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Traumatic brain injury (TBI) is a common clinical condition in which the brain is subject to a 

mechanical injury. This results in short- and long-term clinical symptoms and also increases the risk for 

future neurodegeneration. Previous studies trying to link TBI with its long-term outcomes have only been 

performed on animal or culture cell models, but very few studies have been performed on 3D human 

cellular models. These limitations are major barriers for current translation of preclinical science to 

clinical implementation. Recent studies suggest that 3D brain organoids may be a useful model to study 

links between TBI and downstream adverse effects. Previous experiments suggest that injuring organoids 

one at a time through the use of a modified mouse CCI impactor is tedious and creates high variability. In 



 
 

x 

 

this thesis study, a novel brain organoid impact device was designed, manufactured, and tested to 

effectively model TBI in a human system. Through phantom organoid and human organoid testing, the 

impact device demonstrated a more simple, accurate, and efficient model to injure brain organoids, 

compared to its predecessors. The device allows for simultaneous injury of multiple organoids, consistent 

and controlled deformation of organoids, and the ability to vary impact force and velocity, based on 

gravity and the defined compression of a spring. This study represents a dramatic improvement over 

previous TBI organoid models, and will enable us to better understand downstream effects TBI towards 

improve translation between preclinical and clinical models. It is anticipated that this device will support 

a variety of experiments to evaluate TBI related diagnostics, therapeutics, biomarkers, and mechanisms of 

disease progression. 
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INTRODUCTION 

What is TBI? 

Basic Pathophysiology 

Traumatic brain injury (TBI) is a complex injury where the brain is damaged due to an external 

mechanical force, and is distinctly characterized through two phases: primary injury and secondary injury, 

illustrated in Figure 1.1. Primary injury occurs directly at initial impact the moment the mechanical force 

is applied. This phase of injury results in the disruption of integrity of the brain cells and structure through 

mechanical shearing, tearing, and stretching. The extent of damage is dependent on the biomechanics of 

impact with respect to force, impact velocity, deformation, and/or spatial extent of injury experienced by 

an individual. Secondary injury occurs in a progressive manner after the initial impact. After initial 

impact, any number of biological pathways may be persistently disrupted, either primarily due to injury or 

as a secondary cascade. For example, intracranial pressure may increase, blood vessels in the area may 

become damaged, and structural elements of cells may break down immediately after injury. In addition, 

electrical signal transmission may slow, providing an electrophysiological basis for symptoms such as 

light sensitivity or memory loss. Beyond disruption of individual cellular function ionic dysregulation and 

the breakdown of the blood-brain barrier (BBB) may more broadly impact the neuroinflammatory 

response due to leakage and poor compartmentalization of molecules, ions, amino acids, and proteins, 

thereby contributing to secondary injury. Secondary injury can last from hours to days to months, and can 

be caused through a single severe injury or accumulated mild injuries. Persistent secondary injury reflects 

consequences of continual neurochemical, metabolic, and cellular changes, which include (but are not 

restricted to) ionic homeostasis imbalance, mitochondrial dysfunction, lipid peroxidation, and membrane 

degradation, all contributing to neuronal cell death. [4, 5, 24, 37] 
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Figure 1.1: Concept of primary injury versus secondary injury in TBI. [33] 

 

Damage to brain function reflects damage not only to neurons, the fundamental signaling cells of 

the CNS, but also glial cells that support neuronal function. In particular, neurons are well-organized by 

complex networks to communicate via electro-chemical signals. In support of neurons, oligodendrocytes 

offer structural and functional support by sheathing axons to improve conduction speed of electric signals, 

which helps nourish axons, regulate signaling, and maintain oxidative reaction balance. Likewise, 

astrocytes provide structural and functional support to neurons by enveloping synapses, releasing 

neurotrophic factors, contributing to extracellular ion homeostasis, and regulating the BBB. Microglia 

play a role in immune defense of the brain and support CNS homeostasis. Of particular note, 

inflammatory signaling factors alter the phenotype of microglia, allowing their migration to damaged 

areas of the brain in order to release additional factors or remove harmful material. Each of these cell 

types are crucial regulatory components within the brain and are thus important to incorporate into in 

vitro TBI models. [25, 26] 
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Figure 1.2: Cellular and molecular response to TBI. 

 

Figure 1.2 illustrates the complexity of the cellular and molecular response to TBI. As a 

consequence of direct, rotational, and shear force to the brain, immediate tissue damage and deformation 

disrupts central nervous system (CNS) homeostasis triggering a multi-cellular response beginning with an 

unregulated flux of ions. An influx of sodium (Na-) and an efflux of potassium (K+) causes cell 

membranes to depolarize, releasing excitatory neurotransmitters and further increasing free intracellular 

calcium (Ca2+). This dysregulation of calcium has many detrimental effects. Increased intracellular 

calcium (Ca2+) induces glutamate release activating NMDA receptors that further increase calcium levels 

in both the cytosol and mitochondria, and additionally activates calpain, a protease that degrades 

cytoskeletal proteins. With increased mitochondrial calcium levels, mitochondrial dysfunction occurs 

resulting in ineffective oxidative phosphorylation which leads to an accumulation of reactive oxygen 
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species (ROS). At normal physiological levels, ROS are crucial to neural cell performance. Through 

neurons and their supporting cells (oligodendrocytes, astrocytes, and microglia), normal ROS facilitates 

cell communications, CNS homeostasis, inflammatory response, progenitor cell population, long-term 

potentiation, and synaptic plasticity. In the case of TBI, the brain is susceptible to oxidative stress so 

when ROS levels are increased there are many repercussions. Within oligodendrocytes, prolonged 

oxidative stress compromises production and maintenance of axonal myelin sheaths and can induce 

apoptosis. Microglia and astrocytes further release ROS and inflammatory cytokines increasing damage 

to an even greater degree. Reactive astrocytes can also cause lasting morphological changes to the tissue 

and influence gene expression. In addition to increased damage through the neurons supporting cells, 

ROS contributes to impairing a number of cellular processes, such as lipid peroxidation, altered 

membrane signaling, increased lactate production, acidosis, increased cerebral blood flow, edema, 

ischemia, and energy production imbalance. [3, 4, 24, 25, 26] 

As ROS continues to accumulate the oxidative stress causes the breakdown of the BBB. The BBB 

is a critical component in maintaining CNS homeostasis through its semi-permeable barrier that separates 

circulating blood from the brain environment. It regulates molecules that enter and exit the brain, acting 

as a blood-brain solute barrier exchange, while also denying peripheral immune cells from entering and 

removing toxic substances. The BBB consists of specialized endothelial cells called tight junction (TJ) 

proteins and junction adhesion molecules (JAMs) which regulate paracellular permeability. These 

endothelial cells are further regulated by their surrounding cells (pericytes, neurons, astrocytes, microglia, 

etc.) to maintain homeostasis and ionic balance. Following TBI, and furthermore ROS accumulation, TJ 

protein expression decreases and leads to an increased paracellular permeability of the BBB, which 

eventually breaks down the BBB. Despite containing microglia, brain-specific immune cells, the loss of 

TJ proteins allows an influx of additional non-brain-specific immune cells such as neutrophils that worsen 

the neuroinflammatory response. Larger cells that are usually restricted from entering the brain, such as 

albumin, also contribute to the dysfunction. Endothelial cell injury, pericyte injury, and astrocyte injury 
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all result in an increase in BBB permeability promoting further inflammation as well. A significant 

consequence of this response is cerebral edema due to the excess water accumulation in the brain. 

Cerebral edema further leads to increased intracranial pressure (ICP) and changes in cerebral blood flow 

(CBF), which if not immediately regulated can cause permanent tissue damage and cell death, 

contributing to high death rates seen in severe TBI cases. [4, 5, 24, 26] 

Epidemiology and Diagnosis of TBI 

Current data approximates that annually there are 69 million TBI events worldwide, 1.7 million 

TBI events in the United States (US), 250,000 TBI-related hospitalizations, and 60,000 TBI-related 

deaths. It is suggested that more than 1.1% of the US population currently lives with a TBI, accounting 

for millions of people. [4, 6, 26, 37] 

TBI can be caused by traffic accidents, accidental falls, gunshot wounds, explosive blast waves, 

combat-related events, and collision sports. Collision sports, such as American football and soccer, are 

reported to have the highest incidence of TBI, and about 10-15% of sports-related injuries are TBI-related 

injuries. In general, male cases account for more than 73% of all reported TBI events, are 2 times more 

likely to be hospitalized, and 3 times more likely to die. Older individuals (>75 years) have the highest 

rate of TBI-related hospitalization of about 32%, and accounts for approximately 28% of TBI-related 

deaths, equal between men and women. Additionally, and more importantly, TBI is the leading cause of 

death and disability worldwide among individuals under the age of 45 years, and is an epigenetic risk 

factor that can cause neurological diseases such as dementia, Alzheimer's disease, Parkinson's disease, 

and depression. [4, 6, 14, 26, 37] 

TBI is heterogeneous, ranging in severity from mild to severe (or even fatal). Severity is 

classified through the persistence and severity of symptoms, including the common use of the Glasgow 

Coma Scale (GCS) which clinically scores the injury based on level of consciousness on a scale from 1-

15. The GCS measures factors such as eye opening, verbal responses, and motor responses. A score 
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between 13-15 diagnoses patients with mild TBI (mTBI), a score between 9-12 diagnoses patients with 

moderate TBI, and a score of 3-8 diagnoses patients with severe TBI. Although the GCS is a useful tool 

to evaluate TBI severity, it relies on only observable results in the patient highlighting the need for an 

improved classification system based on biological evidence. [5, 21, 29] 

Risk for Future Neurodegeneration 

As apparent from the above description, the sheer number of cells, cellular processes, and 

systemic processes affected by TBI, at varying time scales and different degrees of reversibility, have 

tremendous implications for understanding mechanisms for a particular severity of TBI as well as for 

diagnosis and treatment strategies. The potential persistence of primary and secondary outcomes 

including BBB breakdown and axonal transport defects, makes TBI a significant risk factor for 

neurological disease and death. In fact, these pathways are common underlying events in dementia and 

numerous neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), 

Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), epilepsy, and chronic traumatic 

encephalopathy (CTE). TBI is associated with an increased risk for each of these neurodegenerative 

diseases. The risk of dementia and AD increases around 1.5 times after a TBI, and 5% of all dementia 

cases worldwide can be attributed to TBI, even for a single mild TBI. Additionally, behavior in 

individuals with TBI can change as they may express deficits in attention, cognition, sensory processing, 

communication, severe depression, anxiety, personality changes, aggression, and social inappropriateness. 

Overall, neuropathology of post-TBI neurological disease is becoming increasingly more characterized, 

more work can be done to explain the implications of these consequences. [14, 26] 

Therapeutic Strategies 

General solutions after brain injury should prevent progressive neuronal cell death, reestablish 

neuroplasticity, reduce inflammation, and improve motor and cognitive recovery. Currently, there are 

inadequate definitive therapeutic approaches to treat TBI, and no medications or techniques that are able 
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to promote brain repair or reduce brain damage. This is a consequence of our still incomplete 

understanding of mechanisms underlying persistent dysfunction, a lack of diagnostics to better understand 

the post-injury state, and limited windows of intervention, based on re-sealing of the BBB and the noted 

lack of diagnostic strategies. On the other hand, there are many potential general methods to treat TBI, 

such as pharmacological interventions, biopharmaceuticals, gene therapies, noninvasive interventions, 

neuroplastic therapeutics, and the use of biomarkers. [26, 35] 

 Pharmacological interventions include agents that are anti-inflammatory, cell cycle inhibitors, and 

cyclic adenosine monophosphate (cAMP) augmentors. These interventions have the potential to lessen 

the development of secondary injury following TBI. An example such as minocycline, inhibits 

proinflammatory cytokines and microgliosis which has been shown to be effective in preventing neuronal 

cell death. Additionally, synthetic peroxisome proliferator-activator (PPAR) agonists, such as fenofibrate, 

can regulate gene expression by suppressing proinflammatory mediators, reducing inflammation, 

oxidative stress, and cerebral edema. Cell cycle inhibitors, such as flavopiridol, effects cyclin-dependent 

kinase (CDK) inhibition which can block cell cycle activation in neurons, astrocytes, and microglia, 

preventing further development of ROS and neuroinflammation. cAMP, a critical molecule that enhances 

neuronal growth, can be targeted to induce neuronal sprouting, reorganization of neurons in the cortex, 

and recovery of motor function. In TBI, cAMP signaling reduces which leads to decreased CREB 

phosphorylation, and by increasing cAMP levels through agents such as phosphodiesterase (PDE) 

inhibitors, selective serotonin reuptake inhibitors (SSRIs), or serotonin-dopamine reuptake inhibitors 

(SDRIs) can have positive effects in recovery post TBI. [26, 35] 

 Biopharmaceutical interventions include the use of biologics and growth factors such as stem 

cells, peptide therapy, and gene therapy to help reduce the effects of TBI. Therapy through the use of 

neuronal and mesenchymal stem cells utilizes their neuroregenerative potential to try to treat TBI. 

Neuroprotective and neuroregenerative efficacy through the use of growth factors has been tested; for 

example, vascular endothelial growth factor (VEGF), human fibroblast growth factor 2 (FGF2), and 
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brain-derived neurotrophic factor (BNDF), all show indirect development of neuronal survival through 

supporting transplanted stem cells in diseased or injured models. Gene therapy, using viral and nonviral-

mediated delivery systems, such as adeno-associated viral (AAV) vectors to regulate genes are being 

developed for treating TBI. AAVs can target genes to either under-express or over-express said genes in 

order to counter neurodegenerative effects. Micelle-like nanoparticles designed to contain genetic 

material, DNA or RNA, are also useful in gene therapy because of their ability to enter the brain 

intranasally and their low immunogenicity. [26, 35] 

Noninvasive interventions include brain stimulation and physical exercise. Transcranial magnetic 

stimulation (TMS) has proven useful in lessening the damage by inducing positive neuroplastic changes. 

Additionally, neuroplasticity is key in returning to normal neuronal behavior post-TBI. By re-establishing 

signal transduction pathways and the modulation of the cytoskeletal dynamics, a cellular response can be 

generated that promotes neuronal growth and plasticity. Membrane lipid rafts (MLRs), are cell membrane 

cores that are enriched with sphingolipids, cholesterol, and scaffolding proteins, that organize and 

regulate TrkB and NMDA receptor signaling pathways, adenylyl cyclase 8 (AC8) activity and cAMP 

production, cytoskeletal dynamics. In combination with pharmacologic agents, MLRs can promote 

functional and structural plasticity, remove and replace neuronal growth, and improve motor and 

cognitive performance after a TBI. [26, 35] 

To enable better decision-making as to what, if any, therapeutic is most appropriate, diagnostic 

strategies need to be improved, both with respect to specificity and feasibility. CNS biomarkers represent 

pathobiological processes at the cellular and subcellular level that are pivotal to the diagnosis of TBI and 

subsequent monitoring of the effects of the above therapeutic strategies. Currently, there is a lack of 

existing and proven CNS biomarkers, but there are many candidates that could progress diagnostic, 

prognostic, and therapeutic development. [26, 35] 

At the moment, there is a critical need to develop a better understanding of the underlying 

pathophysiological processes that occur in TBI. The need for improved translation from preclinical 
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models to clinical models that can furthermore produce effective therapeutics must be met. Researchers in 

general, must gain a greater understanding of molecular and cellular mechanisms contributing to 

secondary injury, provide a variety of brain injury models to test the application of the above therapeutic 

strategies, develop knowledge on brain pharmacokinetics, perform additional cellular and animal models 

of secondary injury to study their effects, and to bridge the gap between novel therapy development and 

TBI relevant measurements. [26, 35] 

Models for TBI 

Clinical Models 

A variety of investigations have been done to study TBI and its neurodegenerative effects, but 

since TBI is considered a heterogeneous disease there is a challenge in producing significant clinical 

models. Many previous trials were largely not useful towards studying TBI as they would measure 

treatment effects through the GCS, which only relies on symptomatic and observable behavior. There is 

difficulty declaring clinical phenotypes to mark specific effects of the treatment given, but one of the 

ways that clinical trials can combat this is through the use of magnetic resonance imaging (MRI). MRI 

measurements provide information on brain damage and severity, validate diagnoses, and illustrate 

overall structural response to the therapy. Although MRI and the GCS are useful, they are not particularly 

insightful, as TBI is a complex cellular and subcellular disease. Additionally, postmortem human tissue 

samples can be used to investigate TBI, but are not very useful in a controlled study nor can they be 

examined longitudinally. [14, 25] 

Animal Models 

Numerous animal models investigating TBI have been developed to study the specific effects of 

treatment or therapy given. These models have helped distinguish critical injury mechanisms that cause a 

mild, moderate, or severe case of TBI. Additionally, these animal models, primarily through genetically 

engineered rodents, have proven useful in identifying significant molecules and pathways for these injury 
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mechanisms that can be targeted. Rodents are highly available, are low cost, and are behaviorally and 

genetically very similar to humans, making them great tools to generate a greater understanding of the 

pathophysiology of TBI. In addition to rodents, pigs and primates have also been used to research TBI. 

The most common animal models used to study TBI are the controlled cortical impact (CCI) model, the 

fluid percussion injury (FPI) model, and the weight drop/impact acceleration (I/A) model. [9, 17, 18, 21, 

26, 36]  

The CCI model induces a precise impact through the use of a striking rod at any angle to the 

brain. This model is highly reproducible, but has a high mortality rate, and may not simulate the broad-

spectrum damage experienced when the entire brain rotates within the skull. Rapid deformation of the 

brain may sometimes result in focal injury but can also generate cortical tissue damage, subdural 

hematomas, diffuse axonal injury, and the disruption of the BBB. The diameter of the rod, the depth of 

impact, the velocity of the rod, and shaped tips to the end of the rod can be varied to influence severity of 

tissue injury. In contrast, the FPI model induces diffuse injuries to the brain through the sharp increase of 

intracranial pressure surrounding the brain. Generally, TBI models use a pendulum striking a tube of 

saline that creates a short fluid pressure impulse delivered to the brain. This model is also highly 

reproducible and has a high mortality rate. The rapid increase of pressure can lead to the disruption of the 

BBB, diffuse axonal injury, and an overall neuroinflammatory response. The pressure generated in the 

brain can be adjusted by changing the height of the pendulum to strike the saline tube. Lastly, the I/A 

model induces either a mostly focal or mostly diffuse injury by dropping a weight at a specific distance 

onto a brain or skull. The severity of injury can be altered through changing the weight or height of the 

drop. The injury produced from this model also leads to cortical tissue damage, diffuse axonal injury, and 

the disruption of the BBB. An example of this model includes the use of a 450-gram brass weight falling 

from varying distances (1, 1.5, 2 m) onto animal brains. [9, 17, 18, 21, 26, 36] 
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Through the use of each of these TBI animal models a variety of measurements can be made 

including, but not limited to, astrocyte activation, microglia activation, cytokine levels, chemokine levels, 

and oxidative stress markers. [9, 17, 18, 21, 26, 36] 

Biomechanical Models 

A key to better understanding TBI is to better understand the relationship between biomechanical 

forces and neuropathy. Through quantitative immunohistochemistry injuries can be investigated and 

compared to the biomechanical parameters to achieve this understanding. Variables such as velocity, 

deformation depth, force, and contact duration provide the parameters necessary to monitor mechanical 

properties seen in damaged brain tissue. Velocity varies amongst all impact models depending on the 

severity of injury wanted. There is no definitive scale to generate specific severity but the following scale 

summarizes the general findings amongst the few biomechanical impact models. For more mild injuries, 

repetitive impacts of speeds between than 0.5 m/s and 2.5 m/s can be used. For moderate injuries, speeds 

between 2.5 m/s and 4 m/s can be used. For moderate-severe injuries, higher speeds between 4 m/s and 6 

m/s can be used. For severe injuries or closed head impacts greater than 6 m/s can be used. Force relates 

directly to velocity, but not enough information has been found on deformation depth and contact 

duration. [8, 11, 17, 18, 28, 36]  

General biomechanical response for impacts on tissue could follow the Kelvin-Voigt viscoelastic 

model. This model states that an instantaneous drop in velocity will result in an instantaneous drop in 

stress. Appendix 1 provides a schematic of this viscoelastic model based on arrangements of spring and 

dashpot elements. The spring produces instantaneous deformation proportional to load and the dashpot 

produces aa velocity proportional to the load at any instant. By relating velocity, deformation, and contact 

duration of a biomechanical impact model to a Kelvin-Voigt viscoelastic model, tissue responses to 

different compressive loads and strain rates could be accounted for. Although useful, these viscoelastic 

models were not considered for the following thesis. [13, 38] 
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In-Vitro Models 

In-vitro models of TBI involve growing neurons in a 2- or 3-dimensional matrix and applying 

tensile, shear, or compressive forces to whole cells or individual cell compartments. In comparison to 

animal models, in-vitro models can reduce complexity as there is greater control over the experimental 

conditions, it is easier to measure cellular responses immediately, but they do not replicate the complexity 

of an entire brain. It has been found that about two-thirds of TBI in-vitro experiments apply their load 

through uniaxial stretch. A stretch injury is induced by growing neurons on elastic silicone membranes 

that are stretched via a rapid pressure pulse. To influence mild, moderate, and severe injuries in the cells, 

the rate and magnitude of the load can be varied to produce such effects. Other major load application 

methods included blast, compression, scratch, and shear. Key processes that have been studied through 

the use of in-vitro models include membrane disruptions leading to ionic dysregulation, inflammation, 

microtubule and axon damage, and cell death. Generally, rodent cell origin accounted for about 84% of 

the species types tested, while about 15% of the in-vitro studies used human cells. Although using animal 

cell in-vitro models has been key to current TBI pathophysiology understanding, therapeutic targets 

identified have not effectively translated to clinical trials. Greater use of human cells requires more 

attention to bridge this gap to clinical trials. 3D models can also be used to represent more thorough 

loading conditions and consequences, which can provide a more realistic injury response. Through a 

variety of cell types, such as astrocytes, hippocampus cells, neurons, oligodendrocytes, endothelial cells, 

vascular smooth muscle cells, neuroblastomas, microglia, and pheochromocytomas, a collection of injury 

responses can be monitored. These injury responses include axonal injury, calcium activity, cell death, 

inflammation, long-term potentiation deficits, and ROS. In general, in-vitro models have been pivotal 

towards our understanding of TBI, and allow follow-up of key findings in vivo, but more work can be 

done. Future models need to have a greater diversification of load application that will more closely 

mimic in-vivo brain impacts, there needs to be greater use of human brain cells as animal cells do not 

completely translate to clinical trials, and more comprehensive set-ups that can model the structural 
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complexity of the brain including brain cells so that more effective TBI therapeutic targets can be 

discovered. [18, 36] 

Organoid Models  

Human stem cell derived brain organoids are a great resource that combines 3D cellular models 

and human cell models. Generated through hiPSC (human induced pluripotent stem cells) derived 

engineered tissues, organoids provide a step towards being able to translate in-vitro models to clinical 

trials. There are only a few studies that investigated oxidative-stress induced TBI responses in brain 

organoids and how these injury mechanisms relate to CNS neurodegenerative diseases. Multicellular 3D 

human organoids containing endothelial cells, pericytes, astrocytes, microglia, oligodendrocytes and 

neurons have been used to evaluate the effects of hypoxia and neuroinflammation on BBB function 

previously. Additional studies investigate protein disruption, altered differentiation, and cell death during 

hypoxia treatment. These studies have demonstrated the utility of organoids in regards to the effects of 

oxidative stress on brain cells and can prove to be useful for a more comprehensive investigation into the 

pathophysiology of TBI, diagnostics, and therapeutic effects. Despite this, there are not many studies 

inducing the mechanical deformation of organoids to model TBI. The main purpose of this paper is to 

investigate TBI through the use of brain organoids in combination with a novel impact device that 

mechanically deforms the organoids. Organoids will be explored more in depth in the next section. In 

summary of the general models used for TBI, Table 1.1, a comprehensive pros and cons are compared. 

[19, 26] 

 

 

 

 



 

14 

Table 1.1: TBI Model Advantages and Limitations [9, 8, 11, 17, 18, 19, 20, 25, 26, 28, 36, 37] 

Model Type Advantages Limitations 

2D Culture • Derivable and generated from 

patient iPSC or ESC 

• Readily available, easily 

manipulated, low cost 

• Highly scalable and high 

throughput 

• Abundant culture methods and 

analytical techniques 

• Widely used to study CNS 

disease progression 

• Can model near-physiological 

morphological changes and 

responses to oxidative stress 

• Can obtain functional cell and 

tissue specific information 

• Lacks 3D brain structure and 

microenvironment 

• Limited complexity in tissue 

composition and cell state  

• Poor representation of the in vivo 

physiological environment 

• Lack of relevant data on cell– 

extracellular matrix or cell–scaffold 

interactions 

• Limited differentiation capacity 

  

Animal • Intact 3D brain structure 

• Comparable size and 

anatomical structure 

• Can monitor the behavior of 

specific cell types and disease 

progression 

• Can obtain useful measures of 

altered cognitive and behavioral 

states 

• Can obtain functional whole 

body 3D information, i.e., 

systemic responses 

• Do not always translate to humans 

due to inter-species differences 

• Significant metabolic, anatomical, 

and physiological differences to 

humans 

• Low throughput 

• Differences in brain mass, 

development, cellular organization, 

and regionalization 

Postmortem 

Human Tissue 

• Intact 3D brain structure and 

microenvironment of human 

origin 

• Accurate size and anatomical 

structure  

• Specific cortical cell types and 

precise developmental cues 

• Visible tissue degeneration in 

specific brain regions 

• Can obtain patient specific 

measures of disease states 

• Can identify terminal 

pathological features of disease 

states across diverse human 

populations 

• Limited availability and low 

throughput 

• Difficulties in genetic manipulation  

• Loss of data on altered cell function 

and behavior due to tissue 

degeneration during processing 

• Decreasing donor/ sample 

availability 

• Ethical and practical limitations of 

investigating live/ dead human brain 

tissue 

• Poor study control to determine if 

observations/results are due to 

disease or caused by other agents 
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Table 1.1: TBI Model Advantages and Limitations (cont.) [9, 8, 11, 17, 18, 19, 20, 25, 26, 28, 36, 37] 

Model Type Advantages Limitations 

Organoids (3D 

Culture) 

• Intact 3D brain structure and 

microenvironment 

• Derivable and generated from 

patient iPSC or ESC 

• Highly scalable and high 

throughput 

• Capacity for self-organization 

and differentiations 

• Can obtain organ-specific 3D 

information 

• Process is labor intensive, time 

consuming, expensive, and 

technically limited 

• No definite standards or parameter 

to generate and culture brain 

organoids 

• Limited maturity and size 

• Relies on growth factors and 

differentiation protocols  

• Variability among batches and 

studies 

 

Organoids 

As introduced earlier, current organoid technology includes the generation of a 3D tissue derived 

from hiPSC. These organoids are developed in vitro by arranging multiple cell types together in a tissue 

culture to closely resemble the organ of interest. When these cell types are supplemented with specific 

promoters the development of the organoid is pushed in a certain trajectory to function as their intended 

organ. Through self-assembly, self-patterning, and self-driven morphogenesis, the organoid emerges. 

When the organoids have fully developed and grown, they can serve as complex functional surrogates 

that have similar mechanics at the molecular, cellular, tissue, and organ level. Through advancements in 

stem cell biology over the last couple decades, organoid research has evolved substantially, but with 

continual improvement, organoids could be developed in large variable quantities that allows researchers 

to establish thoroughly reproducible, scalable, and high-throughput translational models. [7, 25] 

Brain Organoids 

Brain organoids are three-dimensional neural tissues derived from the self-organization of hiPSC. 

These brain organoids resemble the organization, developmental timing, and transcriptional epigenetic 

signature of a primitive human fetal brain. There are two types of brain organoids: patterned or non-

patterned. Patterned brain organoids call for a specific set of growth factors to guide the cells 
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development towards specific brain regions, whereas non-patterned brain organoids allow for different 

brain regions to develop into a single unit. For example, through the manipulation of TGFb and BMP 

pathways and GSK-3, forebrain organoids could be developed. Midbrain organoids can be generated 

through manipulating SHH and FGF growth factors, as well as WNT-3A and SHH for hypothalamus 

development. Additionally, human brain organoids can be genetically edited via genome editing 

technology such as CRISPR and TALEN. Through the various developmental methods to format these 

brain organoids towards specific characteristic features and various disease states, brain organoids are 

currently a novel and innovative model to study human neurodevelopment, neurological disorders in the 

CNS, and neural response to oxidative stress caused by TBI. [7, 26, 34] 

These brain organoids differ from rodent brains and human brains mainly in size, complexity, and 

maturity. The brain organoids used in the following experiments are approximately found to have a 

diameter of 1.25 mm, whereas rodent brains and human may have an approximate diameter of 28 mm and 

560, respectively, based on overall surface area. In terms of complexity, the brain organoid is a miniscule 

model of a rodent or human brain that can represent small regions or types of the brain based on the 

certain growth factors provided, but it is not a functional brain. Human brains have an approximate of 

1000 times as many neurons as rodent brains, which may illustrate the stark difference in neuronal 

structure between functional brains and brain organoids. Similarly, since the neuronal structure is much 

less complex, human organoids are much less mature than rodent and human brains. Human organoids 

are typically grown over a course of 6 months from initial cell derivation until they reach their full 

maturation, whereas rodent brains are found to reach full adult maturation at a post-natal date greater than 

3 months, and human brains reach full adult maturation after 20 years. A future literature review or study 

would be beneficial in identifying key differences between brain organoids, rodent brains, and human 

brains. [10, 16, 27] 
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Advantages and Limitations of Brain Organoids 

Brain organoids are valuable tools to study CNS development, disease and tissue repair. There are 

many advantages for the use of brain organoids, along with limitations as well. One of the significant 

advantages of brain organoids is their physiological relevance, reproducibility, and ability to generate 

patient and disease specific models without ethical or practical limitations of investigating live human 

brain tissue. Brain organoid cultures resemble in vivo conditions much closer than 2-D, planar cultures, 

which allows for greater investigation into cell interaction, differentiation, and communication. These 

culture conditions allow for the complete containment of a neural microenvironment that includes 

neuronal progenitors, mature neurons, astrocytes, and oligodendrocytes. Additionally, brain organoids can 

be maintained for extensive periods of time, which allows researchers to accurately model disease 

progression. Brain organoids also have demonstrated potential in modeling oxidative stress as 

pharmacological and genetic tools are able to induce OS in brain organoids, patient-derived brain 

organoids are able to demonstrate disease specific effects to OS, and functional and anatomical features of 

development and disease influenced by ROS and neuroinflammation are able to be captured. [7, 19, 26, 

34] 

The most significant limitation of brain organoids, however, is that the process of generating 

these brain organoid cultures from patient derived cells is labor intensive, time consuming, costly, and 

technically limited, which is challenging in demonstrating consistency in each batch and study. 

Consistency among the scientific field is also difficult as there are no definite standards or set parameters 

in brain organoid culturing methods and classes. The size of the brain organoid is also an issue as since 

they are only a few millimeters long, the health and long-term maintenance of the cells within the 

organoid is limited. Additionally, since brain tissue is intrinsically complex, only specific regions, 

functions, or features through specific growth factors and differentiation protocols can be modeled. With 

this in mind, although brain organoids can resemble the organization and complexity of the brain, it can 

never be stated that brain organoids fully replicate the development, morphology, molecular patterning, or 
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disease phenotypes of the brain. In Table 1.2 below, these advantages and limitations are summarized. [7, 

19, 26, 34] 

Table 1.2: Brain Organoid Advantages and Limitations [7, 19, 26, 34] 

Advantages Limitations 

• Physiologically relevant 

• Highly reproducible 

• Ethical and practical 

• Derivable from patient-iPSC 

• Brain-like 3D microenvironment  

• Can be used to model human 

disease progression 

• Ability to for self-organize and 

differentiate 

• Highly scalable and high-

throughput  

• Demonstrate potential in modeling 

oxidative stress 

• Process is labor intensive and time consuming 

• Expensive 

• Technically limited 

• No definite standards or parameter to generate 

and culture brain organoids 

• Limited maturity and size 

• Relies on growth factors and differentiation 

protocols  

• Variability among batches and studies 

• Cannot fully and completely replicate the 

complexity of the human brain 

 

Applications of Brain Organoids 

Brain organoids present a useful tool in drug screening, and more specifically, for a greater 

understanding of the multicellular implications of TBI and neuroinflammation. One of the most 

distinctive examples in current research using brain organoids was to establish a causation between the 

Zika virus and microcephaly cases in Brazil, a condition where a baby's head is significantly smaller than 

expected, often due to abnormal brain development. Exposing hiPSC-derived brain organoids to an 

isolated Brazilian Zika virus strain, it was shown that the virus was attracted to neural progenitor cells, 

which are key in the development of the brain. Successful drugs, such as chloroquine and sofosbuvir, led 

to the protection and treatment of Zika-virus infected human organoids. Another example in current 

research using brain organoids was to model the effects of hypoxia and neuroinflammation on BBB 

functions. Human brain organoids consisting of human brain microvascular endothelial cells, pericytes, 

astrocytes, microglia, oligodendrocytes and neurons, were cultured in a hypoxic chamber for 24 hours and 

showed increase permeability, proinflammatory cytokine production, and increase oxidative stress. 
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Through the use of anti-inflammatory agents affecting the endocannabinoid system, inflammatory 

cytokine levels, ROS, and inflammation in the hypoxic organoids are reduced. Although brain organoid 

models are relatively new, there have been a number of significant brain organoid models in the scientific 

community, exploring applications that allow for a greater understanding of major neurodegenerative 

disorders such as AD, PD, brain cancer, TBI, stroke, BBB disruption, and others. In the review by Tan, et. 

al., the major achievements of human brain organoid models are summarized including the specific target 

of the models, their achievements, the physiological and pathological model, and references for further 

exploration into these applications. [19, 23, 25, 30, 34]  

Current Organoid Injury Models 

3D Printed Organoid Impactor 

Despite the numerous brain organoid applications, as well as the substantial TBI animal or in-

vitro impact models, there are not many studies that combine TBI impact models and brain organoids. In 

a study done by Wen Shi, et. al., an in-vitro mild TBI modeling system was designed and evaluated using 

a 3D printed mini-impact device on 3D cultured human iPSC derived neural progenitor cells. Shi calls for 

a more human relevant model to bridge the gap between preclinical studies and clinical treatments as 

treatment strategies developed from animal models have failed in translating to TBI patients. Through the 

improvement of hiPSC technology and a 3D printer, Shi fabricated an impact device capable of 

convenient, reproducible, and repeated weight drop impact injury to human brain organoids. In this study, 

it was demonstrated that single mild impacts induce minimal injury with easy recovery, but repetitive 

mild impacts lead to neuron loss, reactive astrogliosis, and glial scar formation. 

The mini-impact device consisted of a 3D printed neurosphere (brain organoid) impactor, guide 

construct, and neurosphere holder. The device was designed for the guide construct to allow for a 

controlled free fall of the impactor onto the holder. The holder is able to slide in and out, and holds a 

single 0.5 mm organoid that fits within a 3 mm wide and 0.25 mm deep semi-sphere. The impactor had a 
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mass of 0.9 g, and was dropped from either 15 mm or 30 mm in height, considered as half-impact or one 

impact, respectively.  

A finite element model simulation using Abaqus software illustrated the distribution of minimum 

principal strain in the brain organoid at the maximum indent depth, and the impact induced strain for a 

half impact, one impact, two impacts, and ten impacts. As expected, they found that the equivalent plastic 

strain (PEEQ) increased as the quantity of impacts increased, corresponding to accumulated cell damage 

after multiple impacts.  

Following the simulation, a single impact experiment was run to explore whether or not a single 

mTBI affected proliferation and differentiation of the brain organoids. Compared to the control, half 

impact and one impact showed an increase in axonal outgrowth damage, along with a significant lactate 

dehydrogenase (LDH) release directly after impact signifying neuronal damage. Immunofluorescent (IF) 

staining of caspase-3, a protease activated upon apoptotic cell death receptor signaling, demonstrated an 

increase on day 7 after injury, confirming significant apoptosis. The control, shown by Ki-67 staining, 

showed no significant difference; NeuN and GFAP staining, the long term (day 27) neuronal maturation 

and astrocyte activation stains, respectively, also showed no significant difference. Through this 

experiment it might signify that a mTBI was indeed induced, while the threshold for long term damage, 

characterized by astrocyte activation, seen in TBI was not met. 

Next, repetitive mTBI via multiple mild impacts at a 72-hr interval every two impacts were 

induced. IF staining of NeuN and GFAP on day 27 after initial impact, showed a significant decrease of 

NeuN protein indicating a decrease in mature neurons, and a significant increase in GFAP protein 

indicating astrocyte activation. Additionally, the upregulation of GFAP revealed the formation of a glial 

scar that is similar to those found in TBI patients. Characteristic pathology of repetitive mTBI was 

produced and mimicked through the use of this model, as seen through neuron loss, reactive astrogliosis, 

and a glial scar. 
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Another experiment performed was to incorporate and measure human microglia clone 3 (HMC3) 

into the model to monitor TBI progression. The microglia were introduced into the surrounding area of 

the organoid and directly after the first impact in this two-impact specific experiment. IF staining showed 

migration and infiltration of the microglia into the damaged organoid, along with additional axonal 

damage. This migration was further confirmed by ionized calcium-binding adapter molecule 1 (Iba-1), 

which was stained and present in the peripheral regions of the damaged organoids, but not in the control. 

IF staining of this same experiment confirmed significant neuronal cell death marking Caspase-3, no 

significant difference in Ki-67 staining, significant decrease in NeuN positive cells, and significant 

increase in GFAP expression. Lastly, a cytokine array assay was performed to differentiate the pro-

inflammatory species present in the groups without microglia versus the groups with microglia. 

Overall, this study revealed that the brain organoids develop reactive astrogliosis and glial scar 

formation after repetitive mild impacts, whereas after one or two mild impacts there is no astrocyte 

activation. It is also clear of the biological relevance and potential for human brain organoids in TBI 

impact studies as the model mimics typical brain impact injury pathology. [28] 

CCI Organoid Impactor 

In a study done by Yung Chia Chen, et. al., a modified CCI device was used to model mTBI 

mechanics in mice. Their device has similar features of a typical CCI such as an impactor striking and 

returning to the original positions, but is modified by the use of a rounded silicone tip and modifying 

impact speed to loading forces seen in mTBI. The impactor moved 2.1mm at 0.43 m/s of the exposed 

surface of the mouse brain. This study focused on very slow speeds to ensure a mTBI, whereas they 

express that higher impact speeds such as 4-6 m/s could be achieved for more damaging injuries. [8] 

At the University of California, San Diego (UCSD), the Kwon Lab is employing the modified 

version of the modified CCI device above onto brain organoids in order to create tools, diagnostics, and 

therapeutics for the CNS. At the moment their goal is to measure calpain-1 activity in injured organoids 
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with a TBI-ABN targeted to hyaluronic acid (HA). Organoids of approximately 1.5mm in diameter were 

impacted using their modified CCI device with a 1mm diameter probe, at 2 m/s, and at a depth of 0.5mm. 

Although there was promise in these experiments, the modified CCI device proved inefficient in 

production of the injured brain organoids, as only one organoid could be injured at a time with hours of 

set up for the single organoid. In assistance of the Kwon Lab, the Shah Lab at UCSD has taken on the 

project to design and manufacture a novel brain organoid impactor device that will provide the Kwon Lab 

and other labs the equipment they need to variably injure brain organoids efficiently. To provide context 

to developing design criteria for such a novel brain organoid impactor, Table 1.3 lists out the advantages 

and limitations of the 3D printed organoid impactor and the modified CCI organoid impactor. 

Table 1.3: Advantages and Limitations of Current Organoid Injury Models [8, 28] 

Organoid Injury 

Model 
Advantages Limitations 

3D Printed 

Organoid 

Impactor 

• Simple weight drop 

model with easy set up 

• Reproducible 

• Great for mTBI 

experiments 

• No variability in speed, depth of drop, 

and depth deformation 

• No variability per experiment 

• Only great for mTBI experiments, not 

severe TBI 

• Can only injure one brain organoid at 

a time 

Modified CCI 

Organoid 

Impactor 

• Reproducible 

• Controlled deformation of 

the tissue 

• Precise velocity control 

• Complex and large pneumatic system 

• Requires technical training and a 

lengthy set-up process  

• Inefficient production of injured brain 

organoids (can only injure one brain 

organoid at a time) 

• No variability per experiment 
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Clinical Relevance for TBI Brain Organoid Models 

Physiological Relevance 

Brain organoid models have a significant potential to effectively understand mechanisms of TBI, 

their risk for future neurodegeneration and disease, allows for the ability to screen drugs and therapeutic 

methods, and measure biomarkers that are relevant to animal and clinical models. It has been suggested 

that the functional and structural resemblance follows the same allometric scaling rules of organoids and 

mammalian organs. When assessing the potential of organoids to be physiologically relevant in vitro 

models to animal or clinical models, it has been found that physiologically relevant organoids should 

obey allometric scaling laws, such as obeying Kleiber’s law, which states that the basal metabolic rate of 

an organism scales with its body mass to a universal power law, and that the oxygen levels to the 

organoids core must be greater than critical threshold. In addition, when utilizing a brain organoid impact 

model, correlation between severity of the impact and the magnitude of effect must be determined. As 

seen in the 3D printed organoid impactor model, through the variation of impact height and impact 

quantity a standard response was induced. When impacted a mild single time minimal damage was done 

with no long-term effects, whereas impact multiple mild times induced a pathophysiological response 

characteristic of mTBI. There is no current standard scale to correlate the severity of the impact with the 

magnitude of effect, but there is a foundation to further determine the correlation in the following study. 

[20]  

Genetic Relevance 

Another consideration when assessing organoid’s ability to translate and understand the 

mechanisms of TBI is the genetic variability in the differentiation of organoids. Since the organoids in 

question are derived from humans, they can either be manipulated genetically or represent the variability 

of the human genome. In a study evaluating genetic variability in differentiating human kidney organoids, 

it was found that there was significant variation between experimental batches, while the individual 
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organoids within the batch showed minimal variation. It is also noted that as the model becomes 

increasingly more cellularly complex, the greater the variation. Normalization of the specific genes that 

are most variable between the batches is possible, however it risks removing relevant phenotypic 

information. Through selecting for specific cell types within the organoid, technical variation can be 

reduced. In addition, the genetics of the organoid can be modified through a multitude of techniques. 

Transient techniques, such as adeno-associated virus (AAV) and electroporation, can be used to allow 

protein expression or the production of short interfering RNAs (siRNAs) for a short period of time. Stable 

genetic modifications, such as use of lentiviruses, transposon-like systems, and CRISPR/Cas9, can be 

used to introduce genetic modifications and pass this information on to future cell generations. When 

deciding between each of the different types of genetic modification techniques it is important to address 

the nature of the genetic modification, the organoid development stage at the time of genetic 

modification, and the target cells of the genetic modification. In addition, a combination of transient and 

stable genetic modification techniques show promise for studying brain organoid development and ability 

to counteract the risk of losing phenotypic information in an attempt to normalize genomic variation. [12] 

Drug Screening and Biomarkers 

Through building physiological relevance and understanding how to manipulate and control 

genetic variability, the potential for brain organoid models in understanding the mechanisms of neural 

disease, not just TBI, becomes clear. These models have the ability to effectively screen drugs before 

injury, right after injury, or long term after injury. In addition, there is potential to discover or confirm 

specific biomarkers that are particularly relevant in linking mechanisms of TBI and neurodegeneration, 

which could play a significant role in identifying, diagnosing, and treating TBI. According to the FDA, 

the types of biomarkers that exist include molecular, radiographic, histologic, and physiologic. Molecular 

biomarkers allow you to measure biophysical properties through biological samples, such as plasma, 

serum, cerebrospinal fluid, biopsies, etc. Radiographic biomarkers provide information that can be 

measured through imaging studies. Histologic biomarkers characterize biochemical or molecular changes 
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in cells, tissues, or fluids. Physiologic biomarkers measure the general physiological processes. 

Biomarkers have applications involving screening, susceptibility or risk, diagnostics, prognostics, 

monitoring, and safety. [1, 14, 15, 22, 24, 31, 32] 

To reflect the pathophysiological processes that occur in a TBI, CSF and blood biomarkers are 

most effective in marking the effects of TBI on the CNS. In Table 1.4 below, a detailed list of specific 

biomarkers that have the greatest potential and relevance for use in researching TBI is provided.  

Although these biomarkers show potential by predicting severity of injury and clinical outcomes, 

there are limitations. Some of the biomarkers listed are not CNS specific and do not completely reflect 

specific metabolic changes, vascular pathologies, and inflammation during secondary injury that is 

responsible for progressive neuronal damage post-TBI. In order to improve TBI therapeutic interventions, 

biomarkers that identify these specific pathophysiological processes must be determined. There is no 

current convincing biomarker that is evident in accessing TBI and detecting neurodegeneration 

effectively.  

Table 1.4: Potential TBI Biomarkers [1, 14, 15, 22, 24, 31, 32] 

Biomarker Description Application Cell 

Target 

NF-H,L Neurofilament heavy chain, Neurofilament light 

chain 

Predictor of injury 

severity, track disease 

progression 

Neuron 

GFAP Intermediate filament protein of the astrocytic 

cytoskeleton 

Differentiation of injury 

severity 

Astrocyte 

UCH-L1 Neuron-specific cytoplasmic enzyme involved in 

protein ubiquitination and elimination via the 

ATP-dependent proteasome pathway 

Differentiation of injury 

severity 

Neuron 

NSE Neuron-specific glycolytic enzyme that is 

released into the extracellular space upon 

neuronal damage and death 

Predictor of neuronal 

damage 

Neuron 
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Table 1.4: Potential TBI Biomarkers (cont.) [1, 14, 15, 22, 24, 31, 32] 

Biomarker Description Application Cell Target 

MBP Small (18.5 kDa), positively charged 

extrinsic membrane protein that constitutes 

~30% of the total protein of the CNS 

myelin  

Predictor of neuronal 

damage and 

demyelination 

Oligodendrocytes 

Tau Microtubule associated protein involved in 

regulation of microtubule dynamic stability 

Predictor of neuronal 

damage and 

neuroplasticity  

Neuron 

IL-6,8,10 Neuroinflammatory cytokine proteins 

(interleukins)  

Predictor of 

neuroinflammatory 

response 

Neuron 

SBPD Fragments of spectrin, a cytoskeleton 

protein, that is cleaved by calpain and 

caspase-3 

Predictor of severity of 

injury 

Neuron 

miRNA-

16, 92a, 

765 

MicroRNAs that show change in 

expression within 48hrs of injury 

Monitoring of specific 

miRNAs to relate 

genetic response with 

severity of injury 

RNA 

NLRP3 Protein subunit of the NLRP3 

inflammasome that upregulated in response 

to astrocyte and microglia reactivity 

Predictor of 

neuroinflammatory 

response 

Astrocyte 

 

Future Work 

In the following paper, a novel brain organoid impact device was designed and manufactured to 

induce TBI onto brain organoids. This device has the potential to improve upon past designs, provide 

variability to experiments, and improve production efficiency of injured brain organoids for investigation. 

Through this novel organoid injury model, it is expected to provide a platform to better understand the 

pathophysiology of TBI, identify and discover significant biomarkers of TBI, and effectively screen drugs 

that translate to clinical models. 
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DESIGN RATIONALE & PROTOTYPE FABRICATION 

System Requirements 

As seen in Table 1.3, there are advantages to the previous brain organoid impact models, but 

there are many limitations that must be addressed. In this study, we set out to improve upon those brain 

organoid impact models and design an elegant, compact, and efficient device for variable direct impact 

experiments on brain organoids. The system requirements, defined in Table 2.1, drove the iterative design 

process in creating this novel brain organoid impact device. 

Table 2.1: System Requirements & Rationale 

System Requirements Rationale 

Design must be compact 

and portable 
• The device must fit within a standard lab hood (2’) 

• The device must be transportable between labs for a variety of 

experiments 

Design must be easy to 

manufacture, assemble, 

and use 

• Previous devices required complex parts that was not easily 

manufacturable 

• Previous devices required an extensive set up and assembly time 

• Previous devices required training processes to use 

• The device must have a short preparation time and be simple for 

anyone to use 

Design must be low-cost • The device parts must cost less than $1000 

Design must be sterilizable • The device will be used in a lab and the material must be able to 

undergo sterilization protocols such as UV light sterilization 

Design must allow for 

efficient experimental use 
• Previous devices were only able to produce one injured organoid 

at a time, with hours of preparation 

• The device must increase the production output of injured brain 

organoids for more experimental use 

Design must allow for 

variable experimental use  
• The device must allow the ability to induce different levels of 

injury severity 

• The device must be able to control the force, velocity, and 

deformation of the organoid 

• Will allow for variety in brain organoid impact experimental 

applications 

• Will allow for control over range of damage on the brain 

organoids 
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Table 2.1: System Requirements & Rationale (cont.) 

System Requirements Rationale 

Design must allow for 

variability in the organoid 

holder 

• Organoids are not always produced at the same size 

• Different sized organoid holders allow for additional variability 

to experimental applications 

 

Final Design 

Brainstorm 

Beginning with an extensive brainstorm process, multiple iterations of the design were developed, 

leading to a finalized model. The following model can be described as a gravity and spring-loaded 

vertical drop assembly. Other proposed designs included utilizing a swinging pendulum to cause impact, 

a linear actuator similar to the CCI model, and a dart dropper design. The vertical drop assembly was 

determined to be the best of the proposed designs because it aligned best with the system requirements. 

Initial brainstorms of the vertical drop assembly included the use of gravity or spring forces to generate 

the force necessary to induce TBI, vertical rails to accurately guide the impactor, various impact tips, a 

motor and control system to control the height of the impactor or compress the spring in order to induce a 

specified amount of force, and various organoid holders for different sized organoids.  

First Iteration 

The first iteration of this design was made up of an extendable cube frame that utilized linear 

stages to control the height of the vertical drop. Vertical ball bearing guide rails were designed to oppose 

each other on each side of the cube, attaching to the impact tip. At the center of the base, a single 

organoid holder was screwed into the frame, with variable holders designed for different sized organoids 

or applications. The mechanical assembly consisted of a spring compression mechanism through use of 

physical compression or motorized compression in combination with gravity. The springs would be 
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interchangeable to induce different velocities and forces. The idea was for the spring to be compressed 

either physically or with a motor to propel the impact tip to the center organoid holder.  

After review, the overall idea behind the design worked but some things needed to be revised. 

The organoid holder was now expected to impact multiple organoids at a time (n =15 or greater) for 

efficient production purposes, along with the need to be easily removable and insertable without screws. 

A sensor needed to be introduced in order to know when the impactor hits, along with a non-mechanical 

trigger to release the spring-loaded impactor so that there is minimal variability in the release. 

Additionally, a mechanism needs to be introduced in order to pop the impactor back up after impact to 

limit the constant deformation on the organoids, along with an impact stopper through the use of rubber 

pads or more in order to ensure the impact isn’t too great and has minimal vibrations. 

Second Iteration 

In the second iteration, the assembly was completely restructured to reduce material usage and 

make the assembly look less bulky and more aesthetic. The base of this assembly consisted of a 

detachable hollow base connected by pins and a large square hole to insert a post. Within the base is the 

control system, a linear stage, and a linear actuator. The linear stage fits within the hollow base and 

controls the height of an attachment with rubber pads which further controls the deformation of the 

organoids. The linear stage was chosen to be small enough to fit within the base and has precise control of 

height. The linear actuator, which also fits within the hollow base, will work in conjunction with a 

distance measuring sensor in order to pop the impactor up a few millimeters directly after impact to 

ensure that there isn’t constant deformation on the organoids. The linear actuator also was chosen to be 

small enough to fit within the base and strong enough to push the impactor back up. On the outside of the 

base sits the organoid holder, which was designed to hold 186 organoids and includes a push fit insert. 

The holder also has a square cut in the center to allow for the linear stage attachment and linear actuator 

to fit through to act on the impactor. The holder was arbitrarily chosen at the time to space the holes by 

6mm and ran across the entire plate.  
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Conversely, the top portion of the assembly consists of a spring assembly that pushes an impact 

plate down a single guide rail attached to a post that leads down to the base. The post has holes that line 

up with the guide rail and has a t-shaped insert on the sides in order to slide in the top assembly housing. 

Within the housing consists of the impact plate which is attached to an l-bracket which then attaches to 

the guide rail. Additionally, the impact plate has a circular slot which fits the spring that will induce the 

force, so that there is no buckling or sliding of the spring. Embedded into the housing sits a magnetic 

switch, made by MagSwitch, that will ensure a consistent and quick release speed of the impact 

mechanism. The spring assembly consists of a plastic knob, a threaded rod, the spring, and a spring cap. 

The rod is embedded in the housing and can be twisted via the knob to decrease the height of the spring 

into the magnetically fixed impact plate on the other side, resulting in compression of the spring.  

In order to specify dimensionality of the device to generate the force needed, a force-velocity 

analysis using MATLAB was performed. By calculating the hypothetical mass of the impactor and height 

of the drop based on design, and varying the spring constant and compression of the spring, force and 

velocity curves were generated. The range of velocity that is targeted is between 4 m/s and 10 m/s, which 

will induce severe TBI on the brain organoid based on previous models. Through the use of this 

MATLAB code, force-velocity relationships, seen in Figure 2.1, were generated to further understand and 

predict the implications of different spring constants, spring compression, drop height, and mass of the 

impactor. Appendix 2 provides the MATLAB code used for such calculations.  
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Figure 2.1: Force-Velocity Analysis (Top: 7lb-in spring, Bottom: 1 through 10 lb-in springs) 

 

Upon another review, more revisions were to be made. The spring slot on the impactor needed to 

be aligned with the center of mass of the plate and bracket. The plate and the l-bracket were too heavy, so 

a combined part that was thinned and cut where material was unnecessary was proposed. There were 

concerns over guide rail stability, as a larger more stable guide rail and insert could be useful. The top 

housing was determined to be too large which limited visual and physical access to the organoids at the 

base. The organoid holder was determined to need a 9 mm spacing between each organoid hole in order 

to be consistent with the multi-pipette used in the lab which has 9 mm spacing. Additionally, the organoid 

holder was proposed to have variability in the size of the holes to include a depth of both 0.75 mm and 1 

mm, while also including diameters of both 2.4 mm (an additional 20% in size of a 2 mm organoid) and 3 
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mm (an additional 50% in size of a 2mm organoid). The holder was also to now include channels so that 

spilled organoid media can flow within the channels and not flow down the square hole of the holder 

down to the electronics within the base. Lastly, to ensure stability of the holder, a mechanism to pin the 

holder down must be determined. In the following sections, the final assembly designed via the just 

mentioned iteration history will be described and illustrated.  

Final Iteration 

Using SOLIDWORKS, the design for this device was modeled. The design can be categorized 

between a bottom assembly, top assembly, and control system (Figure 2.2). The bottom assembly 

includes a bottom base, top base, organoid holder, linear stage, linear stage wall, linear actuator, base 

actuator wall, and eight pins. The top assembly includes a post, impactor tube, guide rail, guide rail insert, 

impact dropper, l-bracket, magnetic switch, threaded rod, thread knob, spring, and a spring cap. The 

control system consists of an Arduino, time of flight sensor, and a linear actuator. An exploded view 

consisting of each part in the overall assembly can be seen in Figure 2.3. Additionally, Table 2.2 provides 

details about each part, along with their location, material, manufacturer, and purpose within the 

assembly. 
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Figure 2.2: Overall assembly of organoid impacting device. 
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Figure 2.3: Exploded view of organoid impacting device. 
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Fabricated Assembly 

 Through the help of the UCSD Machine Shop, the general body of the designed model was 

fabricated using delrin plastic. Additional parts that were necessary for the assembly were purchased 

separately, see Table 2.2. Assembling together the body and the purchased parts, a final fabricated 

prototype of a spring loaded, weight drop, brain organoid impactor device was created, seen in Figure 2.3. 

 

Figure 2.3: Final fabricated prototype of brain organoid impactor. (A) Overall assembly. (B) Mechanical 

assembly (including the impactor dropper, the spring, the stainless-steel attachment, and the TOF sensor) 

located in the impactor housing. (C) Top base without the organoid holder, showing the base actuator top 

and the linear actuator attachment. (D) Control system (including the actuator, Arduino, breadboard, 

wires, and a 9V battery). (E) Linear stage and linear stage attachment. (F) Organoid holder. (G) Impact 

dropper. 

 

Although the general design was great, during the fabrication of the prototype, slight alterations 

were made. First of all, in order to manufacture complex parts such as the impactor housing and the 

impact dropper with ease, the design of these parts was deconstructed and manufactured into separate 

pieces. These pieces were then reconstructed to form the exact design given. Additionally, on the edge of 

the impact dropper, a stainless-steel attachment was added to cover the entire surface area of the 

MagSwitch magnet, in order to combat the shear force generated from the spring and gravity against the 

MagSwitch. In each of the threaded holes, including the threaded rod hole in the impactor housing and the 
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holes by the organoid holder, heli-coil attachments were inserted so that the threaded plastic does not 

wear down with use. To ensure that the spring does not fall after each use, there is a pin inserted into the 

spring cap and the spring itself. The pins between the top base and the bottom base are also glued to the 

bottom base, to ensure that each time the base parts are removed from each other, the pins do not fall and 

get lost. Lastly, a rubber pad, Buna O-Ring, was added to the top surface of the linear stage attachment in 

order to mitigate vibration from impact to the assembly and organoids.  

In addition to these alterations, there were a few challenges in the fabrication and assembly of the 

prototype. Due to the global pandemic, COVID-19, supply chain disruption delayed the final assembly 

and testing of the device. The linear stage ordered from Thor Labs arrived a couple of months later than 

expected, after extensive talks with customer service and technical support. In terms of fabrication, the 

post and the base parts were manufactured as a very tight fit which requires delicate force in order to take 

apart. Lastly, the impact dropper had some surface roughness after initial fabrication and required further 

inspection and alteration to ensure surface flatness at the bottom surface of the dropper. 

Control System 

 The control system for this device includes an adafruit arduino, an adafruit TOF sensor, and an 

actuonix actuator. The TOF sensor measures the distance of the impact dropper from the top of the 

impactor housing, and once the dropper reaches a specific distance, the arduino activates the actuator to 

extend right after the dropper makes impact. The actuator extending pushes the impact dropper to just 

above the organoids so that it does not induce constant deformation. In Figure 2.4, a diagram of the 

control system logic is illustrated and explained. 
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Figure 2.4: Control system logic (top) and diagram (bottom): (A) Arduino, (B) TOF Sensor, (C) Linear 

Actuator, (D) Breadboard, (E) 9V battery. The TOF sensor provides distance metrics to the Arduino 

which activates the linear actuator. 

 

Although the control system is quite simple, there were some challenges and iterations. The first 

iteration required a soldered contact between the sensor and the Arduino, but after over-soldering the first 

TOF sensor was fried. The second TOF sensor was soldered and worked perfectly fine, but it was found 
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that the sensor could only detect up to 100 mm, when over 300 mm was needed. A similar TOF sensor, 

but with a sensor distance of up to 1000 mm and a non-soldering wire attachment, was purchased and 

connected to the Arduino. The challenge here was that multiple purchases were made for the numerous 

TOF sensors and wires that were able to reach the top of the assembly, which further delayed testing and 

production. In addition, there were many iterations in developing the code to logically connect the sensor 

and the actuator and to calibrate the timing so that the actuator extends right after the dropper impacts. 

With respect to the code, the main features include setting up the TOF sensor and the actuator to 

be connected, setting the distance from the sensor for when the actuator must open, and setting up the 

range for the actuator to open and close. The actuator has two functions: open and close. The values that 

correspond to these functions are 1000 to 2000, respectively. These values are a range that the actuator 

can open to. For example, if the value is 15000, the actuator is halfway open. For this project the open 

value is set to 1000, but the close value is set to a varying value that is determined by the calibration of 

the drop, making the actuator closer to the impact surface (since it comes from below). In addition, the 

TOF sensor has a sensing range of 0 to 1000 mm. By altering the value of which the TOF sensor signals 

the actuator to open, the impact drop can also be calibrated. Lastly, a delay is necessary to ensure the 

actuator completes its action before the next signal. The code for this system can be found in Appendix 3. 
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METHODS 

Phantom Organoid Testing Methods 

Specific tests were run using phantom organoids in order to validate the accuracy and efficacy of 

the device model. The main goal in these tests is to determine whether or not the device establishes 

deformation control of the brain organoids. Phantom organoids made out of play-doh formed 

approximately 2 mm sized balls to mimic the size of brain organoids, acting as a substitute. In the 

following section, methods of testing and analysis are discussed.  

General Testing Protocol & Rationale 

As introduced before, in Table 2.2 and Figure 2.3, the organoid holder has numerous wells that 

differ in location, depth, and diameter. In the following tests, approximately 2 mm phantom organoids 

were formed out of play-doh, measured in diameter using calipers, and inserted into the wells of the 

organoid holder. A small water-based ink drop was placed on top of the phantom organoids, and a piece 

of paper was taped to the bottom surface of the impact dropper. The rationale of the ink and paper is that 

when the impact dropper hits the phantom organoids, the ink will leave an imprint on the paper taped to 

the bottom surface of the dropper. When the ink drop on the phantom organoid hits the dropper the 

phantom organoid deforms and expands, therefore expanding the imprint left on the paper. Following the 

impact, the diameter of the imprint is measured, which will be compared to the initial diameter of the 

phantom organoid in order to calculate percent deformation of the phantom organoid post-impact.  

Deformation Analysis 

Once the two diameter measurements have been recorded, the calculation of the percent 

deformation post-impact is determined through an equation utilizing the area of a circle and the spherical 

cap theory. The assumptions that were made in order to use this calculation is that the ink droplet covers 

the entire range of deformation on the imprint, that the phantom organoids are close to perfectly spherical, 

and that the phantom organoids are unconfined laterally. With this in mind, the spherical cap theory states 
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that the surface area of the spherical cap is equal to 2*R*h, which is illustrated in Figure 3.1. This formula 

represents the initial state of the phantom organoid, pre-impact, whereas the formula of the area of a circle 

represents the projection of the final state of the phantom organoid, post-impact. Setting these two 

equations equal to each other, it is possible to solve for the height of the spherical cap and compare it to 

the original diameter of the phantom organoid to calculate percent deformation. 

 

Figure 3.1: Spherical cap theory illustration and equations. R represents the radius of the entire sphere, r 

represents the radius of the spherical cap, and h represents the height of the spherical cap. 

 

In addition to the actual deformation analysis, theoretical deformation analysis can be done. In 

Figure 3.2, a theoretical schematic illustrates how much deformation can be expected in these tests. When 

calculating theoretical percent deformation, the organoid diameter, the stopper height (the linear stage 

attachment), and the well depth is taken into account. Subtracting the stopper height and well depth from 

the organoid diameter should represent the remaining material that the organoid can be deformed. By 

dividing that remaining amount by the total organoid diameter, the theoretical % deformation can be 

calculated. The values considered for the stopper height are 0 mm, 0.5 mm, 1.0mm, and 1.5mm. The 

values considered for well size included 0.75 mm and 1.0 mm. The values considered for organoid 

diameter are 1.75 mm and 2.25 mm. 
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Figure 3.2: Theoretical organoid impact schematic and theoretical % deformation equation. 

Initial Testing 

Prior to the actual testing, initial tests were run in order to provide data allowing us to determine 

the best method to calculate and analyze percent deformation, as seen above.  There were 7 total tests, 

consisting of 96 phantom organoids total. There was no rationale behind each test, other than trying 

different locations in the organoid holder, and different sized phantom organoids. Procuring this data 

allowed the researcher to become comfortable and efficient with the testing procedure, and to provide 

data to analyze using different methods. Other than the spherical cap theory method listed above, two 

other methods were considered. The first method was a great tool to approximate percent deformation, 

but was not specific enough. This method assumes that if the surface area of half of the phantom organoid 

is 50 percent, then using the imprint area of the impacted phantom organoid, percent deformation can be 

approximated using proportional analysis. The second method, similar to the current method, utilizes the 

spherical cap theory in combination with the Pythagorean theorem to calculate the height. The triangle 

seen in Figure 3.1, illustrates the triangle used in the Pythagorean theorem which develops into a 

quadratic that can be used to solve for height. This method provided eerily similar results to the current 
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method, but it exaggerated certain data, which was theoretically not possible. Thanks to the initial testing, 

the data generated determined these methods as inaccurate in comparison to the current method described 

above. In the following sections testing was done to answer the following questions to determine the 

accuracy and efficacy of the impact device: how does the spatial position of organoid placement affect 

deformation, how does the stopper height affect deformation, and how does the compression of the spring 

affect deformation. 

Spatial Positioning 

After determining the best method to calculate and analyze percent deformation, a series of tests 

were run to determine how the spatial position of organoid placement affects deformation. As introduced 

before, in Table 2.2 and Figure 2.3, the organoid holder has numerous wells that differ in location, depth, 

and diameter. There are a total of 104 holes separated by 4 regions (front, left, back, right). Each region 

has 4 rows that will be labeled as Row A through D from the inner row to the outer row, respectively, 

illustrated in Figure 3.3. Each hole in the specific row is numbered from 1 through 6 or 7 depending on 

the region. Rows A and B have diameters of 2.4 mm, but have depths of 0.75 mm and 1 mm, 

respectively. Rows C and D have diameters of 3 mm, but have depths of 0.75 mm and 1 mm, 

respectively. The variety of size in holes allows the researcher to use any organoid, regardless of the 

variable sizes per batch. 
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Figure 3.3: Organoid holder positional labeling. 

With this in mind, the tests on spatial positioning consisted of 8 drops. Every 2 drops tested a 

specific row in all sections, with 5 phantom organoids per row, adding up to 20 phantom organoids per 

test. Drops 1 and 2 tested row A, drops 3 and 4 tested row B, drops 5 and 6 tested row C, and drops 7 and 

8 tested row D. The total sample size of these series of tests was 160 phantom organoids. The stopper 

height was positioned at 1mm above the surface of the organoid holder, and there was no spring 

compression. The phantom organoids in rows A and B were sized between 1.5 and 2 mm in diameter, and 

in rows C and D they were sized between 2 and 2.5 mm. After testing was done, consisting of diameter 

measurements of the pre-impact organoid and the imprint area, data was compiled to illustrate differences 

in deformation by row and region. Sample test positioning and imprint imaging is seen in Figure 3.4. 
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Figure 3.4: Sample spatial test positioning and imprint imaging. (Left) Positioning of phantom organoids 

for a sample spatial positioning test, including the ink droplets and scaling. (Right) Impacted imprints 

labeled by position. 

Stopper Height 

Next, a series of tests were run to determine the effect of stopper height on deformation. 

Represented by the linear stage attachment, the stopper is controlled by the linear stage in very fine height 

measurements to the micrometer. The stopper height, as illustrated by Figure 3.2, is the height of the 

linear stage attachment above the organoid holder surface. Similar to the spatial positioning tests, 8 total 

drops were run, consisting of 160 total phantom organoids. Each drop consisted of 20 phantom organoids 

positioned in the right region. The drops differed in stopper height as drops 1 and 2 were at 0 mm, drops 3 

and 4 were at 0.5 mm, drops 5 and 6 were at 1 mm, and drops 7 and 8 were at 1.5 mm. The organoid sizes 

followed the same trend as the spatial positioning tests. Sample test positioning and imprint imaging is 

seen in Figure 3.5. The data compiled from these tests then illustrated differences in deformation by 

overall stopper height and by stopper height differences per row. The results of this data exposed 

differences between the experimental data and the theoretical data. More specifically, the % deformation 

from the 0 mm experimental data was noticeably less than the 0 mm theoretical data. The hypothesis as to 

why this occurred was that the ink droplet placed on the phantom organoid did not measure the accurate 

deformation, as the deformation was greater than the amount of ink placed. With this in mind, the 0 mm 

tests were rerun covering the phantom organoids with better ink coverage. 
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Figure 3.5: Sample stopper height test positioning and imprint imaging. (Left) Positioning of phantom 

organoids for a sample stopper height test, including the ink droplets and scaling. (Right) Impacted 

imprints labeled by position. 

Spring Compression 

In the final series of tests, the effect of spring compression on percent deformation was 

determined. As the main control over velocity and force in impacting brain organoids to induce TBI, 

spring compression is hypothesized to have no effect on deformation percentages, rather just induce 

greater damage to the brain organoids. To confirm this, a single test was run to determine whether or not 

this hypothesis was valid. This test consisted of 20 total phantom organoids, 5 in one row for each region. 

The stopper height was set to 1 mm, to allow for comparison to the spatial positioning tests. In previous 

experiments, there has been no spring compression generating a calculated velocity and force of 2.97 m/s 

and 2.68 N, respectively. Here, the spring was compressed 15.47 mm, which is the approximate 

maximum compression that the magnetic lock can withstand, generating a calculated velocity and force of 

8.45 m/s and 21.63 N, respectively. The data compiled from this test was then compared to the data 

generated from the spatial positioning tests, looking for any significant difference in deformation 

percentage. Differences in spring compression can be seen in Figure 3.6. 
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Figure 3.6: Sample spring compression images. (Left) Spring uncompressed. (Right) Spring compressed. 

Brain Organoid Testing Methods 

Preliminary Trials  

 After testing with the phantom organoids, real brain organoids were next. The device was first 

sterilized and decontaminated using 70% EthOH. In addition, the parts that were to contact the organoids 

(i.e., the impact dropper and the organoid holder) were treated with UV exposure for about 10-15 

minutes. Once decontamination was complete, the device was re-assembled and placed in the hood, 

shown in Figure 3.7. 

 

Figure 3.7: Assembled organoid impacting device placed within a hood. 
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The purpose of these preliminary trials was to calibrate the device for the nature of the organoids, 

in contrast to the phantom play-doh organoids used prior. A total of 8 tests were run initially, with 1 

organoid used per test. It was observed that the organoids were smaller than expected and measured 

between 1 mm to 1.5 mm (versus the expected ~2 mm sized organoids). Between each test the stopper 

height differed to monitor the true effects of the impactor against the organoid, and provided valuable 

information on what stopper height was necessary to generate the results expected for future experiments. 

These initial experiments posed concerns of the device including: the wells in the organoid holder are too 

deep for the organoids, at a stopper height below 0.2 mm the organoids get crushed beyond use, and the 

organoids like to stick to the impact plate after the impact. Each of these concerns posed sources of 

variability in our experiments and needed to be resolved before further testing ensued.  

 In addition to the previous sized wells, an improved organoid holder, seen in Figure 3.8, was 

designed to include wells with the sizes of 1.6 mm and 2.0 mm in diameter and 0.25 mm and 0.5 mm in 

depth, respectively. A bio-safe Teflon spray was also introduced to ensure the organoids don’t stick to the 

impact dropper. To estimate how much deformation the organoids were being placed under, another 

theoretical calculation was made. Similar to the previous theoretical calculations (figure XX), the new 

organoid height, stopper height, and new well depth was utilized to solve for percent deformation. It can 

be established that based on the results from the phantom organoid testing, theoretical analysis estimates 

similar deformation percentages. 

Using the improved organoid holder, a total of 15 tests were run, with 1 organoid per test. The 

row that had 0.5 mm in depth was used for each of the tests. The stopper height was varied to test the 

injury limits of the organoid, and to reveal the best candidate for a positive control, where the damage on 

the organoids is clearly seen but it does not stick to the impact dropper. In addition, spring force was 

added to check the range of damage it could further induce, and check its viability to be added to the 

positive control candidate. The calculated velocity and force of no spring compression is 2.97 m/s and 

2.68 N, respectively. The spring was compressed 14.04 mm, generating a calculated velocity and force of 
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8.08 m/s and 19.78 N, respectively. A couple challenges that arose during these tests included that the 

organoids were even more difficult to remove using a pipette since the organoid wells became smaller, 

and that depending on the damage to the organoid, it would sometimes stick to the inside of the pipette 

needing to be washed down by media to remove. In addition, the Teflon spray did not seem to have any 

effect as the organoids still stuck to the impact dropper depending on the amount of surface area in 

contact, which is varied by the stopper height. 

 

Figure 3.8: Improved organoid holder. Row A now has a diameter of 1.6 mm and a depth of 0.25 mm for 

extremely small organoids. Row B now has a diameter of 2.0 mm and a depth of 0.5 mm for normal sized 

organoids. Row C has a diameter of 2.4 mm and a depth of 0.75 mm for larger sized organoids. Row D 

has a diameter of 3.0 mm and a depth of 1.0 mm for potential fused organoids. 

 

Final Protocol 

 The following tests will include a positive control, a negative control, and two test groups. The 

general protocol for each of these tests will be as followed, using the new organoid holder. Organoids will 

be removed from their incubator and transferred to a multiple well dish with one organoid per well. These 

organoids will be photographed using the EVOS imager for pre-impact imaging, and transferred to the 

hood where the device is set up. As for the device, it is sterilized and decontaminated using 70% EthOH, 

and the impact dropper and the organoid holder were treated with UV exposure for about 10-15 minutes. 
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After decontamination the device was re-assembled and placed in the hood. Re-assembly consists of 

placing the impact dropper within the guide rail, placing the impact housing on top of the post and 

magnetically locking the impact dropper, fitting the organoid holder on the base and pushing the flaps 

across to ensure it is level, and turning on the Arduino battery. Next, the stopper height is checked to 

ensure it is first at 0 mm and then can be increased to whatever stopper height is chosen, and the spring is 

checked to ensure it is either uncompressed or compressed, depending on the test. In addition, the 

Arduino code is re-uploaded to the calibrated timing for each stopper height and drop. Once these device 

checks are complete, the organoids can be placed within the organoid holder wells. For the following 

tests, 3 organoids are used per test and are placed into the wells. Images are taken from the top and on the 

side to clearly show the organoids in their respective wells. Next the magnetic lock is released and the 

impact dropper hits the organoids and is lifted up by the actuator. The organoids are then carefully 

removed from the well and photographed in the EVOS imager for post-impact imaging. The organoids 

are then placed back into the incubator for further immunohistochemistry (IHC) staining and imaging. 

IHC Staining  

The following fluorescent stains will be placed upon each of the test groups: DAPI, GFAP, 

Caspase-3, and Neurofilament-200. DAPI binds to regions in the DNA and will serve as an indicator for 

nuclei in the neuronal cell. GFAP binds to glial cells and will serve as an indicator of glial cell stress and 

astrocyte activation. Caspase 3 binds to caspase proteases that initiate and execute apoptosis and will 

serve as a cell damage and death indicator. Neurofilament binds to the cytoskeleton of the neuron and will 

serve as a structural marker.  

Prior to IHC staining, the brain organoids within each test group were sectioned at 10 microns. 

These sections were then hydrated in 1X PBS for approximately 2 minutes, and were then blocked for 1 

hour in 2% BSA, 5% serum of secondary antibody, and 0.1% TritonX-100. Then each of the antibodies, 

both 1/500 dilution in block, were added and incubated overnight. The next day, the sections were washed 

3 times with 1X PBS, applied with the secondary (1/500 in 1X PBS) for 1 hour at room temperature, 
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washed an additional 3 times, and was then mounted with Fluoromount-G. The sections were then imaged 

using a Nikon fluorescent microscope. In addition to the stains described above, additional unstained 

sections were imaged to check for any background signaling, indicating there was minimal to no 

background signaling.  
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RESULTS 

Phantom Organoid Testing 

Spatial Positioning 

 The first series of phantom organoid testing determined to answer whether or not the spatial 

position of organoid placement on the organoid holder affects deformation. Figure 4.1 - 4.3 demonstrates 

the differences in deformation by row, region, and a combination of both row and region. It is important 

to note that the differences in deformation by row are measuring the intentional changes made by the 

experimenter, as each row is different in deformation. This allows the user to know whether or not 

intentionally using different rows will affect deformation. On the other hand, differences in deformation 

by region are measuring design related changes that can only be altered through different design and 

fabrication. These regions are expected to have no difference as the design is also expected to have no 

difference by region. This will allow the user to know if there are any limitations in the design. 

 

Figure 4.1: Row spatial positioning effect over phantom organoid % deformation. 
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Figure 4.2: Regional spatial positioning effect over phantom organoid % deformation. 

 

Figure 4.3: Spatial positioning effect over phantom organoid % deformation by region per row. 
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Based on Figure 4.1, there seems to be no significant difference between rows as they all produce 

similar deformation percentages. This indicates that by intentionally changing the row has no impact on 

altering deformation percentages, using similarly sized phantom organoids. In addition, based on Figure 

4.2, all the regions, except the back region, seem to have no difference in deformation. The significant 

increase in deformation in the back region (p < 0.05) indicates that there is a limitation and flaw in the 

design that is leading to the back region generating greater deformation. It is hypothesized to be due to the 

impact dropper hitting the base at a slight slant, impacting the back region first before hitting the others. 

With this in mind, future experiments will refrain from using the back region until a new design can be 

generated. Lastly, Figure 4.3 illustrates that spatial positioning by region per row is not significantly 

different in deformation percentages. This is meaningful because it means that the user could perform 

their experiments with only one row across each region and not have to worry about major differences. 

Despite not being significantly different, there is still a marginal difference between the back region and 

the rest of the regions, further confirming that the region should no longer be used. Overall, the trend 

illustrated by these results indicates that spatial positioning of the organoids, by row or region, (excluding 

the back region) does not make any difference. This confirms the ability of the device to produce similar 

deformation amongst a multitude of organoids in bulk from a single test 

Stopper Height  

The next series of phantom organoid testing determined to answer whether or not the stopper 

height affects deformation. Figure 4.4 illustrates the theoretical stopper height effect on deformation for 

varying well depths and organoid sizes. Initially, before the theoretical analysis, tests varying stopper 

height were performed, and this theoretical analysis allowed for a comparison check to ensure our 

experimental results matched similarly. This comparison found that our initial tests for the 0 mm stopper 

height were flawed and needed to be run again using a different method. 
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Figure 4.4: Theoretical % deformation of phantom organoids by stopper height. Variables differentiated 

on the x-axis consist of theoretical organoid diameter (bottom x-axis), well depth (middle x-axis), and 

stopper height (top x-axis), which all are used in calculating the theoretical % deformation. 

 

Inclusive of the new method for the 0 mm stopper height, Figure 4.5 demonstrates that 

experimental deformation percentages decrease as stopper height increases. The trend in these results 

correspond well to the expected results seen in the theoretical analysis, and illustrate a significant 

difference (p < 0.01) when using a 0 mm stopper height. As the stopper height increases, the deformation 

decreases, which is also expected. This confirms that the stopper mechanism in the design works as 

planned and that through the control of the stopper height, organoid deformation can be easily 

manipulated. Figure 4.6 illustrates a breakdown by of stopper height deformation differences by row, 

which further demonstrates that there is no significant difference between rows. With this in mind, we are 

confident that this device can control deformation from a range of ~60% to less than ~10%, with a 

variance of 5%. In combination with the organoid holder results, we are also confident that this device 

can achieve the expected requirements that allows for variable and efficient experimental use.  
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Figure 4.5: Stopper height effect over phantom organoid % deformation. 

 
Figure 4.6: Stopper height effect by row over phantom organoid % deformation. 
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Spring Compression 

The final series of phantom organoid testing determined to answer whether or not the 

compression of the spring, therefore inducing greater force, affects deformation. Figure 4.7 illustrates that 

there is no difference in deformation percentages when compressing the spring. This confirms the 

expected results as only the stopper height is meant to have control over the organoid deformation, while 

the compression of the spring is only expected to increase the impact force generated on the organoids. 

The increased impact force generated on the organoids is expected to be illustrated in non-phantom 

organoid tests. 

 

Figure 4.7: Spring compression effect over phantom organoid % deformation. 

Sources of Variability 

In each of these tests, there are a number of sources of variability. The first source of variability 

includes the potential for phantom organoid size to have an effect on deformation. Using the data 

generated from each of above series of tests, a regression plot, seen in Figure 4.8, illustrates weak 

correlation between the phantom organoid size and deformation. The data points used included all 

phantom organoids using the 1 mm stopper height, for consistency, and were differentiated by row in the 

plot. A histogram describing the frequency of different phantom organoid sizes was also provided. This 
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result indicates that the size of the phantom organoids does not influence the deformation as there is a 

weak correlation, and that the stopper height is the main variable affecting deformation.   

 

Figure 4.8: Correlation between experimental diameter of phantom organoids and experimental % 

deformation. (Inner) Histogram of frequency of different sized phantom organoids. 

 

 

In addition, there is expected human error within the measurements of the phantom organoids. To 

check for error, digital image analysis measuring the exact diameters was performed on a random group 

of data (sample size of 30 data points), and compared to the measurements made by hand. The 

measurements made by hand were measured on the short axis of the diameter of the phantom organoids, 

so the digital measurements did the same. The results of this check showed an approximate 4% ± 0.005% 

standard error in diameter measurements. The rationale behind using the short axis was that the phantom 

organoid might not be perfectly spherical, although initially assumed it would be, and that the short axis 

might better represent the height of the phantom organoid in the well versus the long axis. The low error 

between digital image measurements to hand measurements provides confidence that these measurements 

were done correctly.  
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Furthermore, although the hand versus digital measurements were accurate, there is still potential 

error that the width of the phantom organoid does not accurately match the height of the phantom 

organoid in the well. This could be a source of variability because if the phantom organoid is not perfectly 

spherical, then measuring the width instead of the height will produce incorrect measurements. To check 

this error, a comparison was performed to measure the difference between measuring width and height. 

Measuring width was the same as before, but measuring height required a different method. Seen in 

Figure 4.9, static loading of the organoid at different stopper heights and measuring height changes via 

digital image analysis was performed. This comparison measured a 3.61% ± 0.007% standard error 

between height and width measurements, which provides confidence that the phantom organoid can be 

assumed to be almost perfectly spherical. 

 
Figure 4.9: Static loading error measurements. (Top) Phantom organoids are sitting in their respective 

wells pre-static loading. (Middle) Phantom organoids are statically loaded at a stopper height of 0.35mm. 

(Bottom) Phantom organoids are statically loaded at a stopper height of 0mm. 

  

The final source of variability includes potential stopper height human error where the stopper 

height may not be exactly where it is supposed to be. This might leaded to faulty experimental 

calculations, and could be a source since theoretical deformation percentages aren’t always an exact 

match with the experimental deformation percentage. Additionally, since the errors above are rather low, 

error in setting the stopper height to its exact position could be the final potential source. This may be a 

limitation in the current impactor design, as the stopper height is not known to be exact. 
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Brain Organoid Testing 

Preliminary Trials 

 Translating the device from phantom organoids to real organoids was successful although posing 

its own set of challenges. To effectively ensure that the organoids work with the device, experiments were 

run to test the limits of the device in combination with the organoids. Initial tests (trial 1), seen in Figure 

4.10, where the organoid was placed in row A (depth: 0.75mm, diameter: 2.4mm), successfully injured 

the organoids and indicated that below a stopper height of 0.2 mm, organoids got completely smashed, 

stuck to the impact dropper, and were generally unrecoverable. On the other hand, seen in Figure 4.11, 

organoids at 0.3 mm were damaged, did not stick to the impact dropper, and were recoverable. These 

results were incredibly promising as it illustrated the success in the impactor device, while also exposing 

a flaw that the organoids were too small for our organoid holder wells, and that miniscule stopper heights 

were necessary. With this in mind, an improved organoid holder (Figure 3.8) illustrated in the methods 

section, was designed to solve this issue. With smaller wells for the organoids, another round of testing 

ensued to determine the limits of the device in combination with the organoids. 

 

Figure 4.10: Trial 1. Old organoid holder, stopper height at 0 mm. (Top-left) Organoid positioning in the 

well pre-impact. (Bottom-left) Organoid smashed on the bottom surface of the impact dropper post-

impact. (Top-right) Imaging of the organoid pre-impact. (Bottom-right) Imaging of the organoid post-

impact. 
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Figure 4.11: Trial 1. Old organoid holder, stopper height at 0.3 mm. (Left) Organoid positioning in the 

well pre-impact. (Top-right) Imaging of the organoid pre-impact. (Bottom-right) Imaging of the organoid 

post-impact. 

 

Theoretical calculations were made to estimate the deformation induced using the improved 

organoid holder. Assuming an organoid diameter of 1.2 mm and a well depth of 0.5 mm, by varying the 

stopper height deformation percentages were calculated, seen in Figure 4.12. 

Performing further experiments (trial 2) with row B (depth: 0.5mm, diameter: 2 mm) of the 

improved organoid holder, organoids were again successfully injured and indicated that at a stopper 

height at 0.3mm and below, the organoid gets completely smashed and stuck to the bottom surface of the 

impactor, as seen in Figure 4.13. On the other hand, as seen in Figure 4.14, at a stopper height of 0.4 mm 

the organoid stayed within the well, were recoverable for imaging, and showed damage. To split the 

difference, a stopper height of 0.35 mm was tested showing damage without sticking to the impact 

dropper. It is hypothesized that the organoids may stick to the impact dropper when above an approximate 

of 30% deformation, based on the results seen. Anything greater than 30% deformation, leads to greater 

surface area contact, and since the organoids are so light, the surface area that comes into contact may 

allow for a hydrostatic suction force to lift the organoids out of the well. This stopper height was further 



 

62 

tested with additional spring force. Figure 4.15 illustrates the uncompressed and compressed spring tests 

at a stopper height of 0.35 mm. These results were very promising as the 0.35 mm test with the spring 

showed damage to the organoid without sticking to the impact dropper, which demonstrated the potential 

use for a positive control for future experiments. 

 

Figure 4.12: Theoretical % deformation of real organoids by stopper height using the improved organoid 

holder. 

 

Figure 4.13: Trial 2. Improved organoid holder, stopper height at 0 mm. (Top-left) Top-view organoid 

positioning in the well pre-impact. (Bottom-left) Side-view organoid positioning in the well pre-impact. 

(Right) Organoid smashed on the bottom surface of the impact dropper post-impact. 
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Figure 4.14: Trial 2. Improved organoid holder, stopper height at 0.4 mm. (Top-left) Top-view of 

organoid positioning in the well pre-impact. (Bottom-left) Side-view of the organoid positioning in the 

well pre-impact. (Top-right) Imaging of the organoid pre-impact. (Bottom-right) Imaging of the organoid 

post-impact. 

 

Figure 4.15: Trial 2. Improved organoid holder, stopper height at 0.35 mm. (Top) Uncompressed spring 

images with pre- versus post- impact. (Bottom) Compressed spring images with pre- versus post- impact. 
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Positive Control 

 The positive control (trial 3) consisted of 6 organoids over 2 tests. The stopper height was set to 

0.35 mm, which was determined to be the lowest stopper height without the organoids sticking to the 

impact dropper, and the spring was compressed 14.04 mm, as it was in the preliminary tests. Figure 4.16 

and 4.17 illustrates the damage induced on the organoids from this impact. Damage is fairly variable, 

since the organoids vary in size and shape, but in each image, there is clear damage either in the total 

shape or on the surrounding edges of the organoids indicating a successful impact. It is important to note 

that organoid #3 stuck to the impact dropper, but was recoverable for imaging, and organoid #5 was lost 

during the transition to post-imaging. The overall structure can be seen as compromised or damaged, but 

further internal damage will be investigated through IHC staining.  

 

Figure 4.16: Trial 3. Positive control, test 1 (organoids 1-3). (Left) Organoid positioning within the 

organoid holder wells from a top and side view. (Right) Organoid pre- and post- impact imaging for 

organoids 1-3. 
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Figure 4.17: Trial 3. Positive control, test 2 (organoids 4-6). (Left) Organoid positioning within the 

organoid holder wells from a top and side view. (Right) Organoid pre- and post- impact imaging for 

organoids 4-5. Note that organoid #5 was not recoverable, and has no post-impact image. 

Negative Control 

The negative control (trial 3) also consisted of 6 organoids over 2 tests. The stopper height was 

set to 0.35 mm, and the spring was not compressed. The organoids followed the same protocol of placing 

and positioning in the organoid holder wells, but there was no impact. Instead, the organoids were placed 

in the wells for approximately 10 seconds, to conservatively mock the amount of time it takes for a 

typical impact, and were then removed. Figure 4.18 and 4.19 illustrates the resulting imaging from this 

experiment. There seems to be none to minimal damage induced to the organoids indicating a successful 

negative control, but any damage seen to the organoids here may be caused by the pipetting the organoids 

in and out of the well. It is important to note that organoid #6 required extensive pipetting to remove from 

the organoid holder well and back into the original dish for imaging. Comparing to the positive control 

there is a clear difference in damage around the edges of the organoid. The positive control consists of 

organoids that have strained or damaged edges and broken off pieces, while the negative control at most 

has a slight strain around the edges of the organoid. Further internal damage will be investigated through 

IHC staining.   
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Figure 4.18: Trial 3. Negative control, test 1 (organoids 1-3). (Left) Organoid positioning within the 

organoid holder wells from a top and side view. (Right) Organoid pre- and post- impact imaging for 

organoids 1-3. 

 

 

Figure 4.19: Trial 3. Negative control, test 2 (organoids 4-6). (Left) Organoid positioning within the 

organoid holder wells from a top and side view. (Right) Organoid pre- and post- impact imaging for 

organoids 4-5. 
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IHC Staining 

 Each trial underwent IHC staining. Trials 1 and 2 were only stained for DAPI, GFAP, and 

NF200, while trial 3 consisted of DAPI, GFAP, NF200, and Caspase-3. Trial 1, seen in Figure 4.20, 

corresponds to the tests using the old organoid holder and has a mix of stopper heights consisting of 0mm, 

0.2mm, 0.3mm, and 0.5mm. Trial 2, seen in Figure 4.20, corresponds to the tests using the improved 

organoid holder with a stopper height of 0.4mm.  

Both of these trials generated promising results that demonstrated feasibility of the device and the 

protocol for staining. The images with the NF-200 stain illustrate the general neuronal structure left over 

after the impact. There are brighter regions around the edge which may indicate that neurons are 

compressed but not dead. Certain regions where there is no NF-200 staining could be a result of brain 

organoid pieces breaking off during impact, or error when sectioning the brain organoid leaving small 

tears. The images with the GFAP stain illustrate glial cell stress and astrocyte activation. Focusing on the 

brighter red regions is where astrocyte activation may be seen. This is an indication of the post-TBI 

neuroinflammatory response discussed in the introduction. Most of the astrocyte activation can be seen 

around the edges, although there is some localized activation in the center of the brain organoid. This may 

suggest that damage and neuroinflammation in a TBI can be found typically around the edges of the of 

the brain, but in more severe cases it can penetrate inwards. Damage to the edges could be found from the 

actual impact, whereas the centrally located damage could be additionally found from internal pressurized 

fluid movement that induces more stress. 
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Figure 4.20: Trial 1, IHC Staining. Old organoid holder with varying stopper heights. Stains: (green) NF-

200, (red) GFAP, (blue) DAPI. Scale at 1mm.  

 

Figure 4.21: Trial 2, IHC Staining. Improved organoid holder at stopper height of 0.4mm. Stains: (green) 

NF-200, (red) GFAP, (blue) DAPI. Scale at 1mm.  
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 Although staining and imaging was successful, the protocol needed to be troubleshooted as the 

GFAP fluorescent stains came off much stronger than anticipated. For trial 3, a new GFAP antibody was 

used, in addition to a Caspase-3 stain. Trial 3, seen in Figures 4.22 and 4.23, corresponds to the positive 

and negative controls. The positive control consists of an impact with a stopper height of 0.35mm and 

additional spring force that generates a calculated force of 20N. In Figure 4.22, a specific region is 

focused on to provide insight into the general response. NF-200 signal is produced all around, but in this 

region, there are portions with limited to none signal, that may indicate neurons no longer exist or are 

suppressed in these regions. Interestingly, the DAPI signal illustrates a circular structure that resembles a 

rosette formation, which may be an antibody-forming cell. More importantly, GFAP and Caspase-3 stains 

provide significant results as damage indicators. GFAP marks neuroinflammation as a result of astrocyte 

activation, and Caspase-3 marks neuronal apoptosis as a result of increased caspase proteases. The bright 

red signals in the GFAP stain illustrate the neuroinflammation induced as a result of impact and 

secondary injury. Similarly, the bright green signals in the Caspase-3 stain illustrate neuronal apoptosis as 

a result of impact and secondary injury.  

 In contrast, Figure 4.23 consists of the negative control with no impact under the same conditions 

as the positive control. Focusing on only the GFAP and Caspase-3 stains, the negative control indicates 

significantly less damage, neuroinflammation, and apoptosis. There is some GFAP signal which may be 

caused by pipetting the organoid in and out of the device, which is consistent with previous negative 

controls. There is little to none signaling of Caspase-3 indicating that neuronal cells are not dying.  

These control experiments suggest that IHC allows the experimenter to evaluate markers of 

astrocyte activation through GFAP, and apoptotic pathways through Caspase-3. As expected, positive 

controls of approximately 30% deformation resulted in substantial GFAP and Caspase-3 expression. 

These results are significant because they indicate that the impact device was successful in inducing a TBI 

response in these brain organoids, the main goal of this thesis.  
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Figure 4.22: Trial 3, Positive Control - IHC Staining. Improved organoid holder at stopper height of 

0.35mm with additional spring force. (Top) NF-200 (green) and DAPI (blue) staining with zoomed in 

image on a point of interest. (Middle) GFAP (red) staining with zoomed in image on a point of interest. 

(Bottom) Caspase-3 (green) staining with zoomed in image on a point of interest. Overall scale at 500 

microns and zoomed in scale at 250 microns. 
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Figure 4.23: Trial 3, Negative Control - IHC Staining. Improved organoid holder at stopper height of 

0.35mm with no impact. (Top) GFAP (red) and DAPI (blue) staining. (Bottom) Caspase-3 (green) and 

DAPI (blue) staining. Scale at 500 microns. 
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 Despite these significant results, there were some limitations with the model and IHC protocol. 

Critical information on the orientation and tracking of specific organoids is missing. When transferring 

from post-injury to cryo-freezing each of the organoids were placed together based on their testing group. 

In addition, the organoids are not specifically oriented in such a way to be perpendicular to the axis of 

deformation. With this in mind, these organoids then become much more difficult to track and compare 

between IHC imaging and EVOS imaging. With more time and more careful placement, by placing one 

organoid per cryo-frozen block and delicately orienting it in such a manner to could ensure approximate 

placement perpendicular to the axis of deformation and tracking of each specific organoid.  

 Another limitation includes the difficulty of pipetting the organoids in and out of the organoid 

holder well. Since the organoids and the wells are quite small, the pipette tip does not easily suck the 

organoids out, as it sometimes took multiple tries and the addition of more media to remove the organoid 

from the well. This difficulty may have induced additional damage to the organoids which may be seen in 

the negative control experiments (Figure 4.23). A solution to pipetting difficulty would be beneficial in 

improving the overall quality and efficiency of the experiment, which could include a new organoid 

holder designed for pipetting ease. Additionally, visually placing the organoids required magnification 

using an iPhone-12 camera, which worked well. This may not be available or efficient for each 

experiment as you would need two users to run the experiement, so a solution could include a magnifying 

glass attached to the device.  

 The last limitation comments on the accuracy of the biomechanical injury of the impact device in 

comparison to the biomechanical injury of a real-life TBI. The current injury model for this device looks 

at organoid tissue being impacted directly, when in reality there is a skull-like barrier that protects the 

brain. The actual injury that occurs in TBI is when the brain bounces and impacts the internal wall of the 

skull after external impact. With this in mind, future iterations of this device could include a modified 

impact dropper that has skull-like barrier with a hollow interior to place organoids and their relative 

media within. This potentially could more accurately model the biomechanics of a real-life TBI.   
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CONCLUSION 

 In this study, we were challenged to help provide a greater understanding of TBI and improve 

translation between preclinical and clinical models. More specifically, the main aim was to design and 

develop a device, simpler than its predecessors, to accurately and efficiently injure brain organoids. 

Throughout this thesis, the rationale behind this design was listed demonstrating the requirements and the 

iterative process toward the final design, the mechanisms and protocol for the device was explained to 

illustrate how the design meets the original requirements, the accuracy and efficacy of the device was 

tested through the use of phantom organoid conveying that this device worked as designed, and the 

application to TBI through the use of human organoids provided pivotal evidence that this device can be 

utilized in a multitude and variety of experiments for TBI research.  

 This human organoid impactor device meets all of its requirements laid out at the beginning of 

design. The device is compact and portable, as it fits within the standard lab hood, and is easily 

transportable for a variety of experiments. The device is also easy to manufacture, assemble, and use, as 

the mechanisms of the device are very simple, easy to explain, and only require minimal preparation time. 

In addition, this device allows for easy deconstruction and replacement of parts, in case any changes must 

be made. For example, the organoid holder can be changed and replaced as long as it fits within the slot, 

the post can be replaced with a shorter post for lower velocity tests, and the spring can be easily replaced 

for varying forces. The design only cost about $900, without manufacturing costs. The device was easily 

sterilizable as it was cleaned with ethanol and the parts that would touch the organoids could undergo UV 

light sterilization. Most importantly, the device allowed for efficient and variable experimental use. The 

device has significantly increased the production output of injured brain organoids in a short amount of 

experimental time, and the device allows for the ability to induce different levels of severity through the 

control of deformation of the organoid and the force and velocity of the impact placed upon the 

organoids. The device also allows for variability in the organoid holder since there are multiple sized 
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wells for different sized organoids or applications. As stated before, the organoid holder can be easily 

replaced as well for further variability.  

 Improvements that could be made to this device include an even more compact design, a design 

that includes two opposing guide rails so that the impact dropper falls more evenly, more compatible 

organoid holders for easy pipetting, a magnifying glass to make the organoids more visible to the user, 

and a better battery source since the battery needs to be replaced a lot. Improvements to the testing model 

include better measurements of the actual height of the organoid versus the actual deformation, real 

velocity and force measurements instead of just calculated velocity and force, more confident stopper 

height control, a better solution to the organoids sticking to the impact dropper, an optimized 

experimental IHC protocol with clear tracking and orientation of the organoids pre-injury to post-injury to 

IHC stain imaging, and a new skull-like impact design to model real-life TBI conditions of a brain within 

the skull. Additionally, studies determining relationships between velocity, force, and deformation of a 

TBI on human brains could be beneficial in future experiments with the current design and also with a 

skull-like impact design. 

Overall, this thesis provides a significant step forward from previous organoid injury models for 

TBI research. The organoid impactor device shows potential to accurately injure organoids by varying 

deformation and forces, and through further iterations and improvement, the device can easily prove to be 

a pivotal tool to greater understand TBI and improve translation between preclinical and clinical models. 
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APPENDIX 

 

 

Appendix 1: Kelvin-Voigt Viscoelastic Model Schematic. 
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Appendix 2: MATLAB Force-Velocity Analysis. 
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Appendix 3: TOF & Actuator Calibration Code. 
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