 

when compared to young animal-derived erythrocytes. 
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Figure 5.6: To evaluate the effect of erythrocytes on the permeability of the BBB, 

isolated erythrocytes from young or old mice, supplemented with FITC-dextran, 

were circulated through the µE-BBB. The accumulated basolateral FITC-dextran 

demonstrates greater barrier permeability associated with old animal derived 

erythrocytes under physiological conditions (n = 4). Mann–Whitney two-tailed 

test; * signifies p < 0.05. All data represented as mean ± SEM.3 

Furthermore, TEER measurements confirmed the FITC-dextran studies (Figure 5.7). 

The decrease in TEER following exposure of young animal-derived erythrocytes was not 

significant under physiological conditions when compared to low shear conditions. 

Mann–Whitney two-tailed test; ns signifies p > 0.05. All data represented as mean ± 

SEM.3 
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Figure 5.7: TEER analysis mirrors FITC-dextran permeability in the presence of 

erythrocytes from the different aged donors, demonstrating that the decrease in 

TEER was larger with old animal derived erythrocytes when compared to young 

animal derived erythrocytes under physiological conditions (n = 4). Mann–

Whitney two-tailed test; ns, * signify p > 0.05 and p < 0.05, respectively. All data 

represented as mean ± SEM.3 

The Quantification of Hemolysis from Isolated Human Erythrocytes from Different 

Age Groups 

Low
 S

hea
r Y

P
hys

io
lo

gic
al

 S
hea

r Y

Low
 S

hea
r O

P
hys

io
lo

gic
al

 S
hea

r O

0.92

0.94

0.96

0.98

1.00

1.02

1.04

Mouse Erythrocyte TEER


 T

E
E

R

ns ✱

✱



64 
 

As a surrogate marker of erythrocyte integrity, free Hb was quantified following 

exposure to low (8 µL min−1) and physiological (40 µL min−1) levels of shear stress 

using the modified µE-BBB as described previously. Isolated erythrocytes from human 

donors were resuspended to 0.5× in vivo hematocrit with blank DMEM, derived from 

young and old human donors, following the same protocol used to isolate the mouse 

erythrocytes. The isolated human erythrocytes were circulated through the device and 

subjected to low and physiological shear stress for 1 hour. The free supernatant Hb was 

then quantified with spectrophotometry absorbance (520 nm absorbance).95 Compared to 

low shear conditions, there was no increase in the amount of free Hb released by the 

young donor erythrocytes under physiological shear stress. However, there was an 

increase in old donor erythrocyte Hb release by 170% (p = 0.0286) after exposure to 

physiological shear stress (Figure 5.8). This lends to the hypothesis that the old donor 

erythrocytes are more fragile. 
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Figure 5.8: To quantify extracellular Hb, human erythrocytes were circulated 

through the modified µE-BBB, and supernatant 520 nm absorbance was recorded 

to quantify free Hb. In relation to low shear conditions, young donor erythrocytes 

did not release more Hb than the low shear counterparts (n = 4), but old donor 

erythrocytes did (n = 4). Mann–Whitney two-tailed test; ns, * signify p > 0.05 and 

p < 0.05, respectively. All data represented as mean ± SEM.3 

The Effect of Shear Stress on Young and Old Human Erythrocyte Morphology 

We have shown that the µE-BBB platform demonstrates the effects of old and 

young erythrocytes on the BBB in a mouse model. To expand this platform to the 

analysis of human erythrocytes, we first visualized the effect shear stress has on human 

erythrocyte morphology. Erythrocytes from young and old human donors were diluted to 
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2.5% hematocrit to allow for individual cell visualization and circulated through the 

modified µE-BBB system for 1 hour (Figure 5.4). Still images were captured at 0, 30, and 

60 minutes (Figure 5.9). There were already more dead erythrocytes (diverging from its 

biconcave disk structure to an eryptosis structure),96–98 in the old donor sample than the 

young donor sample before cell passage through the µE-BBB (red arrows). Circulation of 

erythrocytes in the µE-BBB increased the numbers of dead cells in both young and old 

samples; however, the rate of erythrocyte damage was greater in the old sample than in 

the young. Building upon the previous finding, there is now additional data supporting 

the theory that old donor erythrocytes are more fragile than that of younger donors. 

 

Figure 5.9: To further evaluate erythrocyte response to shear stress, young and old 

erythrocytes were circulated through the modified µE-BBB. After 1 hour, there 

was a greater prevalence of apoptotic cells in the old erythrocyte population.3 

The Effect of Old and Young Human Erythrocytes on the µE-BBB 

Previous studies used mouse cell lines in vitro, to assess the response of human 

cells in drug screens99,100 and specifically cocultured human and rodent cell lines as a 
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BBB mimic.101–104 In our µE-BBB, human erythrocytes were resuspended with 

previously described methods to 0.5× in vivo hematocrit and supplemented with 100 

µg/mL 10 kDa FITC-dextran. The suspension was circulated through the µE-BBB for 1 

hour and the concentrations of basolateral FITC-dextran were quantified. Results of this 

study show that when comparing old erythrocyte to young under physiological shear 

stress, there is an increase of 42% (p = 0.0355) in the µE-BBB permeability (Figure 

5.10).  

 

Figure 5.10: The accumulated basolateral FITC-dextran demonstrates greater 

barrier permeability associated with old donor erythrocytes in relation to young 

donor erythrocytes under physiological conditions (n = 4). Mann–Whitney two-
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tailed test; ns, * signify p > 0.05 and p < 0.05, respectively. All data represented 

as mean ± SEM.3 

Further corroborating this increase in permeability, a similar comparison of old to 

young erythrocyte circulation under physiological shear conditions was performed to 

assess TEER. The TEER measurements taken after circulating old human erythrocytes in 

µE-BBB resulted in a 2.9% larger (p = 0.0078) decrease in resistance when compared to 

young human erythrocytes (Figure 5.11). This mirrors the earlier finding with mouse 

derived erythrocytes. This study verifies that a similar biological phenomenon may be 

occurring between the mouse and human erythrocytes. 

 

Figure 5.11: TEER analysis mirrors the trendlines of FITC-dextran permeability 

in the presence of human erythrocytes, with a decrease in µE-BBB electrical 
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resistance associated with old-derived erythrocytes when compared to young-

derived erythrocytes (n = 4). Mann–Whitney two-tailed test; * signifies p < 0.05. 

All data represented as mean ± SEM.3 

The Impact of eNOS inhibition on Old and Young Human Erythrocytes 

Old donor erythrocytes have been demonstrated to produce NO at a higher rate, 

under physiological shear stress, than their young counterparts (Figure 5.5). This is 

significant because NO causes a decrease of BBB integrity (Figure 5.2, 5.3). To confirm 

and extrapolate the damaging effect of NO on the BBB, the µE-BBB permeability 

experiments were performed with erythrocytes that were exposed to the irreversible 

eNOS inhibitor (eNOSi) diphenyleneiodonium (DPI). Erythrocytes from young and old 

human donors were isolated with the Histopaque-1077 separation protocol. The only 

variation of this protocol was that for the last wash step, the blank DMEM was 

supplemented with 5 nM DPI. Following the centrifuge and decanting of the supernatant, 

the erythrocyte pellet was resuspended to 0.5x in vivo hematocrit and supplemented with 

100 µg/mL 10 kDa FITC-dextran in blank media. The suspension was circulated through 

the µE-BBB for 1 hour and the concentrations of basolateral FITC-dextran as well as 

TEER were quantified. In contrast to the diminished BBB integrity when untreated old 

cells were circulated in µE-BBB under the physiologic shear stress (Figure 5.9, 5.10), 

there was no age-specific difference in BBB FITC-dextran (Fiugre 5.12) permeability or 

TEER (Fiugre 5.13) when donor erythrocytes were pretreated with the eNOSi, DPI. 
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Figure 5.12: To evaluate the impact of erythrocyte produced NO on the µE‐BBB, 

eNOSi human erythrocytes were circulated through the µE‐BBB, and 

FITC‐dextran permeability shows no difference in the effect of young and old 

erythrocytes on the barrier (n = 4). Mann–Whitney two-tailed test; ns, * 

signify p > 0.05 and p < 0.05, respectively. All data represented as mean ± SEM.3 
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Figure 5.13: TEER analysis of eNOSi erythrocytes reaffirms the observation (n = 

4). Mann–Whitney two-tailed test; ns, * signify p > 0.05 and p < 0.05, 

respectively. All data represented as mean ± SEM.3 

Exploring these phenomena in more detail, DPI did not change FITC-dextran 

permeability with circulation of young erythrocytes in µE-BBB. However, there was a 

28% decrease in FITC-dextran permeability with old erythrocytes, after treatment with 

DPI (Figure 5.14).  
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Figure 5.14: The permeability of the µE-BBB to FITC-dextran was lower in 

conditions where the old erythrocytes had been treated with the eNOS inhibitor, 

compared to the untreated sample (n = 4). Mann–Whitney two-tailed test; ns, * 

signify p > 0.05 and p < 0.05, respectively. All data represented as mean ± SEM.3 

TEER analysis mirrored these results, with DPI having no effect of young donor 

erythrocytes, but resulting in a 3% smaller TEER decrease with old donor erythrocytes 

(Figure 5.15). This finding demonstrates the eNOS pathway as a significant contributor to 

age associated BBB degradation. 
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Figure 5.15: There was a smaller decrease in TEER associated with this sample 

set (n = 4). Mann–Whitney two-tailed test; ns, * signify p > 0.05 and p < 0.05, 

respectively. All data represented as mean ± SEM.3  
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Thesis Conclusion 

Studies utilizing both in vivo29,105 and ex vivo33,85,106–110 models provided valuable 

information on the impact of various biomolecules on BBB, including in vivo work with 

calcium-binding protein B,105 ex vivo studies with antineoplastic agent mitoxantrone,110 

and research with other chemical compounds85,107–110 and endocrine factors.29,105 A major 

challenge with these experimental systems is a lack of standardized quantification of 

barrier permeability under physiologically relevant parameters. This limits the potential 

for an accurate comparison of various factors to each other.106,108,109,111,112 To mitigate 

these problems, I developed an organ-on-a-chip, the µE-BBB with built-in TEER 

electrodes that provides real-time feedback on BBB resistance. I have demonstrated that 

TEER is inversely proportional to BBB permeability, thus providing an accurate and 

sensitive standard quantification of barrier permeability. Furthermore, the µE-BBB can 

mimic the physiological flow-induced shear stress that cells experience by taking 

advantage of specific flow properties incorporated into its channel design.  

Many factors contribute to BBB degradation, yet few are well understood in 

general and with respect to aging and disease. Previous studies on heterochronic blood 

exchange1 and plasma manipulation113 have established a causal connection between the 

age-associated hematological composition of an animal and brain health and function. In 

this work I demonstrate and present a novel organ-on-a chip technology which mimics 

physiologic circulatory changes and allows one to profile the effects of young and old 

environments (cells and molecules) on BBB integrity. This work demonstrates that 

erythrocytes are playing an essential role through their effects on the BBB. These age-

specific effects are dependent on cell viability, deformability, and biochemistry, which 
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were all quantitatively assayed within the µE-BBB. Interestingly, dilution of old plasma 

with saline plus albumin improved brain health and function in mice 113,114 and attenuated 

progression of Alzheimer's disease in clinical trials.115 Albumin is known to change 

erythrocyte aggregation and sedimentation,116 thus it might preferentially sequester, 

neutralize, or buffer damaged old erythrocytes, thereby diminishing their negative effects 

on the BBB. 

The reduction of TEER presented in this work is similar to that observed with 

hypoxia (9% reduction)117 and SARS-CoV-2 infection (5% reduction),92 although not 

reaching the magnitude of other pathologies like traumatic brain injury (46% 

reduction)118 or ethanol usage (20% reduction).119 Of note, the degradation of the barrier 

by the old erythrocytes in our system, is not akin to traumatic brain injury or hypoxia. In 

contrast, this is a cumulative impact of age and the most prevalent in blood cells, which 

in µE-BBB have detrimental effects on the barrier integrity in 1 hour. 

The age-specific BBB changes are clearly due to multiple factors, and here we 

experimentally tested several of these. It has been hypothesized that enhanced erythrocyte 

eNOS activity is responsible for the degradation of the BBB. In this study, we 

demonstrated that NO affects TJ expression and induces BBB permeability. Furthermore, 

we established that old donor erythrocytes produce more NO under physiological shear 

stress than young. Additionally, the increase in BBB permeability by the old donor 

erythrocytes was reduced with eNOS inhibition. Moreover, it was hypothesized that 

increased fragility and higher rates of hemolysis of old erythrocytes have negative 

consequences for brain health,62,63 which we confirmed and detailed for the effects on the 

BBB through the studies of cell morphology, cell death, and free Hb deposition. 
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Further research may identify erythrocytes as a target for therapy to promote 

healthy aging. Erythrocyte transfusions, a common FDA approved treatment for a variety 

of hematological conditions such as sickle cell disease or anemia, may help in improving 

BBB integrity. Furthermore, if erythrocyte rigidity is a cause of increased BBB 

permeability, therapeutics that increase erythrocyte membrane fluidity are expected to 

promote brain health in the old. 

Technologically, this work innovates traditional models to study BBB ex vivo. 

The majority of systems utilize simplistic cell monolayers grown atop Transwell 

inserts.120 These platforms ignore the physiological shear stress present in vivo, which is 

important to consider, as it is a determinant of blood and endothelial cells properties and 

biochemistries.121 Additionally, our platform not only monitors the passage of various 

formulation across the BBB but it integrates highly sensitive electrodes across blood-

brain interface to monitor TEER, as needed for accurate drug screens and for comparing 

candidate factors in their effects on the BBB. In commonly used TEER measurement 

systems, variations in the placement of the system’s bulky, chopstick electrodes in-

between readings present a major source of error.4 Additionally, electrodes perpendicular 

to the growth area minimizes electrical noise by creating a uniform flow of ions between 

the electrodes. The µE-BBB with integrated perpendicular electrodes allows for 

reproducible real-time monitoring of barrier integrity with much better accuracy. In 

addition, the design and material for the µE-BBB allows rapid fabrication and are well 

scalable. 

In regard to the microfluidic blood handling system, the custom-made technology 

is a powerful platform that will allow for fine manipulation of the blood composition of 
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mice. The programable system allows for the precise movement of biofluids in 2 

directions, and the 50 µL dead space of the system allows for significant volumes (up to 

250 µL) to be directed into or out of the mouse. Coupled with the predictive model, this 

work describes methods of bestowing more control over how much blood can be 

exchanged between mice and how the blood composition may be modulated for a wide 

scope of experiments. 

Beyond age associated impacts of specific blood components, the µE-BBB can 

serve to monitor the effects of other hematological pathologies on the integrity of the 

BBB. For example, the effect of sickle cell disease on BBB integrity could be studied as 

well as the impact of sickle cell disease treatments. Future work will also focus on 

incorporating additional cell lines, such as pericytes or neurons to provide a more 

functional neurovascular unit. Furthermore, human cell lines can be incorporated into the 

system to better simulate a humanized in vivo BBB environment for a closer clinical 

translation, including the data on the pharmacodynamic effects of biologics. 84,120,122,123 A 

significant benefit of this system for pharmacodynamic studies is the standardization of 

the study between replicates and controls. A physiologically relevant environment is 

created, without the interference of in vivo biological redundancies or feedback loops.124–

127 
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