
AN INTEGRATED LUNG-ON-A-CHIP MICROFLUIDIC PLATFORM 

WITH REAL-TIME BIOCHEMICAL SENSING 

 _______________ 

A Thesis 

Presented to the 

Faculty of 

San Diego State University 

 _______________ 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science 

in 

Bioengineering 

 _______________ 

by 

John Nicholas Sam-Soon 

Summer 2013 





 

 

iii

Copyright © 2013 

by 

John Nicholas Sam-Soon 

All Rights Reserved 

 



 

 

iv

Was man mühelos erreicht, ist gewöhnlich auch nicht der Mühe wert. (What one 
achieves without effort is usually not worth the effort). 

– German Proverb 

 

The great blessing of mankind is within us and within our reach; but we shut our 
eyes, and like people in the dark, we fall foul upon the very thing we search for, without 
finding it.  

– Lucius Annaeus Seneca 



 

 

v

ABSTRACT OF THE THESIS 

An Integrated Lung-on-a-Chip Microfluidic Platform with Real-
Time Biochemical Sensing 

by 
John Nicholas Sam-Soon 

Master of Science in Bioengineering 
San Diego State University, 2013 

 
Biomimetic microdevices offer a viable, laboratory-based system capable of 

reproducing complex organ-level structures. These systems not only offer the possibility of 
altering numerous parameters but also the ability of monitoring their effects in real time, 
effectively making them an ideal drug testing tool. However, while several such systems 
exist or are currently under development, they still require extensive skills and labor as they 
rely on additional secondary assays for detection. In this research, we replicate the Lung-on-
a-Chip platform with a cystic fibrosis cell line, mimicking the alveolar-capillary interface, 
then extend the functionality of the chip by integrating an oxygen optode, an optical 
biosensing unit which has been specifically conjugated to respond to oxygen. The oxygen 
concentrations within the chip can be monitored and the resulting data used to build a model 
for the progression of the disease. 
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CHAPTER 1 

INTRODUCTION 

The last two decades have seen a remarkable increase in interest in Lab-on-a-Chip 

(LoC) [1] or total analysis systems (µTAS), a field at the intersection of engineering and the 

life sciences. Driven by the increasing demand from the medical and pharmaceutical industry 

for portable and benchtop devices that are able to study the effects of drugs [2], LoCs have 

allowed the study of human physiology in a physiologically realistic manner, bypassing 

animal models [3] and conventional cell culture methods which are unable to capture the 

structural, mechanical complexities of in vivo testing [4].  

Though LoCs have broadly been used to refer to lab practices shrunk to the scale of 

microchips, the current state of technology describes complete sets of engineered micro 

processes that are used for chemical analysis and diagnostic purposes. Nowadays, LoCs are 

not simply layers of microchannels superposed onto another but consist of complex 

electronic circuitry with flow optimized parameters [5].  

The appeals of technology in this field are easy to see: the low fluid consumption 

means that less sample volumes or reagents are required and ensures that the response times 

are remarkably faster; for instance heat application and dissipation are almost instantaneous. 

Furthermore, reactions are localized and can thus be compartmentalized leading to an 

unparalleled amount of control and safety. On the other hand, the costs both skills and 

equipment-wise of developing such systems are prohibitive. More so, because physical and 

chemical phenomena do not necessarily scale down linearly, certain effects such as diffusion 

become more pronounced, leading to low signal-to-noise ratios.  

While early LoCs were developed for genomics purposes, especially in the area of 

DNA micro arrays and gel electrophoresis [6, 7], their use have now also expanded into other 

-omics fields: Research initiatives worldwide have taken the form of the research of new 

materials, development of new techniques for microfabrication and the creation of 

components to tackle each of the segments of the process.  
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Cellomics, or the study of cell type and function, in particular has taken off with the 

replication of organ systems within microchannels. Today, heart-on-chips [8], together with 

nephron-on-chip [9], gut-on-a-chip [10] and Lung-on-a-Chip [11] are the 'poster children' at 

the forefront of this paradigm shift.  

1.1 ORGAN-ON-A-CHIP 

Transferring the concept of Labs-on-a-Chip to applications with human organs, a new 

field of studies has opened up: Organs-on-a-Chip (OoC). OoCs mimic the functions and 

structure of organs of living human beings by compartmentalizing specific cell lines into 

microchambers and dynamically perfusing waste and nutrients. OoCs provide the tool to 

analyze an organ's functionality and malfunctions in case of diseases. However, problems 

arise with mimicking organs, as biological constructs are inherently complex. To attempt to 

delineate their functionality, Shuler et al. formulated the following basic tenets to modelling 

of living systems [12] by Organ-on-a-Chips:  

1. the replication a physiologically realistic ratio of cell mass from one tissue to 
another.  

2. the mimicking of the flow split of blood during recirculation of a blood surrogate.  

3. the correct residence time of fluid in an organ/tissue compartment is established.  

4. Shear stress flow rates that are maintained within a physiologic range.  

5. a physiological ratio of free liquid to cells, and finally  

6. that the chip emulates an authentic biological response of cells.  

The importance of this technology can further be highlighted by the fact that the Defense 

Advanced Research Projects Agency (DARPA) and the National Institutes of Health (NIH) 

funnel millions of dollars in an initiative to develop a platform to mimic these human 

physiological systems. It is often said that the eventual promise of Lab-on-a-Chip lay in the 

interconnection of those individual organ systems (Figure 1.1 [13]) in such a way as to create 

a single Body-on-a-Chip or Human-on-a-chip systems that is able to fully model life.  

One such example of an Organ-on-a-Chip is the Heart-on-a-chip which consists of a 

multi chamber array that replicates the tissue architecture in the heart [8]. By modelling the 

electric impulses controlling the heart rate, Grosberg et al. were able to investigate the 

biological structure-to-function relationship. Another OoC of the same verve is the  
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Figure 1.1. Human-on-a-Chip. Source: Huh, 
Dongeun, Geraldine A. Hamilton, and 
Donald E. Ingber. “From 3D Cell Culture to 
Organs-on-Chips.” Trends in Cell Biology 21, 
no. 12 (2011): 745-754. 

artery-on-a-chip developed by Guenther et al, which permits the on-chip fixation, long-term 

culture and automated acquisition of dose-response sequences of intact mouse artery segment 

[14]. 

Another endeavor in the development of an Organ-on-a-Chip platform is the Lung-

on-a-Chip engineered by Dongeun Huh et al. from the Wyss Institute for Biologically 

Inspired Engineering at Harvard [11].  

Using a system containing two closely opposed microchannels separated by a thin (10 

µm) porous flexible membrane made of PDMS, and actuated by vacuum channels (Figure 1.2 

[15]), they were able to elicit complex organ-level responses to microorganisms, including 

movement of inflammatory cytokines through the porous membrane within a micromachined 

device. The cyclical strain resulting from the periodic collapse of the vacuum chambers is 

thought to emulate in-vivo breathing conditions (Figure 1.3 [11]). While the chip is able to 

expand the capabilities of cell culture models across cell types for drug and toxicology  
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Figure 1.2. Lung-on-Chip with vacuum side 
channels. Source: “Lung-on-a-Chip Wins 
Prize.” Harvard Gazette. Last modified 
February 26, 2013. http://news.harvard.edu 
/gazette/story/2013/02/lung-on-a-chip-wins-
prize/. 

 
Figure 1.3. Growing a bilayer of cells on the Lung-on-a-Chip. 
Source: Huh, Dongeun, Benjamin D. Matthews, Akiko 
Mammoto, Martin Montoya-Zavala, Hong Yuan Hsin, and 
Donald E. Ingber. “Reconstituting Organ-Level Lung 
Functions on a Chip.” Science (New York, N.Y.) 328, no. 5986 
(2010): 1662–1668. 

studies and opens up areas of application especially in modeling diseases, one area which 

could use refinement is the increase in automation, given the labor intensive processes in cell 

analysis that follow device manufacturing [10, 11]. 

These systems developed by Huh et al. have the capability of modelling cellular 

interactions including drug pharmacology for disease investigation. However, in order to 

boost its usefulness, a number of optimizations and additions to this platform is required. It is 
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with this thought in mind that in this study, the addition of a biochemical sensing unit to 

extract vital information for further work in modelling of cystic fibrosis disease was 

undertaken. In the following sections we provide the background in the following areas; 

cystic fibrosis, oxygen and oxygen sensing using optodes and the emerging role of 

microfluidics.  

1.2 BRIEF OVERVIEW OF CYSTIC FIBROSIS 

Cystic fibrosis is a chronic genetic disease that afflicts more than 70,000 individuals 

worldwide. While there are a number of hypotheses as to what leads to the phenotypic 

manifestation of the disease, it is now understood that the cause of the disease lies in the 

mutation of the gene coding for the cystic fibrosis trans-membrane conductance regulator 

(CFTR) protein expressed in a lot of cell types including epithelial and blood [16]. There are 

more than 1,500 identified mutations of the receptor protein [17]. In patients with CF, the 

dysfunctional CFTR protein prevents the effective re-absorption of chloride ions (Figure 1.4 

[18]), and by extension its cotransporter ion, sodium [19]. 

 
Figure 1.4. Normal and dysfunctional CFTR. Source: CFTR Science. “CFTR 
Dysfunction in CF Disease.” Vertex Pharmaceuticals Incorporated. Accessed 
July 26, 2013. http://www.cftrscience.com/cftr_dysfunction.php. 

The presence of excess sodium on the surface has been posited to result in the 

formation of the characteristic thick, sticky mucus that is conducive to the proliferation of 

bacteria, in particular Pseudomonas aeruginosa, a common gram-negative bacterium. The 

main cause of mortality in CF patients is respiratory failure stemming from microbial 

infection [17]. The lungs of children with cystic fibrosis are normal at birth but very rapidly 

become infected and trigger an inflammatory response, which, because of the persistent 
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biofilm formed by the colonies of bacteria, are not fully cleared. Repeated cycles of infection 

and inflammation thus result in the characteristic cyst-like appearance of the lungs. While 

studies have shown that various microbial colonies exists within the spacio-

microenvironment of the same organ [19], treatment of CF currently entails aggressive 

prescription of antibiotics, together with the use of inhaled saline solution and mild anti-

inflammatory drugs [16].  

Current studies of CF are greatly hampered by the lack of animal model that 

effectively replicates the pronounced effect of the disease [17]. Moreover, for the purpose of 

drug testing, animal models would seldom predict the results obtained in humans [10]. The 

development of in vitro models of human lungs has therefore been of considerable interest.  

1.3 MICROFLUIDICS AND BIOLOGY 

In reconstructing a milieu that is amenable to modeling the cellular microenvironment 

as well as its response to various treatments, a technology that promotes control of variables 

is extremely desired [4]. As such, microfluidics with the advantages of faster response times 

resulting from the use of lower reagent volumes and potential for integration is a very 

attractive option [20, 21].  

The real appeal of using microfluidics in cell culture however, lies in that it offers the 

possibility of working at the same scale as cells (Figure 1.5 [22]) [23]; mammalian cells 

usually range from 5 to 30 microns whereas doubled stranded DNA is typically 2.5 nm in 

width and bacteria can range from tenths of microns to several hundreds of microns. This 

effectively means that microstructures can be tailored to provide a 3-D environment which 

replicates the natural cell environment [24].  

One of the end goals of microfluidic systems is said to lie in the development of a 

total analysis systems which would guide the development of new drugs by predicting 

physiological responses in human analogs and cells [3]. As such, one critical step becomes 

the integration of sensors that are able to extract information in real time without additional 

processing. While there are numerous chemical species that are of interest in biology, some 

of which are directly target-able by in situ probes, one of most important ones is the 

dioxygen molecule.  
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Figure 1.5. Scale of microfluidic devices. Source: Yeo, 
Leslie Y., Hsueh-Chia Chang, Peggy P. Y. Chan, and 
James R. Friend. “Microfluidic Devices for 
Bioapplications.” Small (Weinheim an der 
Bergstrasse, Germany) 7, no. 1 (2011): 12-48. 

1.4 OXYGEN AND CELLS 

In all aerobic organisms, oxygen is the final electron acceptor during the process of 

cellular respiration and energy production in the mitochondria (Figure 1.6 [25]). In this 

process, electrons are initially transferred from the first electron donor NADH to the final 

electron acceptor, molecular oxygen through a series of redox carriers, generating a proton 

gradient which converts ADP to ATP.  

 
Figure 1.6. Role of oxygen in the electron transport chain. 
Source: Eng, Charis, Maija Kiuru, Magali J. Fernandez, 
and Lauri A. Aaltonen. “A Role for Mitochondrial 
Enzymes in Inherited Neoplasia and Beyond.” Nature 
Reviews. Cancer 3, no. 3 (2003): 193-202. 
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In cells and tissues, inadequate levels of oxygen result in physiological and metabolic 

changes including vasodilation or vasoconstriction in the lungs. Recent studies have also 

shown that some stem cells take their cues from molecular oxygen in order to differentiate, 

proliferate and for regulation [26].  

In prokaryotes, the role of oxygen can be both antagonistic or essential. Willner et al. 

[17] have sequenced the microbial flora present in CF patients, and have found 498 

Operational Taxonomic Unit (OTU) present. Many of these organisms such as P. 

aeruginosa, Staphylococcus aureus and Burkholderia capacia are facultative anaerobes, 

organisms which can metabolize ambient oxygen but can thrive in the oxygen deprived 

biofilm that forms in the lungs due to the thick layer of mucus.  

Since mortality in CF patients have mostly resulted from opportunistic bacterial 

infection, it is of considerable interest to develop strategies and new antibiotic drugs that can 

eradicate several strains of bacteria, since it has also been shown that even within the space 

of the same organs, various profiles of microbial communities exist. For these reasons, the 

ability to monitor oxygen concentrations in situ is incredibly useful in cell culture 

applications. Moreso, two other important parameters can be measured from oxygen sensors; 

the pH and when conjugated with the enzyme glucose oxidase the concentrations of glucose 

[27].  

1.5 OPTODES AS OXYGEN SENSORS 

Early work on oxygen measurements at the macroscale has made use of 

electrochemnical “Clark-Type” sensors where oxygen is reduced at the cathode, generating 

an electric current that can be measured and correlated to the concentration of oxygen. Such 

electrical characterization, though robust and easy to implement, consume oxygen and are 

influenced by changes in other parameters such as temperature, pressure and salinity [28]. In 

addition measurements are non-localized and translate in the overall change in concentration 

of the analyte rather than in-situ measurement. More so, in the lung-analog microdevice, 

isolated micro-environments could sequestrate ion species and hamper conductivity 

rendering the whole endeavor useless.  

It is for this very reason that optodes have been proposed as a reliable alternative. An 

optode is an optical sensor that is used to measure the concentration of a certain substance. 
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Optodes are usually three component system, consisting of a chemical or dye called 

luminophore that responds to an analyte, an immobilization matrix and a detector [29]. In 

most typical setups, the dye is excited using energy of the appropriate wavelength. The 

luminophore in the excited state then decays, emitting photons. In the presence of the analyte 

of interest in this case oxygen, the energy is transferred to the oxygen molecule, thus 

decreasing the intensity of emission. Conversely, in the absence of oxygen the intensity of 

emitted radiation is at the fullest (Figure 1.7 [28]).  

 
Figure 1.7. Diagram showing the 
mechanism of fluorescence under the 
presence and absence of oxygen in 
optodes. Source: Tengberg, Anders, 
Jostein Hovdenes, Dennis Barranger, 
Olivier Brocandel, Robert Diaz, Juha 
Sarkkula, Christian Huber, and Achim 
Stangelmayer. “Optodes to Measure 
Oxygen in the Aquatic Environment.” 
Sea Technology. Accessed July 25, 2013. 
http://www2.mbari.org/~coletti/dropbox
/Optode/Sea_Tecnology_Feb_2003_Opt
odes.pdf. 
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Optodes are non-interfering and non-destructive to cells [30]. Moreover, they have 

good response times and can be used in real time to continuously monitor cell growth and 

other reaction. There are two main categories of oxygen sensitive indicators; Platinum or 

palladium complexes of octaethyl porphyrin and ruthenium-based complexes, each with 

distinct properties and range of application. Metalloporphyrin types can further be subdivided 

into octaethyl-porphyrin (PtOEP) which has a long luminescence lifetime and high quantum 

yield but suffer poor photostability [23] or octaethyl-porphyrin ketone (PtOEPK) which offer 

high stability. Nock et al. have previously shown a layer by layer fabrication of a PtOEPK 

based oxygen sensor from an SU8 cast PDMS master stamp and bonded to a PDMS 

microfluidic device by a plasma bonder [31]. 

Ruthenium compounds on the other hand, have comparably high luminescence 

quantum yield and stability, albeit lower sensitivity due to their short excited-state lifetimes. 

They have been used for instance to manufacture cell culture analog design with integrated 

optodes [32]. Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) dichloride complex 

(RDPP) (Figure 1.8 [33]) was chosen for this study based on the criteria of its photo-stability 

and cost, as well as its other properties described below.  

 
Figure 1.8. Structure of Tris(4,7-diphenyl- 
1,10-phenanthroline)ruthenium(II) 
dichloride complex. Source: Structure of 
RDPP. Sigma-Aldrich Co. LLC. Accessed 
July 26, 2013. http://www.sigmaaldrich.com 
/large/structureimages/87/mfcd03095387.pn
g. 
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RuDPP is insoluble in water, which maximizes its re-usability since it is thus resistant 

to numerous water-based buffers. On the other side, it is also soluble in methanol and 

ethanol, solvents which minimally swell cured PDMS [34]. RuDPP has an absorption spectra 

peak of 470 nm in the blue wavelength and emission spectra of 613nm in 20% oxygen 

(Figure 1.9 [35]).  

 
Figure 1.9. Absorption spectra of Ru(DDP) in ethanol. Source: Chojnacki, 
Pawel, Günter Mistlberger, and Ingo Klimant. “Separable Magnetic Sensors 
for the Optical Determination of Oxygen.” Angewandte Chemie International 
Edition 46, no. 46 (2007): 8850-8853. 

Since the luminophore is oft in liquid form, an encapsulating material is used to 

provide structural stability [23]. Several criteria are in consideration when choosing the 

immobilization matrix for the optode indicator, chief of which is the permeability of the 

matrix for oxygen as well as the optical clarity. The diffusivity of oxygen in PDMS D = 4.1 

	105 cm2/sec [36] together with its optical inertness, as well as its highly malleable elastic 

modulus property and low glass transition temperatures makes it ideal for embedding the 

luminophore. Figure 1.10 [23] depicts a schema for the intensity based detection. 
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Figure 1.10. Schema showing Simplified Oxygen Intensity based Detection with optode 
setup. Source: Grist, Samantha M., Lukas Chrostowski, and Karen C. Cheung. 
“Optical Oxygen Sensors for Applications in Microfluidic Cell Culture.” Sensors (Basel, 
Switzerland) 10, no. 10 (2010): 9286–9316. 

1.6 OBJECTIVE OF THIS THESIS 

While tissue culture experiments are the usual “go-to” setups for in-vitro experiment 

involving bacteria, the normal ecology of micro organisms can seldom be achieved in cell 

plating. Animal models on the other hand are expensive to develop and seldom exhibit 

homologous behaviour due to a difference in local environment. Combined with the dearth of 

options in modelling the progress of the disease, the purpose of this study was thus threefold:  

1. to create a device which could potentially bridge this gap by replicating the cell 
environment  

2. to provide a platform which could test treatments and  

3. the incorporation of an optical sensor to extract information which would 
otherwise necessitate laborious and error prone post processing steps in order to 
model cystic fibrosis.  

1.7 ORGANIZATION OF THIS THESIS 

This thesis is divided into 5 chapters. Chapter 1 provides background information on 

this multidisciplinary research area. In addition, it states and defines the problem that this 

thesis tries to solve. Chapter 2 is an overview of the current technology as well as some of 

the fabrication methods. The investigation of different areas of application of soft lithography 

and the different fabrication methods is also covered. Chapter 3 describes the design and 

justifies the fabrication method of the current Lung-on-a-Chip device. Chapter 4 consists of 

characterization steps, both physical and biological undertaken to validate the chip. In 

addition, it presents the result of the first bio-compatibility tests, which are a prelude to 
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further cell studies. Finally, Chapter 5 concludes this study with a summary of the findings, 

and lays a pathway for improvements as well as future studies.  
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CHAPTER 2 

LITERATURE SURVEY  

Micro-Elecro Mechanical Systems or MEMS technology emerged during the 1980s 

as the integration of the different functions of a complete system on a single chip, and takes 

advantage of large scale integration tools that allow for the scaled up production of 

miniaturized moving structures such as cantilevers and diaphragms but also static structures 

such as wells and channels [37]. While there are traditionally four main processes used in 

micromachining to obtain these structures, namely photolithography, thin-film deposition, 

etching and bonding, the main breakthrough for the use of a microfabrication technology for 

biology came in 1998, with the introduction of polymers as biocompatibles substrates for the 

production of microchannels [38]. Many polymers exhibit amorphous or semi-crystalline 

structure as opposed to glass or silicon (Figure 2.1 [6]). More so, they are made by 

crosslinking monomers [6]. By using polymers cast against a negative master, fabrication of 

devices became simple and allowed for a paradigm shift to fully developed systems [39].  

 
Figure 2.1. Polymers in microfluidics. Source: Abgrall, P., and A.-M. Gué. “Lab-on-
Chip Technologies: Making a Microfluidic Network and Coupling it into a Complete 
Microsystem—A Review.” Journal of Micromechanics and Microengineering 17, no. 5 
(2007): R15–R49. 
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The principle of a Lab-on-a-Chip is the replication of human scale physiological 

functions on a device measuring a few square centimeters in order to simplify or automate 

processes that involve timely solutions [6]. The constraints imposed on such systems 

therefore, become the manipulation and detection of small volumes of analytes and the 

fabrication process therein to attain this. With the introduction of soft lithography in PDMS 

in the mid 1990s by the Whitesides group [40], and driven by the need for such systems in 

diagnostics medicine and drug discovery [6, 41], innovation of these total analysis systems 

has gathered pace. Today, a great variety of microfabrication methods of the components of 

total analysis systems abound exist in the form of microfluidic pumps [42], valves [39], 

sensors, electronics, mixers and other modules [43].  

This study was largely inspired by the development of a Lung-on-a-Chip which is 

able to reconstitute lung functions [11] by Don Ingber and his colleague of the Weiss 

Institute (Harvard). Another paper making use of the same technology has also managed to 

replicate similar physiological aspects of cells in the gut [10].  

One of the key points of this micro device in studying cystic fibrosis affected cells is 

its ability to generate a mucus layer at the cell-air interface (Figure 2.2), which in CF patients 

is known to be involved in the pathology of the disease. More so, it allows for a layer that is 

conducive in growing cells without excessive shear stresses that is oft associated with cells 

grown in a microfluidic chamber [44].  

 
Figure 2.2. Air-liquid interface with two separate cell 
layers on each side of the membrane.  
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Applications in cellomics, the study of biological phenomena at cellular level, are rife 

and even more so facilitated by the development of soft lithography in Poly Dimethyl 

Siloxane (PDMS) and simple fabrication methods [3], as well as ease of prototyping (See 

Section 2.1). For biologists, this has meant a low cost option with which to tackle convoluted 

questions with minimal input.  

2.1 SOFT LITHOGRAPHY 

The term “soft lithography-based microfluidics” generally refers to the molding of 

Poly Dimethyl Siloxane (PDMS) to create microchannels, parts and devices [40]. This 

solution has emerged as a rapid, facile, and low cost method for fabrication of micro devices 

[45]. As of today, there are more than 52,000 results on Google scholar for PDMS based 

microdevices (Figure 2.3).  

 
Figure 2.3. Literature survey of PDMS as the defacto material for microfluidics.  

PDMS is a two part polymer (Figure 2.4) with excellent material properties that lends 

itself well to biomedical and biological applications [46]. A typical workflow for the 

manufacture of these devices is shown in Figure 2.5 [47]. The characteristics of PDMS that 

are amenable for bio microfluidics are its elastomeric properties which allow for easy release 
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Figure 2.4. Structure of PDMS. 

 
Figure 2.5. Typical work flow for making devices in soft lithography. Source: Sollier, 
Elodie, Coleman Murray, Pietro Maoddi, and Dino Di Carlo. “Rapid Prototyping 
Polymers for Microfluidic Devices and High Pressure Injections.” Lab on a Chip 11, 
no. 22 (2011): 3752–3765. 

from replica molding [47], biocompatibility, gas permeability, ease of prototyping and 

optical inertness including low auto-fluorescence and optical transparency [40, 48].  

PDMS is also known to replicate features down to the nanoscale, with low shrinkage 

during the curing process [49]. In some demonstrated examples, replica molding against an 

elastomeric mold has yielded features as small as 8 nm [40] with a less than 3 percent 

shrinkage [49].  

However, not all properties of PDMS are desirable. For one, its elastomeric nature 

coupled with capillary forces and gravity often cause stress and induce small features to 

collapse and deform [40]. Its solvent compatibility or lack of [34] with organic solvent has 

also proved to be a stopping point in certain areas of biology notably proteomics where 

reverse phase columns used to concentration and desalting [50], typically use organic 

solvents for elution and cleaning.  

More importantly for cell-based studies, PDMS has shown a propensity for 

hydrophobic recovery even after surface treatment [1, 45], the leaching out of uncrosslinked 

oligomers and other artefacts [1, 48], adsorption of small molecules [48, 51] as well as 

evaporation of water from the microfluidic device [1]. Taken together they expose an 

undesirable feature of the micro device manufactured from the elastomer, notably that the 

cellular micro-environment can potentially change and interfere with experiments. In some 
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applications, for instance the selective growth of cells inside a microfludic chamber, the 

extreme hydrophobic nature of the elastomer as described by its contact angle of 90-120○ 

[36] has been exploited. The patterning of extracellular matrix (ECM) proteins on PDMS for 

the attachment of cells in particular, demonstrates an excellent utilization of the material 

properties; hydrophobic surfaces typically repel cells and the variability of the tensile 

strength of the material (360-870KPa) [36] can be used to grow several cell types. These 

PDMS-based cell culture devices have proven to be excellent alternatives to some more 

conventional materials such as polyethylene terephtalate (PET) [52].  

2.2 MICROFABRICATION SCHEMES  

To obtain the desired features by casting onto PDMS, the reverse of the features, also 

known as the negative mold must first be designed.  

Figure 2.6 [47] shows how some of the approaches are stacked against each other. 

The area in the top left quadrant depicts methods that while highly effective, requires an 

initial outlay of capital. Methods on the bottom quadrant however, are cheap but far too time 

consuming. At the convergence of these two desirable properties, namely cost and time of 

production, lies replica molding using a polymer on a patterned substrates in the top right 

corner. One such way in which micro features can be reliably patterned is through the use of 

photolithography [40, 53].  

Photolithography, first pioneered for use in the silicon industry, refers to the transfer 

of patterns through a mask onto a photosensitive chemical, called photoresist (Figure 2.7 [54] 

and 2.8 [37]). The mask is usually drafted with CAD and printed on transparency sheets 

using high resolution printers or etched from glass plates using chrome as the UV blocking 

material. In negative lithography, a popular photoresist SU-8 which is chemically amplified 

and has a high contrast [55], contains acidlabile groups and a photoacid generator. UV 

Irradiation generates a strong acid which catalyzes the cross-linking process thereby 

increasing the sensitivity of the resist [56].  

While photolitography has definite advantages in that it is well established and that 

the process can be scaled up, the patterned photoresist often suffers from a limited lifespan 

resulting from repeated peeling. More so, the process requires clean room access which 

requires additional training and usage cost. 
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Figure 2.6. Rapid Prototyping Methods for making Microfluidic Devices. Source: 
Sollier, Elodie, Coleman Murray, Pietro Maoddi, and Dino Di Carlo. “Rapid 
Prototyping Polymers for Microfluidic Devices and High Pressure Injections.” Lab 
on a Chip 11, no. 22 (2011): 3752–3765.  

 
Figure 2.7. Negative and positive photolitography. Source: Qin, 
Dong, Younan Xia, and George M. Whitesides. “Soft 
Lithography for Micro- and Nanoscale Patterning.” Nature 
Protocols 5, no. 3 (2010): 491-502.  

Other rapid prototyping methods exist [45] such as the making of a master mold 

byetching through glass, silicon, or other monolithic material. More so, the use of 

conventional CNCs, stereolithography, embossing, lithography-free using hydrogel [57], 

decal transfer microlithography [58], micromilling or a combination of both, as well as new 

techniques such as focus ion beam milling [59] make up some of the methods of fabrication 

available. Because of the scale-agnostic size of the features that were to be worked with, and  
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Figure 2.8. Photolithography: From design to final 
product. Source: Voldman, Joel, Martha L. Gray, and 
Martin A. Schmidt. “Microfabrication in Biology and 
Medicine.” Annual Review of Biomedical Engineering 1 
(August 1999): 401–425, January 1999. 

given unfavorable early results with soft lithography on glass, the CNC scheme was 

investigated as a potential alternative to photolithography.  

2.3 THIN POROUS PDMS MEMBRANES 

Thin PDMS membranes are useful for a number of reasons. Li et al. [60] have for 

instance, created a composite PDMS membrane that uses its hydrophobic property for the 

pervaporation of organics from water. Porous membranes are also used for particle sorting 

[61] as well as DNA purification [62]. In molecular biology, cells have been grown in a 

microchannel enclosed by a nanoporous membrane to allow for the free exchange of 

molecules [63]. Moreover, studies on the effect of mechanical strains on cells [64] also 

makes use of the compliance and the ability to modulate PDMS substrates of various elastic 

modulus.  

A myriad of strategies have been developed for the creation of porous layers. In tissue 

engineering for instance, porous scaffolds for the development of three dimensional organ 

constructs have been made by the solvation of finely ground NaCl salt embedded into a cured 

PDMS emulsion [65]. By controlling the solution temperature, crystallization times and salt 

concentration, a distribution of 13.78 ± 1.18 µm in sodium crystal size within the scaffold 

was achieved. Junchniewicz et al. report even smaller pores, of the order of 4-6 µm by using 

water as the porogenic solvent followed by flash baking at 120○ to crosslink the PDMS and 

evaporate the water [66].  
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In contrast to the random seeding of the previous methods, controlled patterning of 

holes within a thin membrane makes use of an array of micron-sized pillars as molding 

features. Membranes are subsequently formed by the spin coating of a thin layer of polymer, 

with [67] or without addition of thinning solvents such as hexane [68] or tert-butanol [69]. 

The thickness of those membranes is usually described using equations that describe spin 

coating (Figure 2.1).  

 h = kω (2.1) 
where h is the thickness and ω the angular velocity.  

Thin membranes created by spin coating a liquid mixture onto a substrate is 

dependent on the following parameters: Mixture composition, viscosity, spin process, 

surrounding environment and finally, substrate.  

While sub-micron and nanometer thick PDMS membrane have been created by 

diluting PDMS with organic solvents (Figure 2.9 [69]), substrate surface priming using 

plasma oxidation to improve wettability prior to spin coating has also yielded positive results 

[70] in the fabrication of thin films. Moreover, the release of such membranes from the 

substrate can be facilitated using release agents. Though parylene coating has been used for 

membranes thicker than 1 micron [68], silanization however has become the standard process 

with which to reduce surface adhesion. Recent studies have used alkoxysilanes such as 

1H,1H,2H,2H-Perfluorodecyltriethoxysilane [11, 71] (Figure 2.10 [72]) or (3-

aminopropyl)triethoxysilane (APTES)[73], N-octyldimethylchlorosilane, and 

methoxydimethyloctadecylsilane [74] for this purpose. 

2.4 OPTODE IN MICROFLUIDICS 

The use of optodes in microfluidics has long been posited [75] as a step in making 

more integrated Labs-on-a-Chip but has only been actively pursued in recent years [30]. 

While early work has mostly dealt with miniaturizing Clark-type sensors [23], the 

mechanism of detection via measurement of electric current and thus oxygen consumption 

(Section 1.5) has rendered it particularly ineffective, especially in volume-limited devices 

[28]. Thus, optical sensors which do not alter the in-situ concentration of molecular oxygen 

and also permits localized measurements have been the focus of integration in microfluidic 

devices [23, 30].  
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Figure 2.9. PDMS thickness vs spin coating. 
Source: Koschwanez, John H., Robert H. 
Carlson, and Deirdre R. Meldrum. “Thin 
PDMS Films Using Long Spin Times or 
Tert-Butyl Alcohol as a Solvent.” PloS ONE 
4, no. 2 (2009): e4572-1-e4572-5. 

 
Figure 2.10. Common silanizing agent: Pentafluorophenyltriehoxysilane (PFPTES). 
Source: Bhushan, Bharat, Derek Hansford, and Kang Kug Lee. “Surface Modification 
of Silicon and Polydimethylsiloxane Surfaces with Vapor-Phase-Deposited Ultrathin 
Fluorosilane Films for Biomedical Nanodevices.” Journal of Vacuum Science & 
Technology A: Vacuum, Surfaces, and Films 24, no. 4 (2006): 1197-1202. 

Microfluidic systems which are usually fabricated through soft lithography (Section 

2.1), and employ PDMS as the substrate of choice reveals yet another advantage of using this 

polymer: since PDMS is highly permeable to oxygen; with an oxygen diffusivity of 4.1 

	105cm2/s) and solubility of 0.18 cm3 (STP)/cm3), passive permeation of oxygen through 

such devices is possible, even without needing more surface or bulk modification schemes. 
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Optical oxygen sensors have already been applied to microfluidic cell culture with promising 

results: Sin et al. reported a three-chamber microfluidic cell culture analog device with 

encapsulated in oxygen sensor thin-film PDMS patches. The device was used to culture three 

types of mammalian cells in interconnected chambers. Lin et al. fabricated a PDMS based 

micro device containing optode filled microtrenches that can be used to sense oxygen level 

(Figure 2.11 [27]) as well as the glucose consumption rate [28].  

 
Figure 2.11. Optode microtrenches as oxygen and glucose 
biosensors. Source: Lin, Zhang, Tan Cherng-Wen, Partha Roy, 
and Dieter Trau. “In-Situ Measurement of Cellular 
Microenvironments in a Microfluidic Device.” Lab on a Chip 9, 
no. 2 (2009): 257–262, January 2009. 

2.5 STERN-VOLMER EQUATION  

Oxygen sensing is based on the luminescence quenching by oxygen [23]. In the 

absence of oxygen the intensity reading is at the maximum, which decreases whenever an 

oxygen molecule collides with the luminophore. Since this decrease is proportional to the 

number of molecules it can be directly correlated to the levels of oxygen present in a system 

[76] described by the SternVolmer relationship (2.2). The equation is derived below:  

Assuming that a luminophore, L associates with a quencher, Q.  

	 ⇌  

The equilibrium constant of association is given as:  

	 

Since the total luminophore concentration is equal to the sum of the unassociated and 

associated luminophore:  

 

⇒ 	  

It follows that  
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	 	⇒ 	 	 

and thus  

	 1  

 1 	 	0 ⋅  (2.2) 

where  ,  denotes lifetime in the absence or presence of oxygen, ,  the luminescence 

intensity in the presence of oxygen,  the biomolecular quenching coefficient,  the 

oxygen concentration in vol. % or percentage of air saturation, frac the fractionating factor 

[77].  

Fluorescent intensity is related to the level of oxygen via the Stern-Volmer equation. 

By generating a SternVolmer plot which correlates the percent oxygen with the intensity 

ratio  using a 2 calibration step, namely in 0% and 100% with an additional point in air, the 

levels of oxygen can be determined at any point.  

2.6 ASSEMBLY OF DEVICES 

Bonding of PDMS to itself or other substrates for the creation of complex multilayers 

micro devices is now also routinely performed via oxygen plasma treatment and other 

surface modification techniques [78]. Figure 2.12 [78] depicts a comparison in average 

bonding strength between the most common processes notably, partial curing of PDMS, 

using different curing ratios, using uncured PDMS as adhesive to glue separate parts, and 

finally plasma oxidation and corona discharge. 

Although of the five techniques, plasma bonding ranks second to last and has a few 

limiting requirements (Table 2.1), a useful effect that results due to the mechanism of 

bonding is the hydrophilic surface modification. Plasma oxidation is thought to create 

hydroxyl group (Si-OH) on the surface of the PDMS substrate (Figure 2.13 [79]) which then 

forms an irreversible seal by a covalent siloxane (Si-O-Si) bond in a condensation reaction 

when brought in contact with another part [53, 78, 80].  

These hydroxyl group make the surface of the material more hydrophilic, and 

enhance its wettability. On the other hand, hydrophobicity usually results in poor wettability 

with aqueous solvents and thus renders microchannels susceptible to the trapping of air 



25 
 

 

 
Figure 2.12. Comparison between bonding methods for PDMS. 
Source: Eddings, Mark A., Michael A. Johnson, and Bruce K. 
Gale. “Determining the Optimal PDMS-PDMS Bonding 
Technique for Microfluidic Devices.” Journal of 
Micromechanics and Microengineering 18, no. 6 (2008):067001-
1-067001-4. 

Table 2.1. Pros and Cons: Plasma Etching 

Cons Pros 

Clean Room expenses Hydrophilic Surface modification 

Cleanliness requirement Boding to other materials e.g. Glass

Scaleable Average bond strength 

Less labor intensive Relatively Fast 

Uniformity  

 

bubbles, as well as makes the surface prone to nonspecific adsorption to proteins and cells 

[5]. Due to the fact that PDMS suffers from hydrophobic recovery [1], it becomes important 

to be able to preserve the hydrophilic surface. Fortunately several groups [5, 81] have noted 

that immersion in water or other polar solvents immediately after the oxygen plasma 

treatment can be used to this effect. Stable  of 4  104 cm2/Vs can be maintained for over 

14 days by keeping the surface in contact with solvents [34, 74]. 
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Figure 2.13. Bonding using oxygen plasma etching. Source: 
Bodas, Dhananjay, and Chantal Khan-Malek. 
“Hydrophilization and Hydrophobic Recovery of PDMS by 
Oxygen Plasma and Chemical Treatment—An SEM 
Investigation.” Sensors and Actuators B: Chemical 123, no. 1 
(2007): 368-373.  

Despite its relatively young age, research in the field keeps on elucidating problems 

for surface modification and patterning, as well as developing plug-and-play components that 

can be tailored to specific ends [1, 81]. Other techniques such as corona bonding [82], 

adhesives, partially cured PDMS also provide alternatives to plasma bonding (Figure 2.12).  
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CHAPTER 3 

LUNG-ON-A-CHIP DESIGN AND FABRICATION 

In this chapter, we discuss the design considerations for the Lung-on-a-Chip platform 

and elaborate on the series of steps undertaken for fabrication. Since the primary area of  

application of the device is in providing a cell culture alternative, its first and foremost 

requirement thus becomes the compatibility to biological entities. As such the general  

considerations of particular importance to cell culture inside microfluidic devices include:  

1. the choice of material for device fabrication,  

2. the geometry and dimensions of the culture chamber, and  

3. the method of pumping and controlling fluid flow.  

Amongst these three, the methods of fluid delivery are quickly resolved since the choices are 

typically divided between gravity driven, pressure pumps and electrokinetic flow (Figure 

3.1).  

 
Figure 3.1. Depiction of two types of flow mechanisms 
commonly used in microfluidics.  

In the former, both the inlet and outlets are open to the atmosphere and gravitational 

force creates a positive pressure on a fluid reservoir connected to the inlet. The flow is fixed 

and the hydrostatic pressure can be calculated from the combination of the fluid's density and 

height ( ). The flow rate therefore, given a defined medium, can only be altered by 

varying the height of the fluid column, or down modulated downstream with valves. This 

positive or in some cases negative driving pressure is supplied by an external device in 

pressure driven systems. Pressure pumps are versatile and can be set to push at constant 

pressure or flow rate Q (m3/s) described by the equation Q = ∆P/R where µ is the fluid 
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viscosity, L is the length, w width and h is the height and the channel resistance R for 

rectangular channels given by the equation 	 		[5]. Finally, in electrokinetic pumps a 

conductive solvent is driven via the wh3 application of a voltage potential. Electrokinetic 

flow is a two component phenomenon consisting of electrophoresis and electroosmosis [5]. 

Though control of the fluid flow becomes trivial by simply switching voltages on and off, and 

flow-velocity uniform [83], the trade-offs are nevertheless consequent:buffer 

incompatibilities, change of voltage due to ion depletion [2], unstable flow at higher voltage 

[83] as well as the requirement of additional surface treatment [5]. Table 3.1 gives a 

summary of the difference between these types of flow systems. 

Table 3.1. Differences between Types of Flow Pumping Systems 

System Advantages Disadvantages 

Gravity Driven Numerous solvents 

Consistent Flow 

Non-Adjustable flow rates 

Pressure Driven Higher flow rates pressure External pump required 

Electrokinetic Flat Velocity Profile Limited to conductive solvents only

Additional surface modification 

Power Supply 

 

This device consists of a two single channel chips separated by a thin membrane. The 

upper and lower micro-channels were of similar dimensions. The main channel was 500 µm 

in width to allow for lower shear stress on to the membrane and the length of the channel was 

1.3 cm (Figure 3.2) in order to house a total volume of 5.1 microliters of cell suspension and 

media. Extra alignment marks were placed at each corners to ensure alignment of the two 

channels. Markers for the ports feeding the bottom channel were also included to facilitate 

preparation of the individual channels. Finally, a spline was added on one end to make 

peeling the chips easier. The optode depressions were 250  500  250 microns in depth, 

and housed less than 1 microliter of optode mixture. The pillar section for the membrane 

covers 1.5 cm  0.2 cm regions, designed to eliminate potential alignment issues. They 

contain circles with 25 microns in radius with equal vertical and horizontal spacing of 20 

microns.  
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Figure 3.2. CAD drawing sheet showing chip dimensions 
and specifications of the Lung-on-a-Chip device.  

3.1 DEVICE PROCESS WORKFLOW 

The device process consists of 4 main steps as shown in Figure 3.3:  

1. the casting of the single channel, 

2. the micro-fabrication of the porous membrane, 

3. ports punching and insertion of the optodes and finally 

4. bonding of the whole device. 

 
Figure 3.3. Process workflow for the 
fabrication and testing of the Lung-on-a-
Chip. 
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In making the microchannel master, initial prototyping was conducted using 

photolithography and soft lithography. Due to persistent adhesion issues (Figure 3.4 (b)), 

fabrication using conventional milling techniques and materials was investigated. Several 

design optimizations steps were performed, the results of which showed qualitatively that 

longer channel dimensions exerted a much higher resistance to flow and that at a larger 

channel depth persistent air bubbles were observed which in tissue culture experiments were 

detrimental to cell growth.  

 
Figure 3.4. Initial channel design in SU-8 on glass substrate.  

Although various methods exists for the creation of the thin, porous membrane, two 

strategies stood out: namely the use of porogens and the creation of a master mold with 

pillars from which a membrane would be spin coated. The appeal of the first procedure laid 

in the relative simplicity of the method and the bypassing of the clean room facilities: a 

certain amount of porogen is mixed with the PDMS and subsequently removed. Two such 

strategies were tested; NaCl as porogenic agent followed by immersion in deionized water to 

solubilize the salt and using a small amount of water in the PDMS followed by flash baking 

at 120○. However the results (Figure 3.5) showed that membranes spin coated like thus were 

not quite reproducible and pores were on average not evenly distributed. 

Photolithography on the other hand was more controlled and repeatable. Ultimately, 

with the use of replication molding combined with a silanization agent, patterning of an array 

of pillars on silicon substrate was deemed the best choice. For the optode layer deposition, 

various solvents were tested for the optode mixture. RDPP is soluble in a variety of organic 

solvents including ethanol, methanol and toluene. However, cured PDMS (Sylgard 184, Dow 

Corning) (Midland, MI, USA) is inherently incompatible with some organic solvents due to  
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Figure 3.5. Thin porous membrane 
using water as porogenic agent.  

swelling and deformation [34]. Though methanol is a better solvent due to its low swelling 

ratio [34], it is toxic and therefore was relegated in favor of ethanol. A 10:1, 15:1 and 20:1 

ratio of PDMS resin to catalyst ratio were investigated and it was found that the 10:1 cured in 

a shorter amount of time and was less compliant. Various PDMS to optode mixes were 

considered, however, a 2:1 optode mixture to PDMS yielded a more uniform layer. Finally, 

the device assembly comprised of the following series of steps: firstly the release the 

membrane from the mold bonding to a microchannel, and secondly, to bond the second chip 

with the top layer.  

3.2 MICROCHANNELS MOLD MACHINING AND 

PREPARATION 

The choice of material for casting the mold was determined by using a scoring matrix 

(Table 3.2). Each of the criteria in the table were evaluated for the following reasons.  

UV resistance : to sustain UV sterilization  

Temperature resistance : to withstand high temperature autoclave  

Chemical resistance : whether the material will sustain repeated exposure to organic 
solvents such as ethanol for decontamination  

Limiting PV : a combination of pressure and velocity that determines the thermal 
and structural ability to sustain rotational wear and  

Cost : whether the material is available for a reasonable price  
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Table 3.2. Materials Scoring Table for the CNC Milling of the Mold 

Material UV resistance Temp Resistance Chemical Resistance Limiting PV Cost

PMMA + - -- - + 

PEI + ++ ++ ++ - 

PEEK + ++ ++ ++ --- 

 
Based on those criteria, PEI (Polyetherimide) (UltemTM, McMaster-Carr) was 

selected. PEI demonstrates an exceptional degree of machinability while maintaining the 

desired optical clarity.  

The master mold was designed in SolidWorks (Student Edition Academic Year 2011-

2012) and HSMWorks was used to generate the numerical codes for the HAAS CNC (Figure 

3.6 and 3.7). Milling was performed using a three step process; first, a pocket using a 0.125 

inch flat end mill until the top of the channel past the optode layer, second, an adaptive 

clearing pass to form the microchannel and other features at the surface, and finally another 

adaptive clearing using a 0.4 mm flat end mill for the more delicate sub millimeter optode 

trench features. To facilitate demolding, it has been suggested that the surface roughness be 

typically less than 100 nm RMS [6]. Thus, after milling, the Ultem mold was deburred with a 

file and sanded down with 2500 grit sandpaper followed by a 15 µm liquid polish. An 

additional vapor polishing step with Weld-on 4 (Curbell Plastics, Inc. Orchard Park, NY) 

only showed a minor decrease in overall surface roughness and caused internal stress which 

lead to irreparable fracturing of the mold.  

Volume properties of the channels were given as 5.11 µl in SolidWorksTM, assuming 

the optode microtrenches were flush with the channels. The optode trenches were designed to 

have a dimension of 250  250 microns and 100 microns in depth.  

The microchannels were then individually prepared by pouring a PDMS mixture at a 

10:1 w/w ratio of PDMS prepolymer to curing agent in the mold, degassing in a vacuum 

chamber for 15 minutes at room temperature, then baking in a conventional oven at 70○ 

Celsius for 1  hour.  

Finally, an 89mm in diameter TiN Coated Round Punch (Syneo) was used to bore 

holes in the PDMS and two piece Tygon tubings (Fischer Scientific) were used as interface.  
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Figure 3.6. Generation of Numerical Control (NC) Codes for the HAAS CNC using 
HSMWorksTM.  

 
Figure 3.7. Simulation of CNC machining and visualization of final product.  

Finally masking tape (3M) was used to protect the surface of the micro devices from 

contamination. 

3.3 FABRICATION OF THE MEMBRANE MASTER MOLD 

USING PHOTOLITHOGRAPHY 

A mask for the micro porous membrane (Figure 3.8) and main channel was designed 

in Coventorware (2010) according to the diagram below and printed on transparencies with a 

laser printer with 20,000 dpi resolution (CAD/Art Services Inc., Oregon).  

In the layout (Figure 3.9), the Lung-on-a-Chip main channel consists of 2 layers: the 

substrate mask and the channel. The Layer Polarity on Mask was set to positive and Mask  
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Figure 3.8. CAD drawing sheet: Membrane 
specifications.  

 
Figure 3.9. Mask of main channel and pillar base designed with CoventorwareTM.  

Field was set to Dark. The pillar mask consisted of 3 layers: firstly, the substrate mask, 

secondly, the pillars which array-referenced a regular hexagonal base cross dimensions of 25 

or 11 micron width and 8 micron height, and thirdly, the markings, a rectangle 1.3 cm by 500 

microns delimiting the area of the pillars. 

The features were simulated through the Coventorware preprocessor in order to 

validate the final design (Figure 3.10), with the process parameters shown in Figure 3.11.  

 
Figure 3.10. Computer rendering of the features as visualized in CoventorwareTM.  
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Figure 3.11. Process steps in CoventorwareTM.  

Several 4 cm by 2 cm die were cut from a 4 inch Silicon nitride wafer or glass 

microscope slides using a carbide scriber tip by making sure not to apply too much pressure 

during the dicing step. The die were then scrubbed with alconox, then cleaned in an 

ultrasonic bath in Acetone, followed by deionized water and Isopropyl alcohol (Sigma-

Aldrich) washes for 15 minutes each at R.T. The die were then dehydrated on a hotplate at 

150○C for 5 minutes and left to cool prior to spin coating using the parameters shown in table 

below (Table 3.3). For even better adhesion, a plasma clean step of 4 minutes could be 

performed at 250 Watts and 40 PSI of Oxygen.  

Table 3.3. Spin Coater Parameters 

Time(Sec) Speed(RPM) Acceleration(PRM/Sec) 

0 0  

5 500 300 

20 500  

22 900 100 

52 900  

55 0  

 

In order to obtain a 30 µm thick membrane out of SU-8 100, the resist manufacturer's 

parameters were followed and a spin coating speed of 3000 rpm was utilized (Table 3.3). 

Prior to any spin coating process, the SU8 was poured into a smaller 50ml amber glass vial 
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and left to outgas overnight. The spin coating can be briefly described as follows; a quarter 

size drop of SU-8 100 (Microchem) was deposited using a transfer pipet onto the substrates. 

After a relaxation time of about 30 seconds, to allow the viscous resist to spread, the spin 

coater was turned on with an initial acceleration of 100 rpm/s to 500 rpm over 5 seconds. The 

second stage acceleration at 300 rpm/s to a final spin speed of 3000 rpm was then triggered 

and held for a total of 45 seconds. No ramp down was used.  

The substrates coated with photo resist were then baked on a level hot plate from 

room temperature using a two step temperature ramp with an appropriate ramping rate of less 

than 1○ per minute to 65 then 95○C, then left to cool to room temperature prior to UV 

exposure. The initial temperature of 65○C (Figure 3.12) allowed for a more gradual and 

uniform temperature raise, especially with a thicker resist, and a final temperature of 95○C 

finished the dehydration process. Because of the lengthy process, and the lack of extensive 

control over the hot plate, a GUI was written in python that was controlled using a serial port 

connector A (see Appendix A and Figure A.1). 

 
Figure 3.12. Soft- and post-baking temperature parameters on a hot plate.  

Appropriate masks (Figure 3.13) were then cut, taped to a cleaned glass plate and 

mounted on top of the substrate, and then exposed to UV at 200 mJ/cm2 using the parameters 

of Figure 3.14 [84] for the desired exposure parameters. Since photolithography is very  
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Figure 3.13. Final masks as designed in CoventorwareTM.  

 
Figure 3.14. Microchem recommended 
UV exposure parameters. Source: 
MicroChem. “NANOtm SU-8.” Accessed 
November 1, 2011. http://microchem.com 
/pdf/SU8_50-100.pdf. 

sensitive to a lot of variables, the optimization step at this level requires consistency and 

reproducibility. 

To achieve the desired correct exposure, the UV source intensity was set to 8-10 

mW/cm2) using a UV meter, and the exposure time was calculated accordingly. Though a 

higher exposure energy has been known to cause non uniform features [55], the relatively 

large thickness meant that a higher dose was required to ensure proper cross-linking and 

compensate for the thickness of the glass plate. After exposure, the chips were then placed on 

a hotplate and a two step temperature post bake was again followed according to the resist 

manufacturer's directions (Microchem) (Figure 3.12). The feature were visible after exposure 

and even more so after baking.  

The chips were placed in a SU-8 developer bath (1-Methoxy-2-propyl acetate) 

(Microchem) for 2-3 minutes with vigorous agitation or sonication, then dipped in fresh 

beaker of developer, before being rinsed with isopropanol, DI water and blow dried. The last 



38 
 

 

step was validation of the micropillars with a stereoscopic light microscope (Hirox KH1300, 

New Jersey; Figure 3.15). 

 
Figure 3.15. Array of SU-8 pillars on a glass 
microscope slide.  

From this SU-8 master, a reverse elastomer based mold was cast by pouring PDMS in 

a PMMA container machined to contain the silicon chip (Figure 3.16). Replication molding 

produces monolithic features which are durable and provide a better solid support. SU-8 

masters for instance suffer from lift off and have limited lifespan. Molds also eliminate the 

need for further use of the clean room past the initial master mold fabrication. Three 

materials namely SU-8 10 photoresist, 3-minute Epoxy and Liquid plastic (Smoothcast 350) 

were tested in the resulting mold, degassed and left to dry at RT to give an exact duplicate of 

the initial SU-8. These polyurethane (PU) copies are solid, relatively inexpensive and 

eliminate the need for further Cleanroom access.  

 
Figure 3.16. Casting the poly urethane master using microtransfer molding in PDMS 
elastomer. 
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Prior to spin coating, the chips were silanized in order to facilitate the release of the 

thin membrane. This process results in a lower surface energy that reduces PDMS adhesion 

to the substrate. The yields of successful bonding of the membrane without tearing were 

increased (Table 3.4). The silanization process was conducted by placing the chips together 

an open vial containing a couple of drops of TCPOS in a vacuum chamber, closing the 

vacuum for 2 minutes and letting the resulting aerosolized solution deposit for 15 minutes 

[11, 69]. 

Table 3.4. Summary of Membrane Yields on Different 
Substrates and Release Agents 

Pillars Substrate Membrane

Bonded 

Total attmepted Lift off 

Glass 0 5 Yes 

Silicon 1 5 Yes 

Silicon-MANNS Mold release 1 6 Yes 

Epoxy 2 3 No 

PU 2 5 No 

Silanized-PU 19 19 No 

 

3.4 PREPARATION OF POROUS MEMBRANES 

Early attempts at fabricating the negative features with SU-8 used glass as a substrate, 

however since glass has a high surface energy (4.4 J m2), feature liftoff remained a problem. 

Figure 3.17 (b) shows peeling the patterned membrane (Circled in red) without the 

application of a release agent. Due to the relatively high hydrophobicity, wrinkling and 

tearing of the membrane was very common.  

The membrane was prepared by spin coating about 200-500 µl of PDMS prepolymer 

placed on top of the PU master mold and left to outgas for 2 minutes. The spin coater (Figure 

3.18) was then activated at 5000 RPM for 1 minute . The top of the pillars were then gently 

scraped with a piece of silanized PDMS, and the master with membrane was finally dried 

with a heatgun or in the oven.  
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Figure 3.17. PDMS membrane results on glass.  

 
Figure 3.18. Spin coating of PDMS.  

3.5 OPTODE APPLICATION 

Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II)dichloride complex (Sigma 

Aldrich, New Jersey) was first diluted to a final concentration of 1 mg/ml in 70% Ethanol or 

Methanol(Sigma Aldrich, New Jersey). The resulting optode solution were then mixed in a 

ratio of 1:1 v/v with PDMS prepolymer at 1:10 ratio of catalyst to resin. While methanol as 

the solvent showed that it could also be used in conjunction with PDMS, due to its relative 

toxicity it was ultimately rejected in favor of the less toxic ethanol. The optode solution was 

mixed thoroughly to prevent settling of the ruthenium complex and used immediately. 

Using a 27 gauge metal needle tip (Figure 3.19), the PDMS/Optode mixture was then 

applied to each of the 5 micro trenches, ensuring that the mixture was flush along the edge by  
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Figure 3.19. Optode loading with a 27G syringe under microscope. 

scraping with a teflon brush, then dried at a temperature of 200○ Fahrenheit using a heat gun. 

Multiple layers were applied as needed following curing to ensure that each trench was 

properly filled with the luminophore mixture.  

A two step calibration was conducted by using DI water bubbled with nitrogen UHP 

(Airgas) for 10 minutes as negative control, and DI water infused with oxygen (UHP) for 

positive control [29]. An additional calibration point was obtained by running the experiment 

in air. All calibrations were performed at RT with measurement quickly following the 

bubbling step.  

Initial calibrations were conducted only with single channel chips bonded to 

microscope slides.  

3.6 DEVICE FABRICATION AND ASSEMBLY  

The lower channel and the membrane master were placed in the plasma etcher 

(Technics series 85-RIE) and the parameters in Table 3.5 were followed.  

Table 3.5. Conditions for Surface Priming with 
Plasma Etcher prior to Bonding 

Vacuum pressure 270 to 330 mTorr 

Chamber pressure 600 to 650 mTorr 

Oxygen pressure 40 psi 700 

Power W 

Activation time 10 – 60s 

 
Briefly, after reaching a baseline pressure of 300 mTorr, oxygen at 40 psi was leaked 

into the chamber until a pressure of about 600 mTorr was reached. A 700W plasma was then 

activated for 10 to 60 seconds depending on the conditions tested. The two parts were then 
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taken out and brought in conformal contact, followed by an annealing bake for at least 30 

minutes at 85○ C. The process was repeated for the other microchannel.  

3.7 CELL CULTURE SEEDING AND MAINTENANCE  

The human tumorgenic colon epithelial cell line, A549, was obtained from the 

American Type Culture Collection (ATCC) and cultured in F12-K media with 10 % fetal 

bovine serum (FBS) and 100 µgml1 penicillin-streptomycin (PS). Tissue culture cell lines 

were initially grown in 50 ml Primaria Tissue Culture Flasks (Becton Dickinson, Franklin 

Lakes, NJ) at 37○ and 5 % CO2. Cells were propagated to confluence and growth media was 

replaced every 72 hours. Cells were removed from the plates by trypsin/EDTA solution 

(Invitrogen, Grand Island, NY), and pelleted by centrifugation and resuspended in complete 

media prior to seeding lung chips. Prior to cell seeding, lung-chips were sterilized by UV 

irradiation, and channels were coated with collagen gel (3 µ g/ml). Resuspended A549 cells 

were seeded into the upper channel of the lung chip at approximately 1�  105 cells per cm2 

and allowed to attach to the lung chip surface for 2 hours under static conditions. Attached 

cells were then perfused with complete media by a syringe pump at a volumetric flow rate of 

20 µl/hr, at 37○ and 5 % CO2.  

3.8 SIMULATION OF FLOW THROUGH MICROCHANNELS 

A computer simulation was performed in COMSOL MultiphysicsTMto assess the 

flow and shear stress through the pores of the membrane. A study with two physics, first a 

stationary incompressible laminar flow (first order Navier-Stokes) and a time-dependent 

convection/diffusion was conducted. A section of the microchannel and membrane were 

modeled from the side (Figure 3.20) with shallow channel approximation set to 500 µm. 

Further geometry and boundary conditions are described by the model of Figure 3.21 and 

Appendix B (Figures B.1-B.3). 

 	 ⋅ 	 	 ⋅ 		 	 	  (3.1) 

 ⋅ 0	 (3.2) 

where  is the fluid density, u is the flow-velocity field,  is fluid pressure, I is the unit 

diagonal matrix, µ is the fluid dynamic viscosity, and F is the volume force affecting the 

fluid. 

 



43 
 

 

 
Figure 3.20. Sideways drawing of the Lung-on-a-Chip for simulation of flow.  

 
Figure 3.21. Microchannel geometry in 
COMSOLTM.  

Property Value 

 0.99 Kg m-3 

µ 0.0078 Pa ⋅  

F 0 

 

The flow velocity pattern given in Figure 3.22 was investigated in order to produce 

optimal entry velocities. Figure 3.22 shows the velocity profile with (Figure 3.22 (a)) and 

without open boundaries (Figure 3.22 (b)). A comparison between the two shows that a 

microchannel that is open to atmosphere will experience a similar flow through the open 



44 
 

 

 
Figure 3.22. Simulation of flow velocity within the membrane with COMSOLTM.  

membrane than one bound at the ends. The difference however is more appreciable in the 

diffusion of a substance in the channels (Figure 3.23).  

 
Figure 3.23. Simulation of molecular diffusion and convection in the microdevice 
with COMSOLTM.  

The concentration of dissolved substances in the fluid is given by  

⋅ 	 ⋅ 	 	 	 
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where c is the concentration, D is the diffusion coefficient, and R is the reaction rate. The 

diffusion coefficient in this case was 1  109 m2, and R was set to 0. The concentration was 

set at 1  104 or 10 mM at the inflow.  

The shear stress on the upper channels were also investigated from the computer 

simulation. The shear stress yx is given by the relation:  

 	 	
y

	  

where  is the dynamic viscosity and  the shear rate.  

From the GUI, a new post processing expression notably spf.sr�  spf.mu * 10 was 

plotted with contour curves. By using a vertical cut-line (Figure 3.24) across the membrane 

and plotting the graph, it can be shown that the shear stress across this section of membrane 

is 0.02 Dynecm2 which is comparable to literature Figures [10].  

 
Figure 3.24. Simulation of shear stress across a section of the LoC in 
COMSOLTM.  

 



46 
 

 

CHAPTER 4 

EXPERIMENTAL RESULTS 

Characterization of the micro device consisted of two separate arms: firstly, physical 

inspection via microscope and contact angle measurements, and secondly, validation with 

biological constructs with and without fluorescent excitation.  

4.1 OPTICAL MEASUREMENTS  

The dimensions of the microchannels and membrane were validated using SEM 

(Quanta FEG 450). Prior to analysis, the samples were prepared as follows: 

For width and depth measurement, the single micro-channel chip were cut vertically 

to fit 0.5 inches pin stubs and held in place with conductive tape. Measurements were 

conducted in triplicates, two at the ends of the main chamber and one in the middle.  

For membrane thickness and hole validation, the polyurethane mold and a single 

microchannel bonded to a membrane were analyzed. The polyurethane mold and PDMS 

being naturally non-conductive, were fully coated at an angle, and conductive tape was used 

to ensure continuity at the edges. Since charge buildup on the surface of the sample can lead 

to poor resolution. The chip was then cut, membrane side down to prevent distortion, at 

specific locations and placed on the pin stubs.  

The samples were then coated with a 6 nm layer of Platinum by chemical vapor 

deposition (CVD) (EMS150T ES) using the following parameters:  

Chamber pressure: 1 	 102, current 30 mA and deposition rate of 11 nm/min.  

The scanning electron microscope was operated with the parameters listed in Table 

4.1.  

4.1.1 Characterization of Microchannels and Optode 
Microtrenches 

The width of the microchannel was measured at 10 points across the channel using 

the parallel line measurement tool of the SEM software and averaged to 532.73  2.56 µm  
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Table 4.1. Scanning Electron Microscope Operating 
Parameters 

Accelerating Voltage 5kV 

Working Distance 11.4 mm 

Chamber pressure 1.50 102 mTorr 

Gun pressure 7.030 108 mTorr 

Emission Current 192 µ A 

ETD detector scanning speed 300 ns 

 

with a height of 230.6  3.5 µm. Figure 4.1 and 4.2 depicts some images through which 

those measurements were taken. 

 
Figure 4.1. Measurements of the Microchannel 
width with the Quanta FEG 450 SEM. 

4.1.2 Characterization of Pillars 

The samples were secured on 90○ mounts and pulsed with a starting accelerating 

voltage of 2kV. The PU mold was visualized first without, then with a layer of PDMS on top. 

The pillar heights were measured at 103 µm in height, with pillar diameter of 25 µm and 

separation distance of 21 µm (Figure 4.3). 

Collapse due to capillary force during drying was often observable with the epoxy 

molds (Figure 4.4). Moreover, the wrinkles on the surface of the pillars contributed to 
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Figure 4.2. Validation of the Optode Trench 
dimensions with the Quanta FEG 450 SEM.  

 
Figure 4.3. Polyurethane pillars visualization under SEM. 

 
Figure 4.4. Epoxy pillar collapse. 
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increase the surface area in contact with the membrane, making the latter more difficult to 

peel. 

Both the SU-8 pillars (Figure 3.15) and epoxy (Figure 4.5) created with the mold 

from Section 3.3 showed wrinkles along the side of the pillars. The poly urethane pillar 

master (Figure 4.3) showed smooth features which is conducive to easily remove the 

membrane.  

 
Figure 4.5. SU-8 pillars visualization under SEM. 

4.1.3 Characterization of the Porous Membrane 

Figure 4.6 (a) shows the master mold protruding from the PDMS membrane. This 

physical validation provides one indication about whether the holes are through the bulk of 

the membrane.  

 
Figure 4.6. SEM Images of the PDMS Membrane (a) before 
peeling (b) after peeling. 
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A section of holes array measuring 500 µm and containing 90 pores were sampled. 

The holes were measured at an average of 22.41  1.52 µm (Figure 4.6 (b)). Figure 4.7 

depicts the uniformity in the membrane pore in the section of membrane sampled (Figure 

4.8). The thickness of the membrane, sampled across different point of the device, was 

measured at 142.8  14.59 µm. 

 
Figure 4.7. Distribution of apertures in one section of the 
membrane. 

 
Figure 4.8. Characterization of Membrane Thickness under SEM. 

4.1.4 Contact Angle Measurement 

The contact angle gives a measure of how hydrophobic or hydrophilic a material is 

and quantifies the wettability of a solid surface. It is measured relative to the horizontal 

positive axis (Figure 4.9). Hydrophobic materials typically exhibit contact angle of more than 
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Figure 4.9. Contact angle as a measure of hydrophobicity.  

90 degrees whereas very hydrophilic materials will cause a water drop to completely spread 

out thus having a 0 degree contact angle.  

The measurement of the static contact angle was performed by first taking a picture of 

a sessile water drop on treated and untreated PDMS then using ImageJ with the LBADSA 

(Low-Bond Axisymmetric Drop Shape Analysis for Surface Tension and Contact Angle) 

Plugin (Figure 4.10), the contact angle was calculated by finding an analytical solution to 

approximating a first-order Young-Laplace equation [85]. 

 
Figure 4.10. Contact angle measurement with ImageJ and the LB-
ADSA plugin.  

The static contact angle on the pre-plasma oxidized membrane was measured at 109○ 

which compares favorably with literature values of 110○ [86] and dropped to 0○ after plasma 

oxidation. Because contact angle measurement is extremely sensitive to contamination, the 

samples were made fresh and kept under laminar flow cabinet until measured. Moreso, the 

measurements were performed within a day under similar conditions of temperature and 

pressure. Table 4.2 summarizes the result of the measurement; it was found that in order to 

preserve the hydrophilic properties of the surface for an extended amount of time, the device  
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Table 4.2. Contact Angle Measurements under Various Conditions 

Time 
Non Plasma 

treated 

Plasma treated + 

H2O 
Plasma treated 

High Plasma 

Treated 

0 min 109 - 0 0 

15 mins - - 53.0 - 

30 mins - - 71.3 0 

24hrs 109 0 100.0 94.6 

 

could either be plasma activated for a longer time (1 minute vs 10 seconds at the same 

power) or kept in contact to a polar solvent such as water (Figure 4.11). 

 
Figure 4.11. Hydrophilic surface modification and 
hydrophobic recovery of PDMS.  

4.2 BIOLOGICAL VIABILITY TESTS 

Validation of the newly developed Lung-on-a-Chip platform were then conducted 

with the cell line developed in section 3.7. Biocompatibility tests determine whether the chip 

is able to maintain viable cells for long-term testing. The initial target was to maintain cells 
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alive for the duration of one week, with fresh media constantly pumped through the system to 

remove waste buildup which would hamper cell growth.  

4.2.1 In-vitro Images in a Single Channel Chip  

An ECM solution (MaxGel, Sigma-Aldrich) was diluted at a ratio of 1:100 with cold 

medium and loaded through the microchannels. The chip was then left to incubate for two 

hours at 37○ C before seeding. A solution of cells with seeding density of 1  107 cells/ml 

was then pumped at a rate of 300 µl per hour overnight using a single-syringe infusion pump 

(Cole-Parmer). Images were then captured after 4 hours of incubation on the first day, and 

after 24 hour.  

Figure 4.12 (a) shows the microfluidic chamber 4 hours after seeding: The relatively 

small volume and presence of ECM meant that the cells readily attached. The cells are 

uniformly dispersed and semi-spherical in shape and have just started to adhere to the bottom 

of the channel. On the second day (Figure 4.12 (b)), the cells have started to spread and adopt 

the morphology associated with healthy cells. After another additional 24 hours, the cells 

were fully confluent (Figure 4.12 (c)) and were starting to grow on top of each other. It was 

possible to maintain the cell culture for more than 10 days with fresh media constantly being 

pumped in the system to remove waste build-up without further complications (Figure 4.12 

(d)). A fixable dead cell stain procedure was conducted to assess the viability of cells.  

Since dyes do not penetrate the cell membrane, only viable cell surface proteins are 

available to react with dye resulting in dim staining (Figure 4.13). 

4.2.2 In-Vitro Images in a Dual Channel Chip 

With conclusive live/dead stains, a layer of cells were thus grown in a dual layer chip 

(Figure 4.14) using the same protocols with the modification of perfusing DMEM media at 

300 µl per hour from the bottom layer. The pores can be observed in as a darker arrangement 

of circular patterns. The top layer is identifiable by the presence of cells. 

4.3 FLUORESCENT IMAGING AND ANALYSIS 

With For all optode experiments, an inverted fluorescent microscope (AmScope) was 

fitted with a long pass filter (Schott OG530). The excitation sources, two royal blue LEDs 
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Figure 4.12. A549 Cell Culture inside a single channel Lung-
on-a-Chip. 

 
Figure 4.13. Live stains of cells grown in the 
lung-on-chip platform. 

with peak wavelength of 447.5 nm (Luxeonstar) were positioned adjacent to the chip (Figure 

4.15) and secured by means of clamps.  

The syringe pump was elevated and operated at the same height as the chip in order to 

minimize bending of the tubes, which would create air bubbles at the interface. A charge 

coupled device (CCD) was mounted on the lens and set to a 2 second exposure for all image  
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Figure 4.14. Dual layer chip with A549 cells. Top channel 
branching at the top left.  

 
Figure 4.15. Optode setup showing the position of the 
LEDs around the LoC. 

acquisition. Images were captured using MiniSeeTM(Version 1.1.333) (Scopetek, China). 

Fluorescence Intensity images were then analyzed using ImageJ software (New Haven). Prior 

to fluoresence measurement, all images were converted to black and white. 

Each of the five wells (Figure 4.16) were measured consecutively (Figure 4.17), with 

as little time as possible in between measurements.  

During data analysis, in batch processing, the following parameters were activated in 

the Set Measurement option: Mean gray value and integrated density. Five intensity 

measurement were taken corresponding to each optode trenches. The measurements were 

repeated and the values aggregated.  

The fluorescence intensity against the oxygen concentration across the optode channel 

were then recorded in Table 4.3.  
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Figure 4.16. Composite image of optode trenches illuminated under 
LED.  

 
Figure 4.17. Analysis using ImageJ Software. 

Table 4.3. Raw Fluorescent Intensities for the Optode Trenches 
(  106) 

Optode 0% 21% 100% 

1 1.45 1.24 1.67 

2 1.12 9.85 1.72 

3 9.75 8.13 2.42 

4 8.98 8.84 2.25 

5 1.14 9.27 2.09 

 

Figure 4.18 shows that the raw fluorescent intensities for a solution of nitrogen-

bubbled, deionized water were on average higher than the readings in oxygen-rich water.  

To plot the Stern-Volmer graph, the fluorescent intensity in the presence of oxygen 

and in the absence of oxygen were normalized by dividing the intensity readings for each of  
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Figure 4.18. Graph of fluorescence intensity with oxygen concentration.  

the data points by their corresponding lowest reading in presence of oxygen. The data is 

shown in Table 4.4 plotted in Figure 4.19. 

Table 4.4. Relative Intensity vs. Oxygen Concentration 

Optode 0% 21% 100% 

1 1.000 1.161 1.126 

2 1.000 1.132 1.171 

3 1.000 1.200 1.319 

4 1.000 1.016 1.105 

5 1.000 1.230 1.304 

 

4.4 OPTODE VALIDATION BY CELL SEEDING 

Next, to test whether the optode layer could be used to assay biological changes, the 

microdevice was tested with cells (Figure 4.20). To simplify all experiments and since only 

the optode layer needed to be tested, a chip with a single channel with was used and 

processed as follows; a single channel chip was activated by filling the channels with ECM 

matrix for 3 hours and A549 cells were then fed at a flow rate of 300 µL per hour with all  
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Figure 4.19. Stern-Volmer graph correlating oxygen 
concentration and fluorescent intensities. 

 
Figure 4.20. Single channel chip with optode with cells 
under fluorescence. 

incubation steps at 37○ C. The device was periodically monitored by mounting it onto a 

microscope and illuminating with LEDs using the protocol discussed above.  

After reaching confluence, the microchannel containing the cells was then flooded 

with E. coli, and left to incubate overnight. This was done to assess whether the optode 

would be sensitive to changes in oxygen concentration as the bacteria was hypothesized to 

consume additional oxygen. Intensity readings were taken the next morning and recorded in 

Table 4.5. 

A bar graph representing the fluorescent intensities of the optode trenches pre- and 

post- E. coli was plotted (Figure 4.21). The difference in measurements is due to the fact that 

each trenches do not contain the same amount of optodes. The graph shows that a marked 

decrease in fluorescent intensity was observed across the optode channels.  
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Table 4.5. Fluorescent Intensities Pre- and Post- E. coli Infection 

Optode Trench Pre-addition ( 106) Post-addition ( 106) 

1 0.70 0.77 

2 0.81 0.76 

3 1.28 1.03 

4 1.39 1.13 

5 1.60 1.10 

 

 
Figure 4.21. Graph of fluorescent intensities pre- and post- E. 
coli infection. 
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CHAPTER 5 

CONCLUSION 

In this study the design, optimization of fabrication as well as characterization and 

testing of a microfluidic platform for the investigation of cystic fibrosis line was conducted. 

A CNC milled mold was manufactured to improve the rapid casting, durability and speed of 

producing the Lung-on-a-Chip devices (Figure 5.1). This method not only helps reduce waste 

and associated contamination by PDMS fouling but also eliminates potential mishaps 

resulting from other processing steps. More so, it provides a reliable way of achieving a 

consistent end product, as opposed to the clean room patterned features. A new strategy for 

casting thin membranes with accuracy and reliability through a silanized monolithic 

polyurethane mold was also achieved. Finally, the optode was validated as a real time 

sensing device for the concentration of oxygen by means of a Stern-Volmer plot. It was also 

established as a measure of the concentration gradient made from varying the flow rate 

through the main chamber.  

 
Figure 5.1. Final lung-on-a-chip PDMS 
prototype. 

5.1 RESULTS AND DISCUSSION 

Early results show that the fully assembled micro device could be used to grow cells 

to confluence and induce them to adopt an in vivo morphology (Figure 4.12). The 

microchannel was also successful in demonstrating its ability to maintain a cell culture for 

the duration of more than a week.  



61 
 

 

The optode calibration step was concordant with theoretical expectations, namely that 

the fluorescent intensity at 100% oxygen was lower than at 21% which itself was lower than 

the intensity at 0%. Barring the first optode trench, the rest of the measurements were all 

within the expected range.  

A single channel chip containing cells flooded with E. Coli showed a marked 

decrease in fluorescent intensity. Though the expected biological significance of this decrease 

could not be correlated with the total bacterial infection - the bacteria was instead 

hypothesized to lyse the cells, producing a net increase in oxygen consumption which would 

translate into a net increase in fluorescent intensity; post analysis revealed that the cells were 

washed out of the system. Nevertheless, since the absence of cells was detected in such a 

marked value, the optode was deemed functional and lays a solid foundation for the analysis 

and study of cystic fibrosis. 

5.2 FUTURE STUDIES 

Cystic fibrosis is a multi-organ disease. As such, many other systems in the body are 

susceptible to the built-up of a thick mucus layer, which hampers organism function. While 

we discussed the creation of a platform to study lung cells containing a patterned optode 

trench that can be used for the monitoring of oxygen consumption, the use of other cell types 

and lines should be investigated. Since cyclical strains appear to play an important role in the 

development of complex 3D structures [24] which in themselves dictate cell adhesion, 

morphology and migration [87], the vacuum channels from the initial experiment by Don 

Ingber, which was not considered in this preliminary work, could be accommodated. To this 

end, we propose an alternate method: the addition of ferro-magnetic powder mixed with 

PDMS could be set into side channels lining the main chamber. Once cured, they could be 

actuated in a cyclical manner with an electromagnet mimicking the physiological effect of 

breathing. 
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APPENDIX A 

HOT PLATE GUI 
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HOT PLATE GUI  

 
Figure A.1. HP30 hotplate temperature 
control  

<----Code Snippet  

# An interface for running the hotplate HP30  

# Written and debugged by Nicholas Sam-Soon for SDSU MEMS lab 2012  

from Tkinter import *  

import tkMessageBox  

import time, serial  

from PIL import Image,ImageTk  
 

 

# Serial Port Settins  

global serialport  
 

 

serialport = serial.Serial()  

serialport.timeout=1  
serialport.baudrate=2400  
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global deftemp,deframp,deftime  

deftemp = 65  

deframp = 1  

deftime = "00:30:00"  
 

 

# Serial Port functions  

def setTemp(temp):  

serialport.write("A"+str(temp)+"\r")  

if serialport.read(10) == "Command OK":  

pass  

time.sleep(1)  

serialport.flushInput()  
 

 

def setRamp(ramp):  

serialport.write("D"+str(ramp)+"\r")  

time.sleep(1)  

serialport.flushInput()  
 

 

def setTimer(timer):  

serialport.write("C"+timer+"\r")  

serialport.flushInput()  
 

 

def getTemp():  

## get temperature from hotplate else return standard  

return 25  
 

 

def setLine(tiempo):  

time.sleep(tiempo)  
 

 

# App class GUI  

class App:  

global hpval # list to store all the variables: temp, ramp, etc  

hpval = []  
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def testport(self):  

global pnum  

# Check if port has been assigned  

if int(self.port.get()) != 0:  

pnum = int(self.port.get()) - 1 # Port enumeration starts at 0  

try:  

serialport.port = pnum  

serialport.open()  

serialport.close()  

tkMessageBox.showinfo("Port Status","Port OK")  

return 1  

except serial.SerialException:  

tkMessageBox.showerror("Warning","Invalid Port")  

return 0  

else:  

tkMessageBox.showwarning("Port Status","Port is not set")  

return 0  
 
 

---> End code snippet  
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APPENDIX B 

COMSOL BOUNDARY CONDITIONS 
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COMSOL BOUNDARY CONDITIONS 

The upper channel and membrane layer were given the material property of air, and 

the lower channel the density and the dynamic viscosity of DMEM media, which was set to 

0.99 Kg/m3 (Figure B.1), and 0.0078 Pa⋅s respectively. 

 
Figure B.1. Inlet boundary condition COMSOLTM. 

For Laminar flow, an inlet boundary was specified at the bottom left with an entrance 

pressure of 2 psi, an outlet on the opposite end with 0 pressure, and either no open 

boundaries (Figure B.2) or an open boundary at the top ends with no viscous stress (Figure 

B.3) simulating a chip with outlets left open to atmosphere, and finally wall boundaries were 

assigned everywhere else.  

A time dependent Transport of Diluted Species,with an inflow boundary with a C0 of 

1e4mol/m3 and an outflow on the opposite sides were linked with the stationary laminar flow 

study. The other boundaries were all set to no flux. A physics-controlled mesh with extra fine 

element size was used.  
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Figure B.2. Outlet boundary condition COMSOLTM. 

 
Figure B.3. Wall boundary condition COMSOLTM. 


