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Abstract 

Drug screening is a critical step in the development of effective and safe 

therapeutic agents.  One key phase in the drug screening process is performing toxicity 

assays on the candidate drugs to assess their safety for the host. Toxicity assays are a 

costly and slow process. Furthermore, more than 80% of drugs fail in clinical testing. It is 

thus imperative to develop fast and cost-effective platforms for toxicity assays.   

Thus far, a few engineered platforms have been developed and used successfully 

for toxicity assays. However, these platforms use complex designs that are costly in 

terms of both material and human resources. This Master’s thesis investigated the 

fabrication and optimization of a relatively simple and inexpensive multi-organ-on-a-

chip that could potentially be used as a platform for toxicity assays.  

The chip-based model system combined organoid technology with advanced 

microfluidics and housed three kinds of organoids: liver, colon, and lung.  The chip 

design and development went through numerous iterations before it reached its final 

form, the V7. The V7 was a simple platform and was able to house the three organoid 

types. Week 1 images showed that the chip was able to maintain an uncontaminated 

environment that sustained the structural integrity of the organoids; however, the 

viability of the organoids was not satisfactory by the end of Week 2.  We discuss 

possible reasons for these findings and provide recommendations for improving the V7.  
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Introduction 

Current models 

Drug screening is a critical step in the development of effective and safe 

therapeutic agents. To assess a candidate drug’s safety for the host, scientists conduct 

toxicity assay experiments, which are costly and time consuming [1]. In addition to these 

drawbacks, over 80% of drugs fail in clinical testing [2]. It is, therefore, imperative to 

develop fast and cost-effective systems for drug screening.    

The current standard model for drug testing based on in vitro two-dimensional 

(2D) cell cultures fails to capture the environment of in vivo tissues [3, 4]. Animal 

studies, considered the golden standard for biological testing, have numerous 

limitations as well [5]. Ethical issues with animal use [6], cost of maintaining the animals, 

and weak experimental designs have been raised as issues with animal studies. Perhaps 

the most important of them is the difficulty in result interpretation because of 

interspecies differences [5]. 

One promising innovation that addresses these limitations and provides a new 

platform for preclinical drug screening is based on organoid technology.  Organoids are 

self-assembling collections of cells that form a three-dimensional (3D) structure that 

mimics a specific organ [7-9].  They are grown from primary cells or differentiated from 

stem cells such as induced pluripotent stem cells (iPSCs). Many types of organoids have 

been grown in the laboratory, originating from human, nonhuman primate, rat, mice 

and even snake cells [10-12].  The organs that they mimic range from major human 

organs (e.g., lung, liver, intestine, brain, skin, heart) to the more species-specific venom 
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glands of Naja pallida [13-17].  While organoids do not usually reflect the appearance of 

living organs, they can possess the architecture and distinctive function of the organ 

they represent. Many types of organoids such as liver [18], lung [19], kidney [20], heart 

[21] and intestine [22], have been grown in the laboratory.  

Organ-on-a-chip as a model 

Scientists have taken advantage of the organoid technology and other major 

technological advances, including microfluidics and microfabrication engineering, to 

develop the organ-on-a-chip model; this model houses a single organoid type in an 

environment that simulates in vivo conditions [23]. Thus, this advancement has 

provided scientists with a new platform for drug screening under conditions that closely 

resemble the human body.  

The organ-on-a-chip model places the organoids in suspension inside a silicon 

chip, often in a hydrogel or extracellular matrix (ECM), such as Matrigel, while slowly 

and constantly pumping media around them [24, 25].  This environment is created to 

better reflect how an organ is found in vivo (i.e., constantly perfused by blood).  The 

media flow is usually accomplished by using microfluidic tubing and a peristaltic pump. 

However, certain kinds of organoids have unique needs.  For example, lung organoids 

within a lung-on-a-chip system need to have both a media flow and an air flow to mimic 

the in vivo environment of the lung [26, 27].  The air flow is accomplished by having an 

air-permeable material as part of the external chassis of the chip.  Thus, the complexity 

in the initial design is the main challenge of an organ-on-a-chip model. It should be 
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complex enough to properly simulate the in vivo environment, but simple enough to 

construct and maintain [28-31].  

The organ-on-a-chip technology has been successfully used for toxicity 

screening. For example, Vernetti et al. developed a sequentially layered, self-assembly 

liver model and successfully tested the toxicity of troglitazone [32]. Other studies have 

successfully utilized cardiac, kidney and liver organ-on-a-chip models to test drug safety 

and effectiveness [33-35].  

Multi-organ-on-a-chip model 

The organ-on-a-chip technology has been further advanced by connecting 

multiple organ-on-a-chip modules to a common media flow, thus creating a multi-

organ-on-a-chip model.  This platform can be used to run a toxicity assay on multiple 

organoid types at one time, simulating the human body more accurately than the single-

organ-on-a-chip.  More importantly, it allows the investigation of potential interactions 

between the organoids themselves when exposed to a common potential toxin.  Some 

chemicals are not directly toxic but when metabolized by one organ can trigger the 

production of a second chemical that is toxic to a different organ.  For example, when 

the liver metabolizes capecitabine, it produces fluorouracil that is toxic to the heart [36].   

For a multi-organ-on-a-chip model to detect this type of interaction, the organoids not 

only need to be present, but also functional.  This type of chip has the potential to 

model an entire organism [37].   

Skardal et al. used a multi-organ-on-a-chip model to examine inter-tissue 

interactions between liver, lung and heart organoids [38].  With this system, they were 
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able to create a bioengineered model that functioned similarly to the native human 

organs. They were, therefore, able to use this model to study the efficacy and toxicity of 

multiple candidate drugs. For this study, the multi-organ-on-a-chip platform was built 

using three separate organoid modules.  The three organoid modules were connected 

to each other, and the common media flowed via a central fluid routing structure. 

Another way to build a multi-organ-on-a-chip model is to place all the organoids 

on a single chip and then connect the organoids directly to each other.  This approach 

reduces the complexity of the platform and, therefore, has the potential to make it 

more reliable and less expensive to build and maintain.  For example, by eliminating the 

connections to the central fluid routing structure, it is possible to eliminate 

approximately two thirds of tubing and connection points required to set-up the 

common media flow.   

Aims of the study 

The primary aim of the study was to design, build and test a multi-organ-on-a-

chip model using human organoids based on previous research done at Wake Forest 

Institute of Regenerative Medicine (WFIRM) [37, 38]. Our goal was to create a less 

complex and expensive platform.   

The secondary aim of the study was to test the capability of the new system to 

house multiple organoids for 2 weeks.  The organoids used in this project were liver, 

colon and lung. The 2-week timeframe was selected based on our preliminary research 

which demonstrated that liver organoids can remain viable in a chip for 2 weeks. 
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Moreover, the manufacturer’s protocol stated that colon organoids may remain viable 

for 10-12 days without passaging.  

 

Materials and Methods 

Evolution of chip design 

A chip designed by the Murphy 

Lab at WFIRM [38] was used as a 

starting point for the current study. 

We made alterations, both to the 

design and the protocol, of the 

original chip to meet the needs of the 

current project. The chip design went 

through seven iterations. They all 

shared a similar basic design (Figure 

1). Each chip was composed of a top 

cover, a middle layer, a bottom layer and an adhesive.  The bottom layer was an 

unfrosted glass microscope slide, chosen for its standard size (1x3 inches), transparency 

and ease of use.  The slide’s standard size dictated the size of the chip. The critical 

middle layer was made of transparent polymethyl methacrylate (PMMA), which can be 

precisely cut by a laser.  Precisely cut shapes are critical for the function of the chip 

because rough edges are prone to leaking. The top cover was made of Sylgard™ 184 

polydimethylsiloxane (PDMS), which was chosen for its pliability, transparency, and 

Figure 1: Components of the chip: top PDMS 
layer, middle PMMA layer, and bottom glass 
slide. 
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ability to allow oxygen and carbon dioxide to pass through it.  Finally, an adhesive 

(either double-sided tape or liquid silicone) was used to bind the three layers. The 

transparency of all the pieces was key to the chip’s functionality; it allowed for regular 

leak, clog and contamination monitoring and microscope imaging.  

Three basic shapes were cut into the PMMA: the well, the channel and the 

bubble trap (Figure 2).  The well is a circular hole that holds the organoids and the 

hydrogel.  Wells were 1 cm in diameter and 0.5 cm deep, and they were based on the 

dimensions of a standard 96-well plate.  The channel is a narrow canal that the media 

flows through to reach the organoids and 

return to the reservoir.  Channels were 2 mm 

wide and 5 mm deep.  The bubble trap is a 

small well that catches bubbles and holds the 

tubes that are inserted into the chips.  

Bubble traps were 5 mm in diameter and 5 

mm deep.  The basic pattern all the chips 

followed was a set of bubble trap-channel-

well-channel-bubble trap.  

The first three designs (V1-V3) were 

based on a planar model of the lung that was 

developed at WFIRM. The planar model 

required two PDMS layers separated by a filter, two bubble traps per well, and double-

sided tape as the adhesive.  The Hystem C hydrogel kit was used to suspend the 

Figure 2: Layout of the V7 Chip:  
 A = well, B = channel, C = bubble trap. 
The wells house the organoids, while the 
channels and bubble traps control media 
flow. 
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organoids in the wells.  The Hystem C kit consists of Thiol-modified hyaluronan 

(Gycosil®), PEGDA (Extralink®), Thiol-modified gelatin (Gelin-S®), and degassed, 

deionized water (DG Water). Per its protocol, Hystem C full gelation takes approximately 

90 minutes. To allow for a more rapid solidification we substituted the DG Water with 

0.5% 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure) as a 

photoinitiator and used UV light with 2-second exposure at 365 λ. [39].  

The V1 model had leakage issues. To address these, the V2 added two additional 

bubble traps per well. Even though the V2 was an improvement over the V1, it 

continued to leak.  In the V3 iteration, we modified the shape of the adhesive tape to 

address the leaks. While the V3 was functional, it was technically demanding and time 

consuming to both construct and maintain. In addition, using the Hystem C kit required 

the planar organoids to be exposed to UV light multiple times, which would often 

damage them.  We, therefore, decided to shift the focus of the project to create a multi-

organoid chip that would house spheroidic lung, liver and colon organoids based on 

previous technology developed at WFIRM with liver spheroids [40].   

The fourth version of the chip, the V4, was a 1x3-inch chip with 3 wells - one for 

each organoid type. We continued to employ the Hystem C kit with the V4 because 

employing spheroidic organoids only required a single UV light exposure for 

solidification. The V4, like many of its predecessors, had leakage problems, which we 

addressed by modifying the shape of the adhesive tape. Unfortunately, even the single 

UV light exposure damaged the organoids. This was addressed in the following 

iterations of the chip by changing the hydrogel to Matrigel, which solidifies without UV 
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light. The change of the adhesive tape in the V5 corrected the leakage and, with the 

introduction of the Matrigel, the chip was functional.  Because we now had a functional 

chip, we decided to add more wells to allow for additional organoids to be housed on it.  

This resulted in the next chip iteration, the V6, which had six wells.  Unfortunately, the 

addition of the wells imposed higher demands on the adhesive which reintroduced the 

leakage issues. Thus, we decided to transition to waterproof liquid silicone for the final 

iteration, the V7. Three V7 chips were manufactured in total for this project. Table 1 and 

Figure 3 below summarize the 7 chip iterations. 

 

Chip 
Version 

Organoid 
Type 

Number 
of Wells 

Number of 
Bubble Traps 

Hydrogel Adhesive Reason for 
Transition 

V1 Planar 3 6 Hystem C Tape Leakage 

V2 Planar 3 12 Hystem C Tape Leakage 

V3 Planar 3 12 Hystem C Tape Complexity 

V4 Spheroidic 3 6 Hystem C Tape Leakage 

V5 Spheroidic 3 6 Matrigel Tape Increased 
organoid 
capacity 

V6 Spheroidic 6 6 Matrigel Tape Leakage 

V7 Spheroidic 6 6 Matrigel Liquid 
Silicone 

NA 

Table 1: Overview of all iterations of the chip in this project 
. 
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The Final V7 design 

The final V7 chip had six wells and was capable of housing approximately 300 

organoids (50 in each well) and used liquid silicone.  The production of the V7 required 

one person to be directly involved in the manufacturing process.  It took two days to 

complete the construction of one chip. To abide by the original timeline set for the 

project we decided to construct three chips and to run all three of them simultaneously. 

The construction of the three chips required about four hours of hands-on labor on both 

days. 

Chip manufacturing 

The PMMA was designed and manufactured using a Muse laser cutter and Ratina 

Engrave 3 software.  This allowed the PMMA to be manufactured with precision and in 

bulk.  

Figure 3: Iterations of the PMMA design for models V1 through V7. The chip design 
becomes simpler as the versions progress with fewer bubble traps and layers. 
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The next step was to apply a thin even coating of liquid silicone to the bottom 

glass slide.  The PMMA was aligned to the slide and pressed down.  Firm pressure was 

essential at all stages of the process to prevent leaks.  The partially constructed chip was 

placed in an autoclave bag and sterilized under an ultraviolet light source for 24 hours. 

Next the PDMS top was created.  The Dow silicone Sylgard™ 184 was mixed with the 

curing agent at a 10:1 ratio by weight.  Then the mixture was poured in a large culture 

dish and covered to prevent dust contamination.  The dish was placed into a vacuum 

chamber for two hours to de-gas and eliminate bubble formation.  The plate was then 

placed in an incubator overnight to cure and harden the PDMS.    

Organoid and cell culture: overview 

The human liver and lung organoids were created from primary cell stocks at 

WFIRM.  The human colon organoids were ordered from Millipore Sigma. Table 2 shows 

the types and percentages of constituent cells for each organoid type that originated 

from WFIRM.  
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Table 2: Overview of constituent cells for liver and lung organoids 

 

Table 3 describes the media and growth conditions used for each organoid type 

employed.  The media for all of the organoids was composed of an energy source (e.g., 

glucose), amino acids, trace nutrients and 10% bovine serum. This latter component 

adds serum albumin and a variety of growth factors which help cells grow. Phenol red 

dye was added as a visual pH indicator to check for contamination (with pink indicating 

an ideal pH of 7.2, while changes to yellow or violet indicated high acidity or harmful 

alkalinity, respectively) [41]. 

Organoid Type Cells Percentages 

Human liver Primary human hepatocyte: trl/lonza   75% 

 Human hepatic stellate cells passage1: trl/lonza (NC usa) 10% 

 Human kupffer cells: lonza  10% 

 Human liver derived endothelial cells: trl/lonza (nc usa) 5% 

   

Human lung Normal human bronchial epithelial cells from unc 50% 

 Human microvascular endothelial cells-lungs from lonza 10% 

 Normal human airway lung fibroblast from lonza 39% 

 Hofbauer macrophage cells from amnion (immortalized) 1% 

   

Organoid 
Type 

Media Environment Passaging 
Frequency 

Media 
Change 

Frequency 

Human Liver Hcmtm hepatocyte culture 
medium bullet kittm lonza 
cat#cc3198 10% fbs, 50ug/ml 
gentamycin and 10ug/ml rat tail 
collagen i 

In media 30 Days 3 days 

Human Lung Spheroid seeding medium + fbs 
+ rat collagen 

In media 30 Days 3 days 

3dgro™  iPSC 
Derived Colon 
Organoids 

3dgro™ human colon organoid 
Expansion medium Cat.# SCC300 

In Matrigel 10 - 14 
Days 

3 days 

Table 3: Overview of organoid growth conditions 
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All three organoid types were reconstituted according to in-house or 

manufacturer protocols and are described in detail below. All organoid reconstitution 

was done simultaneously to ensure that the organoids were all at the same stage of 

growth in the chip. Of note, the Hofbauer macrophage cells of the lung organoids were 

immortalized because they were not proliferating at a rate that would allow organoid 

creation. Immortalization is a manipulation process that enables cells to continue to 

grow and proliferate [42, 43]. The organoids were then either cryopreserved or 

dissociated so that the cells could be passaged.  

Organoid and cell culture: Liver  

 The first step in preparing the liver organoids was to thaw all media and 

reagents by bringing them to room temperature/20ᵒC.  The Hepatocyte Culture Medium 

(HCM) was then supplemented with 10ug/ml gentamycin to replace Gentamicin sulfate-

Amphotericin (GA-1000).  50ml HCM was prepared with 10% fetal bovine serum (FBS) 

for the 3 non-primary hepatocyte cells and aliquoted 3X9ml/tube in 15ml conical tubes.  

Then spheroid forming media (SFM) was prepared by mixing HCM (no GA-1000), 10% 

FBS, 50ug/ml gentamycin and 10ug/ml rat tail collagen I.  

The 4 cell types (Table 2) were thawed in a 37ᵒC water bath simultaneously. 

Once the hepatocyte cells were thawed, they were mixed with human hepatocyte 

thawing medium gently and spun down at 100xg for 8 minutes.  The supernatant was 

aspirated carefully, leaving 200µl of media.  The hepatocyte cells were re-suspended 

with 5ml spheroid formation media.  The other three cell types were transferred into 

9ml HCM with 10% FBS and spun down at 1200rpm for 5 minutes. The supernatant was 
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aspirated carefully, and the cells were resuspended with SFM - 3ml for Kupffer cells, 3ml 

for Stellate cells and 5ml for HLECs.  Once the cells were mixed, 130µl of each cell type 

was transferred to Eppendorf tubes for NC200 cell count.  

Using a normal 96-well ultra-low binding plate, the proper volume of each cell 

type was added into seeding media (based on Table 2 percentages).  The cells were 

mixed and loaded into a sterilized basin.  Finally, 100µl of the cell mixture was added 

into each well of the 96-well ultra-low attachment plate.  The plate was then placed into 

a 5% CO2 incubator at 37ᵒC.  After 4 days, the organoids were fully formed, and the 

organoids were fed by adding 100µl HCM to each well.  After 2 more days, the depleted 

media was replaced with fresh media (100µl/well), and the liver organoids were ready 

to be housed in the chip.  In a 96-well plate, liver organoids can remain viable a month 

without passaging.  This protocol is credited to the Bishop lab. 

Organoid and cell culture: Lung 

The first step in preparing the lung organoids was to thaw all media and reagents 

by bringing them to room temperature/20ᵒC.  50ml Spheroid Seeding Medium (SSM) 

was supplemented with 10% FBS and 10ug/ml rat tail collagen I.  The 4 cell types (Table 

2) were thawed in a 37ᵒC water bath simultaneously.  The cells were counted on the 

NC200, and the proper volume of each cell type (based on Table 2 percentages) was 

transferred to a conical centrifuge tube and centrifuged at 1,500 RPM for 5 minutes. 

The supernatant was aspirated, and the cells were re-suspended in SSM to 

achieve a concentration of 2.0e4 cells/mL. 100 µL of the cell suspension was transferred 

to each well of a normal 96-well ultra-low binding plate and placed into a 5% CO2 
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incubator at 37ᵒC.  After 3 days, the organoids were fully formed and 100 µL of culture 

media was added to each well (Table 3).  After 2 more days, the media was changed by 

replacing of old media 100µl per well with 100µl per well fresh media, and the lung 

organoids were ready to be housed in the chip.  In a 96-well plate, lung organoids can 

remain viable a month without passaging.  This protocol is credited to the Murphy lab. 

Organoid and cell culture: Colon 

The Growth Factor Reduced (GFR) Matrigel was prepared for 12 domes at 25 µL 

per dome + 5% overage on ice.  Simultaneously, the 3dGRO™ Expansion Medium was 

supplemented with 1X Penicillin/Strep and 10 µM Rho-Associated Protein Kinase 

(ROCKi).  The cryopreserved organoids were thawed in a 37°C water bath and closely 

monitored.  The outside of the vial was disinfected with 70% ethanol. 

The organoid suspension was then transferred to a sterile 15 mL conical tube 

containing 9 mL of the supplemented 3dGRO™ Expansion Medium.  The mixture was 

centrifuged at 1100 rpm for 5 minutes at 4°C, and then the supernatant was aspirated.  

315 µL of ice-cold GFR Matrigel was immediately transferred to the organoid 

pellet and mixed with a pipette. Once completely mixed, the organoid suspension was 

placed on ice for 5 minutes. 

25 µL of the organoid suspension was dispensed into the center of each well of a 

24-well plate once the GFR Matrigel was cold enough. The 24-well plate was transferred 

to a 5% CO2 incubator at 37ᵒC and allowed to sit for 10 minutes for the organoid 

suspension to solidify into a dome.  1 mL of supplemented 3dGRO™ Expansion Medium 



22 
 

was added into each well containing the organoid domes and left in the incubator 

overnight. 

The next day, the media was replaced with freshly made supplemented 3dGRO™ 

Expansion Medium and allowed to incubate at 37°C overnight.  The media was replaced 

the next day again. After that point, it was changed every other day and no longer 

contained ROCKi. ROCKi is only necessary during the first two days of the process to 

enhance cell viability.  On the fourth day, the organoids were ready to be housed in the 

chips.  In a 24-well plate, colon organoids can remain viable for two weeks without 

passaging.  This protocol is credited to the Bishop lab. 

Chip assembly 

During the assembly phase, the organoids (liver, colon, and lung) were 

suspended in 60% Matrigel, and then each organoid type was placed in a single well of 

the 1x3-inch chip.  There were 6 wells in each chip, 2 to house each type of organoid, 

with approximately 50 organoids in each well.  This was done by keeping the Matrigel 

on ice, then mixing 50 µl of the Matrigel with the organoids and quickly pipetting them 

into the well.  The PDMS layer was then placed on top. The layers were held together 

using liquid silicone.  Six holes were then punched through the PDMS top layer with a 

flat-tipped 19-gauge needle and into the bubble traps located in the PMMA layer.  The 

chips were then placed in a 5% CO2 incubator for 15 minutes at 37oC to polymerize the 

Matrigel. The chips were removed from the incubator and placed back under the hood, 



23 
 

and a micropipette was used to fill 

the wells with media via the holes 

made in the bubble traps. The media 

was prepared by mixing the cell 

culture media from the 3 organoid 

types at 2-parts lung media, 2-parts 

liver media and 1-part colon media.  

Then the chips were placed in the 

incubator for 24 hours without 

perfusion to allow the organoids to adapt (Figure 4).  

The next day, the chips were 

prepared for integration and 

perfusion.  The bubble trap of the 

second well was connected to the 

bubble trap of the third well with 

microfluidic tubing in a diagonal 

fashion (Figure 5 and 6).  Similarly, 

the bubble trap of the fourth well 

was connected to the bubble trap of 

the fifth well.  Finally, the bubble 

trap of the first well was connected 

to the peristaltic pump adapter 

Figure 4: Three fully-assembled V7 chips in a 
culture dish ready to be placed in the incubator. 

Figure 5: Schematic of the V7 components and 
media flow. The media flows continuously in 
the direction of the arrows from the reservoir 
to the pump, through the chip and back into 
the reservoir. The wells, channels and bubble 
traps are pink, whereas the external tubing is 
gray. 
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tubing. That tubing was attached to 

the media reservoir, and the 

reservoir was attached to the bubble 

trap of the sixth well. Waterproof 

liquid silicone was then placed on all 

connection points of the PDMS and 

the tubing to seal them.  The media 

reservoir was filled with 2 ml of 

media, and the chips were placed in 

a 37oC incubator with a peristaltic 

pump set to run at one rotation per minute to create a media flow of 9.5 µL/minute.  

When fully assembled, the media flowed from the peristaltic pump to well one, and 

then through each of the wells in numerical order to well six. Finally, the media flowed 

back from well six to the reservoir, to begin circulating again. 

Chip maintenance 

After the chip spent the first 24 hours in the incubator, it was attached to the 

pump to initiate organoid perfusion. The chip was examined under the microscope to 

confirm that the organoids were successfully implanted in each well.   The media was 

checked every day to make sure it was not depleted.  Additionally, visual inspections 

were performed every day to check for contamination and leaks.  Indicators of 

contamination were media color changes (reflecting depletion of the media and 

changes in media pH levels) or the presence of bacterial/fungal growth in the chip. If 

Figure 6: Three V7 chips with the tubing in 
place. The arc-shaped tubes in the middle 
connect wells 2 to 3 and 4 to 5. The tube from 
well 6 connects to the reservoir and the tube 
from well 1 connects to the peristaltic pump. 
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there were any leaks, the chips were placed under a hood and adhesive was used to re-

seal them.  After the adhesive had dried, the chips were placed back in the incubator 

and connected to the pump. 

The media was changed at the end of Week 1, and the old media from all three 

chips was mixed and frozen until the end of Week 2 when it was used to run ELISAs to 

measure levels of urea and albumin.  Preliminary testing indicated that 100µl and 5µl of 

the media were sufficient to get a detectable reading on the sprectrophotometer for the 

albumin and the urea assays, respectively. There was enough media from the end of 

Week 1 to run 4 of each assay. In addition, images were captured of the organoids 

under the Olympic systems brightfield microscope to visually inspect for structural 

integrity and any signs of contamination.   

At the end of Week 2, the reservoir was disconnected from the system and the 

media from all three chips was mixed and once again used for ELISAs to measure levels 

of urea and albumin. At this time, there was enough media to complete 4 urea but only 

3 albumin ELISAs. The PDMS cover was then removed, and the health of the organoids 

was evaluated using a live-dead assay. This was accomplished by applying the reagents 

directly to the organoids and examining them under the Leica macro confocal 490-1 

microscope.   

Assay details 

The live/dead assay was used to check the overall viability of the organoids. We 

used the calcein ethidium homodimer mix from Invitrogen in which live cells stain 

fluorescent green and dead cells a red/orange color.  The live/dead assay was 
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performed according to manufacturer protocols.  The assay was prepared by mixing 10 

mL media with 2 µM calcein AM and 4 µM EthD-1 to make a solution, which is added to 

the organoids and allowed to incubate. The assay protocols require a 30-minute 

incubation time. We decided to incubate the organoids for an hour to allow the 

calcein/ethidium mixture to fully penetrate into the Matrigel. 

Albumin and urea ELISA assays measure the levels of these molecules produced 

by a healthy liver, and their presence indicates the liver organoids are alive. Albumin 

assays from AbCam and urea assays from Quantichrom [44-46] were run according to 

manufacturer protocols.  Both assays were read on a spectrophotometer at 450nm 

wavelength.  The samples were run at 1, 0.5 and 0.25 dilutions of the media, and the 

resulting values were compared to standards in the kit.  The expected result was that if 

the liver organoids were alive, both urea and albumin should be at detectible levels in 

the common media.  Unfortunately, time constraints imposed by the COVID-19 

pandemic and the length of the project did not allow us to acquire ELISA assays that 

could be used to measure the health of the other two organoid types.  

Imaging details 

Images were taken to qualitatively check for organoid health and for any signs of 

contamination.  At the end of Week 1, a standard Olympic systems brightfield 

microscope was used to capture brightfield images at 100x total magnification through 

the transparent bottom of the chip.   At the end of Week 2, images were taken on a 

Leica macro confocal 490-1 microscope.  The images on the confocal scope were taken 

using fluorescence at 645nm and 530nm to visualize the red and green colors and were 
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displayed as a composite Z-stack.  These images were taken through the top of the chip 

after the PDMS layer was removed during the live-dead assay.  All live-dead assay 

images were taken within an hour of the incubation period and in darkness to prevent 

any loss of fluorescence.  Other images of the chips and their construction were taken 

with a Samsung Galaxy s10e smart phone.  All images were brightened and cropped to 

improve visualization using either the Lecia imaging software or Microsoft Photos. 

 

Results 

Chip creation 

The pump and incubator 

system proved compatible with the 

V7 design (Figure 7).  Two leaks 

were present in the final test run of 

the chips; both were addressed and 

did not compromise the integrity of 

the chips.  The basic design of the 

V7 was saved in both the software 

of the laser cutter and in Graphtec 

studios® software.  The Matrigel proved capable of housing the organoids as well.  

  

Figure 7: Three V7 chips fully assembled and 
hooked up to the pump in the incubator. 
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Brightfield data 

 The images and inspections using the Olympic systems brightfield microscope 

showed no sign of contamination in the chips at end of week 1 (Figure 8).  Additionally, 

the images showed that the organoids had not dissociated during the transfer from the 

cell culture plates to the V7.  Both the characterization of the organoids, as well as the 

lack of contamination at both day 0 and day 7 were taken as signs that the experiment 

had not been compromised and could continue. 

 

Live-dead imaging 

Unfortunately, we did not include a method to gather cell count data to measure 

the viability of the organoids, thus restricting the study results and the validity of the 

conclusions we can draw from them. However, the fluorescent images of the live-dead 

assays taken at the end of week 2 showed that many of the organoids were still alive at 

the end of the experiment (Figure 9). The liver organoids appeared to show the highest 

viability as indicated by the greener center of the organoid. The colon and the lung 

organoids showed a lower viability, judged by the number of dead cells that were 

indicated by red staining.  These results were uniform across all three of the chips 

containing human organoids.  
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Brightfield Images at Week 1 

Figure 8: Examples of each type of organoid at Week 1 in the chip, under the brightfield 
microscope at 100X magnification. The organoids have kept their overall shape and 
there are no signs of contamination at the end of Week 1. 
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Live-Dead images at Week 2 

Figure 9: Examples of each type of organoid at Week 2 in the chip, under the confocal 
microscope with a live-dead fluorescent assay. The green indicates calcein AM-stained 
viable cells; the red indicates ethidium homodimer-stained dead cells; yellow indicates 
the presence of both live and dead cells. 

Live-Dead Images at Week 2 
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Statistical methods 

All of the graphs and statistical analyses were done in SAS studios university 

edition®.  The Week 1 and 2 urea and albumin concentration levels were compared 

using a Student’s t-test with the PROC TTEST function. 

Albumin and urea data 

Our expectation was that both urea and albumin levels would remain the same 

in Weeks 1 and 2, suggesting that the organoids were viable.  Even if the chip leaked loss 

of media would only affect total volume in the chip and not the concentration of trace 

chemicals in the media. There was no statistically significant difference between either 

the urea levels (see Figure 10 and Table 4) at Week 1 and 2 or the albumin levels at 

Week 1 and 2 (see Figure 11 and Table 5), suggesting that there was no change in 

viability in the liver organoids between Week 1 and 2.  There was high variance in the 

Week 1 assays, but this is most likely caused by the small sample size and technical 

problems (e.g., expired reagent, dysfunction of the spectrophotometer). 
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Urea Data 
Concentrations 

(ng/ml) Mean 
Standard 
deviation 

Standard 
Error P-value 

Week 1 3.31 4.53 2.42 1.21 0.35 

Week 1 7.80     
Week 1 2.22     
Week 1 4.78     
Week 2 6.38 5.77 0.52 0.26  
Week 2 5.85     
Week 2 5.77     
Week 2 5.10     

Table 4: Urea Data. The four measurements from each week came from the same media 
sample. The high variance in Week 1 is most likely due to technical problems and the 
small sample size. 

Figure 10: Box plot of urea data from the V7 at the end of Weeks 1 and 2. There was no 
statistically significant difference between the Week 1 and Week 2 urea means. 
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Albumin 
Data 

Concentrations 
(mg/dL) 

Mean 
Standard 
Deviation 

Standard 
Error 

P-value 

Week 1 1.49 1.52 1.19 0.59 0.63 

Week 1 0.67     

Week 1 0.69     

Week 1 3.21     

Week 2 0.74 1.15 0.36 0.20  

Week 2 1.44     

Week 2 1.26     

Table 5: Albumin Data. The four measurements from each week came from the same 
media sample. The high variance in Week 1 is most likely due to technical problems and 
the small sample size. 

Figure 11: Box plot of albumin data from the V7 at the end of Weeks 1 and 2. There was 
no statistically significant difference between the Week 1 and Week 2 albumin means. 
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Discussion and Future Directions 

The goal of the project was to create a simple chip-based model system that 

could house three human organoid types alive and healthy for two weeks. The chip 

went through seven iterations. The final iteration, the V7, was the culmination of 18 

months of experimentation with different structural design aspects and was tested 

using human lung, liver, and colon organoids.  

Chip design and function 

The first goal of the study was to create a simple and consistently effective chip. 

The V7 chip has fewer points of failure and is easier to construct than the multi-tissue 

system used in the Skardal study and other platforms developed at WFIRM.   

One unique feature of the V7 is the fault line between the PMMA and PDMS.  By 

applying pressure to the side of the PDMS, it can be peeled off, leaving the organoids 

untouched.  This allows for higher quality live-dead assay images than cannot be taken 

through most other chip designs. Most chip designs are only able to take images 

through the glass slide on the bottom.  

Even though the first goal of the project was attained, the V7 also had some 

structural limitations.  For example, it did not incorporate features like the air-liquid 

interface that could better simulate the in vivo conditions of the individual lung 

organoids. Furthermore, some leakage did occur even with the V7. Switching to the 

silicone adhesive improved the design, but did not completely eliminate leaks. Finally, 

the V7 required daily in-person monitoring to verify the optimal functioning of the 
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system. Incorporating an automated monitoring system would eliminate the need for 

in-person monitoring.  

Organoid survivability in chips 

A limitation of the current study was the absence of an objective way to measure 

the viability of the organoids that would allow us to reach valid conclusions and to make 

more science-based adjustments to the whole system.   

The observational imaging data, however, showed that organoid survivability in 

the chips at the end of Week 2 was about 40%.  The yellow coloration of the organoid 

images indicated that while the organoids were alive, they would not remain viable for 

much longer.  The organoids’ condition is not surprising, given that during preliminary 

testing liver organoids housed in similar conditions remained viable for the same length 

of time.   

It should also be noted that survivability was not equal across all types of 

organoids.  Liver organoids survived the best, followed by lung and finally colon.  Even 

the colon organoids that were confirmed to be alive with the live-dead assay had 

considerable cell death when compared to the other two organoid types as indicated by 

the red coloration of the organoid edges.  The difference in survivability between the 

organoid types may be due to differences in the environments that their source organs 

are exposed to. Specifically, liver cells are used by the body to filter toxins and as such 

may be used to harsh conditions. 

Another notable observation was that during the experiment the lung organoids 

doubled in size.  This is most likely because the macrophage cells used for the creation 
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of the lung organoids were immortalized, which led to their continued growth and 

proliferation [42, 43].  Future experiments that require a constant ratio of organoid 

mass will need to employ a line of macrophages that does not need to be immortalized. 

Additional factors may have impacted organoid survivability: 1) we used a 

universal media that is not fully optimized for supporting 12 different cell types.  In 

future studies, this could be addressed by experimenting with growth factors, nutrients 

and serums that could produce an environment more tailored to the individual needs of 

each cell type and, 2) leaks in the tubing may have left certain organoids without a 

media flow for prolonged periods of time. Thus, further addressing the leakage issues 

with the current chip design could increase organoid survivability. 

Personal recommendations for next steps 

The initial design was based on previous technology developed at WFIRM.  That 

design provided an excellent starting point.  Unfortunately, time and resource 

limitations did not allow us to stray too far from the initial design. Therefore, we were 

unable to explore the full potential of multi-organoid chip technology.   

There are several areas of improvement that could be investigated by future 

projects. First, while the Matrigel proved to be effective at holding the organoids in the 

chips, there were some drawbacks associated with it.  The small size of the gel pores 

caused many of the assays to run inefficiently. Specifically, any secreted or introduced 

protein had difficulty entering or leaving the gel.  This problem was most evident in the 

live-dead assays, which required a far higher concentration of the reagents and almost 

double the reaction time to obtain visible images.  Additionally, because Matrigel takes 
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a long time to solidify, the organoids sank to the bottom of the chip and often stuck 

together.  The organoids’ clustering further impacted the quality of the brightfield 

images taken.  Finally, the organic nature of the gel caused organoids to grow out into it 

[47, 48].  These problems can all be addressed by working with a hydrogel other than 

Matrigel or Hystem C, ideally with larger pores, rapid solidification and fully synthetic 

[49-52]. 

Secondly, the microfluidics of the chip could be further optimized.  The 

peristaltic pump was 6 inches tall, which required the fluid to be pumped against gravity 

and thus at higher pressure. This, in turn, increased the potential for leaks. In addition, 

because of the height of the pump, more tubing was required to attach the chips to the 

pump.   All of these issues could be addressed by using a more compact stand-alone 

pump.  Another recommended improvement is to use wider-diameter tubing, thus 

reducing the total pressure on the system.   

Finally, the chips were designed to have sections of tubing exiting and reentering 

through the top of the chip between the different wells in an arc-shaped pattern.  This 

was done so that one could cut the tubing and separate the wells from each other’s 

media sources, thus enabling each well to be examined and kept on flow separately, if 

needed.  However, this often led to leaks in the chip and the segregation feature was 

never used.  Connecting the bubble traps internally in the chip with channels cut into 

the PMMA instead of external tubing would keep most of the media flow within the chip 
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with only one entry and exit point (Figure 

12). This change would reduce both the 

complexity of the chip and the potential 

for leaks.  It is possible to design such a 

chip with a section that could be 

separated, if need be, but without 

creating more holes in the chip until they 

are needed [53-58]. 

 Future directions 

Future projects should start by focusing on improving the V7 design with the 

goal of increasing organoid survivability and preventing leaks.  Once this has been done, 

there are several options for future investigations.  

If the platform proved viable, it could have many applications in toxicology 

screening.  A basic toxicity assay would be a good first step to establish how the chip 

reacts to certain known stimuli [59-61].  After that, assays could be run to examine more 

complex interactions between organoids; for example, a heart and liver chip could be 

stimulated with a compound that needs to be metabolized by the liver before it 

becomes active. This is the case for most chemotherapy drugs, which are administered 

as prodrugs and only become active after they are metabolized by the liver [38]. If this 

platform can be shown to successfully model compounds that are known to exhibit this 

more complex behavior then this would greatly increase our confidence in using it for 

toxicity screening. 

Figure 12: Prototype of a chip in which the 
media flow is internal through channels 
connecting all the wells and only two exit 
points, the entrance at well 1 and the exit 
at well 6. 
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  The second potential application is to test different types of organoids in the 

chips.  The current project only utilized human organoids, and only from the colon, liver 

and lung.  Both of these aspects should be expanded upon to examine the flexibility of 

this kind of chip.  Because animal models are still the standard for medical sciences, 

body-on-a-chip platforms can be used to make animal model studies more efficient.  

These chips could allow a researcher to compare animal and human models to 

determine which animal model most closely mirrors the biology of a human organoid 

model. Due to their use in medical studies, good animal candidates for these models 

are: rat, pig, sheep, and nonhuman primates.  This would reduce the likelihood that 

results obtained from animal studies are not transferable to humans. Ultimately, this 

multi-organoid-on-a-chip model has the potential to supplement animal and other 

model systems with a body-on-a-chip that mimics human physiology.   
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Nicholas C. Lent Curriculum Vitae 
50 West 4th Street, Winston-Salem, NC 27101 

919-316-0429 
nlent@wakehealth.edu 

EDUCATION 

Wake Forest Medical School 
MS in Biomedical Sciences 

 2019 - 2021 

 Area of Concentration: Regenerative medicine 

Guilford College 
BS in Biology and Chemistry 

 2016 

 Area of Concentration: Genetics 

 Honors Thesis: Genetic Repression of the FMN Riboswitch in Klebsiella pneumonia  

Using the CRISPR/Cas9 System 

 Awards: Presidential Scholarship (2012-2016) 

 RESEARCH EXPERIENCES 

Intestinal Organ-On-A-Chip creation and use in a multi-organ system: This 
project focuses on the creation of a multi-organoid chip for use in toxicity assays 
for medication.  The chips contain a combination of intestine, lung and liver 
organoids, creating a multi-organ system that can be used to study the effects 
of a drug on several organs at once.  In the future, we plan to use different 
organisms as the source of the organoids -human, primate and rodent- to 
screen for best possible animal model for future drug screenings.   
 
Duties performed: mammalian and organoid culturing, chip design and 
manufacturing, ELISA running and reading. 
 

2019 - 2021 

Orn-Optogenetics research: This research focused on understanding how 
neural circuits represent sensory information and guide behavior in Drosophila.  
Specifically, we targeted olfactory neurons using Chrimson channel, which 
allowed us to activate a single or multiple neurons with red light and observe its 
effects on the fly’s food-seeking and aggressive behavior.   
 
Duties performed: fly husbandry, genetic crossing and data management, 
programming, computer maintenance, incubator sterilization. 
 
Staphylococcus aureus project: This published project focused on uncovering 
the various clonal complexes of Staphylococcus aureus found in bacteremia 
patients at Duke Hospital over the last twenty years.  It was a large-scale project 
attempting to categorize over 2000 different cases and examine the longitudinal 
shift in strain.  The results clearly demonstrated that there has been an overall 
shift in the most prevalent clonal complex treated at the hospital.  It was 
hypothesized that the shift in strain was caused by a concurrent shift in the 

2018 - 2019 
 
 
 
 
 
 

2017 - 2018 
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primary antibiotic used to treat the infection, which was subsequently followed 
by the development of resistance by the Staphylococcus aureus. 
 
Duties performed: bacterial culturing, gel electrophoresis, DNA extraction, PCR. 
 
Genetic repression of the FMN Riboswitch in Klebsiella pneumoniae using the 
CRISPR/Cas9 system: This project focused on identifying potential pathways for 
new medications to attack antibiotic-resistant bacteria.  One such pathway, the 
FMN pathway, is controlled by the FMN Riboswitch. The FMN Riboswitch 
controls the production of FMN, whose deficiency is usually lethal to most 
bacteria.  We used the CRISPR system, which allows for selective targeting of 
DNA, and controlled DNA repression with the Klebsiella pneumoniae bacterium.  
Klebsiella pneumoniae is a common source of secondary infections in hospitals 
and naturally resistant to many forms of antibiotics.  Results suggested that the 
FMN pathway may be a viable target for new antibiotics. This study was 
presented at NCUR and NCAS.   
 
Duties performed: bacteria culturing, constructing the guide for dCas9 protein, 
growing and harvesting the dCas9 protein. 
 

 
2016 

UV Vis Characterization of Iron Cages: This project focused on host-guest 
chemistry and how to tell if a guest molecule has been captured by the host.  
The host-guest process is expensive because it is done with an H NMR, which 
requires large sample sizes and deuterium water to get accurate readings.  UV 
Vis spectroscopy is an alternative method that may be used for the same 
purpose and requires a smaller sample.  We used an iron ion cage to capture a 
variety of small organic guest molecules such as cyclohexan, cyclopentan and 
aspirin.  By looking at the amplitude of a specific peak and its shift in 
wavelength, we concluded that the cage was assembled, and it had captured its 
guest molecule.   
 
Duties performed: coordinating a team of juniors, planning experiments, 
running organic chemistry and ligands forming reactions. 
 

Spring 2016 

Identification of “green” solvents for use in the production of biphenyl via 
home-coupling of bromobenzene: Solvents commonly used in chemical 
synthesis industry are generally volatile, ecologically hazardous, and cannot be 
disposed of easily.  This project concentrated on identifying an ecologically 
friendly replacement for the solvent Tetrahydrofuran (THF).  We found that 2-
methyltetrahydrofuran worked well as a substitute for THF, was more stable 
and more ecologically friendly.   
 
Duties performed: running organic chemistry reactions, planning experiments, 
creating posters. 

Spring 2015 
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Calcineurin inhibition during zebrafish heart development blocks ventricular 
cardiomyocyte hypertrophy and leads to a spectrum of heart defects:  This 
project focused on the causes of Hypoplastic Left Heart Syndrome (HLHS).  HLHS 
is a common heart defect in infants, which causes the left ventricle to form 
incorrectly and is fatal unless surgery is performed at a very young age.  It was 
previously theorized that blocked calcium pathways lead to this heart defect in 
infants.  To test this hypothesis, zebrafish were genetically engineered with 
defective calcium pathways and glowing hearts and muscle tissue (this allowed 
easy visualization of the heart under a microscope).  Zebrafish embryo hearts 
were harvested at the time HLHS is known to start showing symptoms.  It was 
found that lack of calcium could cause a wide variety of defects in the heart, 
including symptoms that were very similar to HLHS.   
 
Duties performed: zebrafish care and breeding, DNA extraction, histological 
imaging, egg injection, fluorescent microscopy. 
 

  Summer 
2011, 

Summer 
2013,  

            
Summer 

2014 

 

 KEY COURSES 

CHEM 341: Instrumental Analysis 
Course covered the science and techniques behind several chemical 
analyses commonly used in the lab.  Class provided hands-on experience 
with Proton NMR, UV-Vis spectroscopy, IR spectroscopy, gas 
chromatography, HPLC and familiarity with mass spectroscopy. 
 

Spring 2016 

CHEM 420: Polymer Chemistry 
Course covered polymer and bio polymer synthesis and reactions, including 
a wide range of polymers from plastics like PVC and more complex 
biopolymers like DNA.  Class provided polymer synthesis practice, the most 
notable of which was the creation of nylon 6, 6.  
 

Fall 2015 

BIO 250: Introduction to Research: Community Health Issues 
Course covered research in community health issues as well as research 
with humans and the ethical responsibilities involved.  Class provided CITI 
training and basic health assessment training in conducting surveys with 
study participants and completing data entry. 
 

Fall 2015 

BIO 431: Genetics 
Course covered genetic engineering with a focus on micro-organisms.  
Class provided hands-on experience with bacteria transformation, gel 
purification, PCR, PCR clean-up, plasmid extraction, plasmid insertion and 
bacterial plating. 
 
BIO/CHEM 430: Biochemistry 
Course covered protein creation, extraction and metabolism.  Class 
focused on the extraction of DNA polymerase from E.Coli and used imaging 
software to image and study the protein in question. 

Spring 2015 
 
 
 
 

Spring 2018 
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BMSC 713: Foundations of Biochemistry 
Course covered protein creation, extraction and metabolism in greater 
detail than college-level equivalent.  Class focused on diseases caused by 
mutations in proteins, cancer and the viral and bacterial factors that lead 
to them. 
 
MCB 753: Advanced Topics in Regenerative Medicine 
Course covered the latest in regenerative medicine technology: organ-on-
a-chip, 3D bioprinting and advanced prosthetics. 

 
 

 
 

                 Fall 
2019 

 
 
 

Spring 2020 

 

PAPERS 

Souli, Maria, et al. “Changing Characteristics of Staphylococcus Aureus Bacteremia: Results From 
a 21-Year, Prospective, Longitudinal Study.” Clinical Infectious Diseases: An Official Publication of 
the Infectious Diseases Society of America, vol. 69, no. 11, 2019, pp. 1868–77. PubMed, 
doi:10.1093/cid/ciz112. 

 

POSTERS AND PRESENTATIONS 

Andersen, Nicholas, et al. Calcineurin Inhibition during Zebrafish Heart Development Blocks 
Ventricular Cardiomyocyte Hypertrophy and Leads to a Spectrum of Heart Defects. Journal of 
Surgical Research, 172(2), 2012, 187. 
 
Lent, Nicholas, et al. Three Dimensional Human Organoids for Drug Toxicity, Metabolism and 
Disease State Studies. WFIRM Retreat, January 21, 2020, Pinehurst Spa and Resort, Pinehurst, 
NC. 
 
Lent, Nicholas. Genetic repression of the FMN Riboswitch in Klebsiella pneumoniae using the 
CRISPR/Cas9 system. NCUR and NCAS, 2016, NC. 
 
Souli, Maria, et al. Twenty-One Years of Staphylococcus Aureus Bacteremia (SAB): Variations in 
Bacterial Genotype and Clinical Phenotype in the S. Aureus Bacteremia Group Prospective Cohort 
Study (SABG-PCS) from 1995 to 2015. https://doi.org/10.1093/ofid/ofx163.1419. Open Forum 
Infectious Diseases, 4, Issue suppl_1, 2017, S545-S546. 
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OTHER RELEVANT SKILLS 

 Air sensitive reaction techniques 

 Centrifugation 

 Column chromatography 

 Computer-aided data acquisition 

 EKG 

 Distillation 

 Friedel-Craft reactions 

 High-energy material synthesis 

 Media preparation 

 Melting point 

 Molecular graphics and visualization 

 Nanodrop 

 SDS-PAGE 

 Bacteria Culturing 

 Drosophila Husbandry 

 Laser cutter operation 

 Organ-on-a-Chip technology 

 Oxygen/carbon dioxide sensing 

 Polymerization 

 Titration 

 Vacuum/gravity filtration 

 Reflux apparatus 

 Restriction digest 

 Rotovap 

 Sterile technique 

 TLC 

 UV-visible spectroscopy 

 Zebrafish breeding/cloning 

 Histology  

 Protein induction and extraction 

 Eczematic digestion 

 Human Cell Culture 

 ELISA assays 

 Organoid culturing 

 


