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ABSTRACT 

 

Dissolved Oxygen and pH Monitoring within Cell Culture Media  

Using a Hydrogel Microarray Sensor. 

(December 2006) 

Seung Joon Lee, B.S., Yonsei University, Korea; 

M.S., Texas A&M University 

Chair of Advisory Committee: Dr. Gerard L. Coté 

 

Prolonged exposure of humans and experimental animals to microgravity is 

known to be associated with a variety of physiological and cellular disturbances. With 

advancements in aerospace technology and prolonged space flights, both organism and 

cellular level understanding of the effects of microgravity on cells will become 

increasingly important in order to ensure the safety of prolonged space travel. To 

understand these effects at the cellular level, on-line sensor technology for the 

measurement and control of cell culture processes is required. To do this measurement, 

multiple sensors must be implemented to monitor various parameters of the cell culture 

medium. The model analytes used in this study were pH and dissolved oxygen which 

have physiological importance in a bioreactor environment. In most bioprocesses, pH 

and dissolved oxygen need to be monitored and controlled to maintain ionic strength and 

avoid hypoxia or hyperoxia. Current techniques used to monitor the value of these 

parameters within cell culture media are invasive and cannot be used to make on-line 
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measurements in a closed-loop system. In this research, a microfabricated hydrogel 

microarray sensor was developed to monitor each anlyte. Either a pH or an oxygen 

sensitive fluorescent agent was immobilized into a hydrogel structure via a soft 

lithography technique and the intensity image of the sensor varied from the target 

analyte concentration.  

A compact detection system was developed to quantify concentration of each 

analyte based on the fluorescence image of the sensor. The system included a blue LED 

as an illumination source, coupling optics, interference filters and a compact moisture 

resistant CCD camera. Various tests were performed for the sensor (sensitivity, 

reversibility, and temporal/spatial uniformity) and the detection system (temporal/spatial 

stability for the light source and the detector). The detection system and the sensor were 

tested with a buffer solution and cell culture media off-line. The standard error of 

prediction for oxygen and pH detection was 0.7% and 0.1, respectively, and comparable 

to that of commercial probes, well within the range necessary for cell culture monitoring. 

Lastly, the system was coupled to a bioreactor and tested over 2 weeks. The sensitivity 

and stability of the system was affordable to monitor pH and dissolved oxygen and 

shows potential to be used for monitoring those analytes in cell culture media non-

invasively. 
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CHAPTER I 

INTRODUCTION 

An Overview 

Since astronaut crew time constraints are at a premium, microgravity 

biotechnology experiments on the NASA Space Shuttle and International Space Station 

(ISS) need to be minimized. Thus, compact and automated sensors are desired for 

assessing the health of cells during a bioreactor cell culture experiment. Several key 

metabolic parameters are routinely measured in order to check the health of cells, 

including pH and dissolved oxygen. Changes in these parameters can indicate culture 

growth, metabolism, as well as the problems with cells such as starvation, hypoxia, 

bacterial contamination.  

 Several single-analyte sensors have been developed for pH or dissolved oxygen 

monitoring [1-6]. Most sensors are either optical or electrochemical, or a combination of 

the two. While many single-analyte sensors perform adequately in bioprocess 

monitoring, the use of a multi-analyte sensor can simplify the measurement process by 

providing a single access point (decrease the chance of contamination), a single interface 

(easy data collection), and potentially reduce power consumption of the bioreactor 

system. Moreover, the use of any possible noninvasive sensor will decrease the chance 

of contamination compared to an invasive sensor. 

This dissertation will describe in detail the development of a multi-analyte 

______________________   

This dissertation follows the style and format of Journal of Biomedical Optics. 
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monitoring system specifically designed for pH and dissolved oxygen in cell culture 

media. In terms of sensor development, pH and dissolved oxygen sensitive hydrogel 

microarrays were fabricated via soft lithography. The hydrogel was designed to allow 

mass transfer of the analyte from the surrounding media into the hydrogel where it 

would interact with an analyte sensitive fluorophore which is immobilized within the 

hydrogel structure. In terms of the detection system, a compact optical imaging system 

was developed to capture the fluorescence image from the sensor. The system includes 

an LED as an illumination light source, a CCD camera as a detector, and several optical 

filters to capture wavelength selective fluorescence images. The system was initially 

tested with buffer solution and cell culture media off-line. Finally, the monitoring system 

was coupled to a bioreactor and tested over 2 weeks. 

 

Animal Cell Culture and Bioreactor 

 The first successful animal cell culture was reported by Ross G. Harrison in 

1907 [7]. During several weeks, he studied the growth of nerve tissue from a frog 

embryo. Since then, animal cell culture has been widely used for investigation of cell 

physiology and biochemistry, production of artificial tissue, and production of 

biochemical products such as vaccines, enzymes, antibodies and hormones [8-10]. Use 

of cell culturing has been rapidly enhanced by the progress of genetic engineering [11]. 

 Current efforts in biotechnology to produce transplantable artificial tissues will 

potentially benefit many patients suffering from tissue loss or organ failure [12]. 

Currently, more than 20,000 people receive transplanted organs, however, 6,000 patients 
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died waiting for an organ that did not come [13,14]. Because the supply of various 

organs is limited in the US, less than one half of the estimated 70,000 people in need of 

an organ will ever receive one. In addition, despite continuing advances in medicine and 

biotechnology, the demand for critical organs drastically outways the number of organ 

donors [13]. Hence, cell culture research has been motivated by the fact that organ 

donors are short in demand and mechanical devices cannot perform all of the functions 

of the organ. However, testing is underway on artificial organs such as pancreas, liver 

and kidney. A potential supply of replacement cells and tissues may come out of work 

currently being done with both embryonic and adult stem cells. These are cells that have 

the potential to differentiate into a variety of different cell types. It is hoped that learning 

how to control the development of these cells may offer new treatment approaches for a 

wide variety of medical conditions. 

Cell based Pharmaceutical manufacturing is another field that benefits from 

research in cell culturing. While cultured cells can be used to produce many important 

products, two areas are generating the most interest. The first is the large-scale 

production of viruses for use in vaccine production. These include vaccines for polio, 

rabies, chicken pox, hepatitis B and measles [15-19]. Second, is the large-scale 

production of cells that have been genetically engineered to produce proteins that have 

medicinal or commercial value. These include monoclonal antibodies, insulin, hormones, 

etc [20-22].   

 Bioreactors are widely used for cell cultivation with controlled environmental 

conditions in cell culture procedures. The control of environmental conditions is 
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extremely important for mammalian cell culture. Since the animal cells are grown in cell 

culture media and covered by a phospholipid bilayer containing many kinds of enzymes 

and proteins, small changes in osmotic pressure, pH, hydrodynamic forces and nutrient 

concentrations may cause serious damage to the cells [23]. In addition, the control of the 

concentration of nutrients such as glucose, amino acids and growth factors, byproducts 

such as lactate and ammonia, and gases such as oxygen and carbon-dioxide in the cell 

culture media is essential for maintaining proper cell growth. Bioreactor systems can be 

used to potentially help solve these problems by controlling environmental conditions 

with the use of an on-line monitoring system. The ideal design for a bioreactor would 

allow for control of these parameters automatically in order to optimize cell growth. 

 The National Aeronautics and Space Administration (NASA) biotechnology 

program has used a Rotary Cell Culture System (RCCS) for cell cultivation [24]. The 

bioreactor produces three-dimensional cell culture growth in a ground based simulated 

microgravity environment that decreases the opportunity of cellular damage by 

suspending the cell aggregate within the central region of the bioreactor vessel. This 

microgravity environment allows the cells to use their energy expenditure on growth and 

reproduction rather than repair, resulting in a production of fully developed cells. 

However, current techniques used by NASA to monitor cell culture parameters are 

invasive and cannot be used in a closed-loop system because the sample has to be 

withdrawn from the bioreactor and analyzed with a commercial sensor. This increases 

the chances of contamination, is not appropriate for continuous monitoring, and needs 

manual intervention and consumes media. These are critical drawbacks, especially for 
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the space mission, and therefore a bioreactor equipped with an on-line and noninvasive 

monitoring system to control the cell culture environment is desirable. 

 

Analyte Monitoring of Cell Culture Media 

Monitoring pH 

It has been shown that the changes in the pH of the extracellular cell culture 

environment can affect the performance of the culture [25,26]. Therefore, monitoring 

and regulating the pH of the media is one of the key steps in the success of the 

bioprocess. Physiological pH is optimally 7.0-7.7 within cell culture and differs for 

various cell strains. For instance, some normal fibroblast lines have optimal pH of 7.4-

7.7 and transformed cells have a tendency to do better at 7.0-7.4 [27]. Cell culture media 

usually has some buffering capacity within the solution with the incorporation of 

sodiumbicarbonate. Despite the buffering capacity if the pH decreases or increases out of 

the optimal range it can have adverse effects such as influences on cell proliferation, 

metabolism [28], enzyme activity [29], product yield, and morphology [30,31]. It has 

also been shown that low pH can play a role in tumor initiation [32]. 

For most cell culture purposes, culture media contains phenol red, a pH indicator, 

which ranges in color depending on pH (i.e. orange (pH 7.0) to purple (pH 7.5.)). This 

allows for the subjective determination of pH by an individual engaging in small scale 

cell culture. In a bioreactor, however, pH is determined either off-line through sampling 

or real-time with the use of electrode [33]. The general form of such a sensor is a 

transducer element with a catalyst containing chemistry that provides an electrical signal 
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proportional to the pH. These sensors, however, need frequent recalibration, and are 

generally not compatible with bioreactor experiments because of difficult sterilization 

techniques, limited lifetimes, lack of stability, and binding of proteins to the sensor probe. 

Furthermore, the electrode can be subject to contamination because of the required port 

between the media and air. An alternative technique would be to used an optical sensor. 

Optical pH sensors are more suitable for bioreactor experiments because they use 

noninvasive techniques. They can be broadly classified as absorption and fluorescence 

based. The pH sensitive molecule, either absorptive or fluorescent, is loaded onto a solid 

matrix such as a membrane, sol gel, or using hydrogel technology. pH sensor techniques 

that use an indicator loaded into the matrix, are susceptible to leaching and 

photobleaching of the indicator due to flow conditions and light illumination, 

respectively. Currently, those are the only useful methods for monitoring pH of cell 

culture media not containing phenol red indicator. Many investigators have developed 

fluorescence based pH sensors. For a pH indicator, fluorescein, FITC, 

carboxyfluorescein, coumarin-4, fluorescein sulfonic acid, HTPS, SNARF, or SNAFL 

has been used in the near neutral pH range [34-41]. The pH sensing rage can be 

expanded by a use of multiple indicators sensitive to acidic/neutral/basic solution [42]. 

In this study 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein–dextran conjugate 

(BCECF-dextran) was used as a pH indicator. Standard fluorescein isothiocyanate 

labeled dextran (FITC-dextran) was studied, but proved to photobleach far too quickly to 

produce reliable signal overtime [43]. To remedy this, a modified fluorescein based 

compound (BCECF-dextran) was chosen which has greater photostability than FITC-
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dextran [44]. 

 

Monitoring Dissolved Oxygen 

The monitoring dissolved oxygen concentration throughout the course of any 

cell culture experiment provides valuable information about the metabolism and health 

of the cells. In a self-contained system like a microgravity bioreactor, human 

maintenance is kept to a minimum via a closed system for the delivery of fresh media 

and gasses and the removal of waste media. Optimization of this process requires the 

successful detection and evaluation of important nutrients and waste products. Extreme 

values for dissolved oxygen can hinder cellular functions and if left unchecked can result 

in cell death as a result of anoxia (deficient oxygen) or oxygen toxicity (excess oxygen).  

The commonly used oxygen sensors to date are primarily electrochemical 

sensors based on Clark-type oxygen electrodes [45]. The Clark electrode suffers from a 

variety of limitations including long-term instability, drifts in calibration, flow 

dependence, and susceptibility to electrical interferences when used in bioreactors. 

Optical fiber sensors based on luminescence quenching provide a promising alternative 

to amperometric methods in solving the problems mentioned above. 

Bergman described the first oxygen sensor based on fluorescence quenching in 

1968 [46], which was introduced into the medical field in 1975 [47]. The introduction of 

immobilized indicators was an important landmark in the development of optical sensors 

for continuous monitoring in biological fluids. Due to its great potential for widespread 

application, optical sensing has received much attention and very intensive studies in this 
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field have been carried out [48-51]. Optical oxygen sensors are based on the property of 

molecular oxygen quenching of fluorescence. The fluorescent probe molecules like 

tris(2,2V-bipyridyl)ruthenium(II), tris(1,10-phenanthroline)ruthenium(II), and tris(4,7-

diphenyl-1,10-phenanthroline)-ruthenium(II), which have high quantum yield of 

fluorescence and long fluorescence lifetime, are usually encapsulated in a gas-permeable 

material such as silicone rubber [52-55], silica gels [56], sol-gels [57-60], and polymers 

[61-64], and also incorporated into an optical probe (e.g., optical fiber) tip. Upon 

irradiation of the luminescent molecules by a blue excitation beam, a red fluorescence is 

emitted with a long-lived relaxation due to metal-ligand charge transfer (MLCT) from 

the MLCT-band, which constitutes the lowest excited state to the ground state [65]. In 

the presence of oxygen, the fluorescence is reversibly and quantitatively quenched. 

Reversible quenching of the fluorescent dyes by oxygen has been found to obey the 

Stern-Volmer equation:  

 

][10 Qk
I

I
D+=      (1.1) 

 

where I0 and I are the intensities of the fluorescence in the absence and presence, 

respectively, Q is the concentration of the quencher (oxygen), and kD is the Stern-

Volmer constant.  

Most of the optical oxygen sensors use optical fibers as the probe tip and blue 

light emitting diodes (LED) as the light sources [66]. Some investigators have used glass 

capillaries [67] and radioluminescent (RL) light sources [68] for optical oxygen sensors. 
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Optical fiber based sensors have a similar sensing scheme as electrochemical probes 

because they need a fiber as an “optical wire” that induce the same problems of potential 

for contamination as electrochemical probes. Hence, in this study, chip-type hydrogel 

microarray oxygen sensors were used rather than fiber-type sensors because the sensor 

can be used wirelessly after being embedded into a bioreactor system. 

 

Poly(ethylene glycol) Hydrogels 

In this study poly(ethylene glycol) (PEG) hydrogels were used to make 

microarray sensor structure. PEG is nondegradable, hydrophilic polymer that has been 

widely used as a biomaterial to obtain biocompatibility because of its remarkable 

nonadhesivity towards protein and cells [69]. Typically, PEG has been incorporated onto 

biomaterial surfaces by surface grafting, plasma polymerization, or simple absorption of 

PEG-containing block copolymers [70-75]. Different molecular weight of PEGs could 

be easily converted into acrylates such as PEG diacrylate (PEG-DA), and polymerization 

of acrylated PEG in the presence of light and photoinitiator yields a highly cross-linked 

hydrogel network [76,77]. PEG hydrogels have a high equilibrium water content, which 

provides rapid transport of small molecules through the gel network, and it was 

demonstrated that porosity of PEG hydrogels can be easily altered [78-80]. The aqueous 

environment of PEG hydrogels is suitable for the encapsulation of various biomolecules 

such as proteins, fluorophores, and even whole cells [81-83]. Furthermore, as mentioned, 

PEG hydrogels have been shown to be both biocompatible and nonfouling in complex 

environments [84,85]. Due to these characteristics, PEG hydrogels have been evaluated 
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for in vivo use including implanted sensors, drug delivery devices, and cell 

transplantation [86-89]. In addition, photopolymerized PEG hydrogels served to both 

stabilize and immobilize enzymes, providing a protective environment for enzymes that 

inhibits degradation and fouling [90,91]. The optically transparent nature of PEG 

hydrogels also makes them suitable for various schemes when they are used in optical 

biosensor applications.  

 

Soft Lithography 

Recently, Whitesides and collegues have developed a set of microfabrication 

techniques that is an alternative to photolithography and more suitable for biological 

applications [92,93]. This technique is called “soft lithography” because all methods 

require the use of soft elastomeric materials for pattern transfer and modification in those 

techniques [94,95]. The soft lithography technique includes two common methods for 

micropatterning - microcontact patterning and microfluidic patterning. For microcontact 

patterning, an ink is spread on a patterned poly(dimethyl siloxane) (PDMS) stamp. The 

stamp is then brought into contact with the substrate, which can range from coinage 

metals to oxide layers. The ink is transferred to the substrate where it forms a self-

assembled monolayer that can act as a resist against etching. For microfluidic patterning, 

microchannels are formed by bringing a patterned PDMS mold into conformal contact 

with a substrate. When a drop of solution containing biomolecules is placed on the 

substrate adjacent to the channel opening, capillary forces pulled the fluid into the 

channels and only microliters of solution is required to fill the microchannels. In this 
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study, a modified microfluidic patterning was used to create sensor structure because of 

its simplicity and fidelity to create 3-D structures. A schematic illustration for soft 

lithography including a master fabrication is shown in Figure 1.1 [94]. 
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CHAPTER II 

HYDROGEL MICROARRAY SENSOR FABRICATION 

Introduction 

The soft lithographic method allows easy fabrication of hydrogel structures into 

very small sizes and patterns by the use of an appropriate mask. The fabrication of an 

array of hydrogel structures containing different components on the same substrate 

would require a sequence of injection, exposure and alignment, adding to the complexity 

of fabrication. To overcome these problems, a pin printer (as is used to create gene-

chips) was used to fabricate micron scale hydrogel structures which can be used for 

multi-analyte sensing applications [96,97]. However, the pin printing technique requires 

a modified pin printer which increases the cost for fabrication, and inherently, it is not 

easy to control size and height during fabrication. Hence, a modified microfluidic 

patterning approach was proposed to fabricate a multi-analyte sensitive hydrogel 

microarray to overcome the difficulties of conventional photolithographic techniques.  

The first step, in the modified approach, is fabrication of a master on a silicon 

wafer with several channels with desired width, separation distance, and height. The next 

step is fabrication of PDMS molds with negative channels. After sealing the PDMS and 

substrate, different analyte sensitive agents are injected into different channels to allow 

for spatial separation. Finally, each agent solution is cured by exposure to UV light to 

form a multi-analyte sensitive array. The response of each element of the array can be 

monitored through single images of the sensor array.  

The sensor was characterized in terms of functionality and reversibility. The 
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sensitivity was tested by measurement of intensity changes of each sensing element 

under different analyte concentrations. The reversibility was tested through several 

cycles of analyte concentration. In addition, several sensors were fabricated from a 

single PDMS mold and tested under the same conditions to ensure consistent fabrication 

of the hydrogel microarray. 

 

Experimental Section 

Reagents 

Liquid poly(ethylene glycol) diacrylate (PEG-DA) with an average molecular 

weight of 575, 3-(trichlorosilyl) propyl methacrylate (TPM), 6 N sulfuric acid, n-heptane, 

and dichlorotris (1,10-phenanthroline) ruthenium(II) hydrate were purchased from 

Sigma-Aldrich (St. Louis, MO). 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein 

–dextran conjugate (BCECF-dextran, 70,000 MW) was purchased from Molecular 

probes (D-1880, Carlsbad, California). 2-Hydroxy-2-methyl-1-phenyl-1-propanone 

(Darocur
®
 1173) was obtained from Ciba Specialy Chemicals (Tarrytown, NY). 

Deionized water with a resistance of 18 MΩ⋅cm was used for all aqueous experiments 

(Millipore, Billerica, MA). Poly(dimethyl siloxane) (PDMS) elastomer was purchased 

from Dow Corning Sylgard 184 (Midland, MI), which is composed of a prepolymer and 

curing agent. SU-8 50 negative photoresist and developer was purchased from 

Microlithography Chemical Corp (Newton, MA). Phosphate buffer saline (PBS, 0.1M 

pH 7.4) consisted of 1.1mM potassium phosphate monobasic, 3mM sodium phosphate 

dibasic heptahydrate, and 0.15M NaCl in 18 MΩ⋅cm deionized water. All other 
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chemicals used were commercially available and used without further purification. 

 

Fabrication of a Master and PDMS Replica 

A key component for soft lithography is the PDMS mold. In order to make a 

PDMS mold with microchannels, an SU-8 master was designed and fabricated. As 

shown in Figure 2.1, a chrome sodalime photomask was designed with Autocad

 

(Autodesk Inc., San Rafael, CA) and purchased from Advanced Reproductions (Andover, 

MA). Three microchannels were designed with different channel width and channel 

separation (50, 100, 200 µm). To fabricate the masters, SU-8 50 photoresist was used to 

produce a positive relief of microchannels on silicon wafers (University wafers, Boston, 

MA) through the following procedures. 

 

1. The silicon wafer was dehydrated in an oven at 200 
o
C over 5 minutes. 

2. SU-8 50 was spin-coated on a silicon wafer for 20 seconds at 2000 rpm for 50 

µm thickness (or 1000 rpm for 100 µm thickness). 

3. SU-8 50 was soft baked at 95 
o
C for 20 minutes (30 min. for 100 µm thickness). 

4. The wafer was exposed to UV light through the photomask which had the 

designed microchannel. 

5. SU-8 50 was post baked at 95 
o
C for 5 minutes (10 min. for 100 µm thickness). 

6. The wafer was immersed into the SU-8 developer for 6 minutes (10 min. for 

100 µm thickness) 

7. The wafer was rinsed with isopropyl alcohol (IPA)  
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8. The master was dried with compressed air or N2 

9. The master was hard baked at 150 
o
C for 10 minutes.   

 

Masters were stored at room temperature under a dust free condition. Prior to every use, 

masters were cleaned with 75 % alcohol, dried with compressed air or N2 and inspected 

under a microscope to ensure a flawless surface.  

Once a master was fabricated, microchannels in PDMS were formed by replica 

molding. Figure 2.2 shows a scheme for the rapid fabrication of microchannels in PDMS. 

Replica molding is simply the casting of PDMS precursor against a master and the 

generation of a negative replica of the master in PDMS. PDMS precursor was prepared 

by mixing a PDMS prepolymer with curing agent in a 10:1 ratio by weight as per the 

manufacturer’s instruction. Because of its high viscosity, bubbles were generated during 

mixing and removed by applying vacuum in a vacuum chamber for 5 minutes. This 

mixture was poured (very slowly to avoid bubbling) onto the silicon master placed in a 

petridish and then cured in an oven at 60 
o
C for least 1 hour or 12 hours at a room 

temperature. The replica was peeled off from the master and the master was reused to 

obtain an identical PDMS replica. After several replicas were produced, several holes 

were punched through the PDMS replicas using a 20-guage needle to access the 

microchannels. The punching was performed from the bottom of the PDMS (channel 

surface) to avoid any burrs on the channel inlet/outlet. The PDMS replica was inspected 

under a microscope to ensure flawless microchannel generation. Finally, the PDMS 

replica was rinsed with deionized water, cleaned with 75% alcohol, dried with 
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compressed air/N2, and then stored at room temperature until required further 

experiments.  

 

Functionalization of the Substrate 

The modification of glass slides with TPM was performed using a standard 

protocol for silane surface modification [98]. A detailed procedure is described below: 

 

1. Cut glass slides to desired sizes. 

2. Place glass slides into a “piranha” solution consisting of a 3:1 ratio of H2SO4 

and H2O2 (caution: this mixture reacts violently with organic materials and 

must be handled with extreme care). 

3. Wait 5 hours to clean glass surfaces. 

4. Pick up one or two slides, rinse off acid with deionized water, check for 

water beading indicating a hydrophobic surface. 

5. Leave slide in solution for a few more hours if water does not bead. 

6. Rinse all remaining slides several times with deionized water to remove any 

acid solution. 

7. Place glass slides into a 1M NaOH solution individually to coat both sides of 

each slide 

8. Wait 5-12 hours for silanization. 

9. Rinse slides several times with deionized water to remove any NaOH 

solution (water should spread out (not bead) because of hydrophilic surface). 
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10. Rinse slides several times with ethyl alcohol to remove any water. 

11. Prepare a 1mM solution of TPM in a 4:1 ratio of heptane-carbon 

tetrachloride. 

12. Drop each slide into the TPM solution individually. 

13. Wait 5 minutes to allow TPM to form a single layer on the surface. 

14. Rinse each slide individually with ethyl alcohol and then deionized water. 

15. Water should bead very well because of a hydrophobic surface. 

16. Dry each slide with compressed air or N2. 

17. Store each slide under a dust free condition. 

 

Fabrication of PEG Hydrogel Microstructures 

Hydrogel microstructures were prepared from PEG-DA (MW 575) and 2-

Hydroxy-2-methyl-1-phenyl-1-propanone (Darocur
®
 1173), which was used as a 

photoinitiator. Chemical structures of these two chemicals are shown in Figure 2.3. After 

functionalization of the microscope glass slide with TPM, the PDMS replica with six 

microchannels was placed on the glass side and then dehydrated in an oven at 60 
o
C for 

24 hours to seal the microchannels. Precursor solution consisting of PEG-DA (60% v/v), 

photoinitiator (2% v/v), and deionized water (38% v/v) was then injected into each 

microchannel with a 20-gauge syringe needle. For an array fabrication, a photomask, 

previously used for master and PDMS fabrication, was placed on a modified microscope 

stage. As depicted in Figure 2.4, a microscope was modified with an optical system to 

have collimated the UV light for uniform exposure throughout the photomask. In short, 



 18 

the fiber tip of UV light source was clamped by a fiber holder, a collimating lens (f = 50 

mm) was placed in front of the fiber, a flat glass mirror was placed under a microscope 

stage for beam reflection, and the microscope stage was fabricated to have larger 

illumination area covered with rubber to prevent the mask from slipping. A schematic 

diagram for fabrication of the microarray is shown in Figure 2.5. In detail, the PDMS 

replica on a glass slide was placed on the photomask and aligned under the microscope 

such that the microchannels of the PDMS were perpendicular to channels on the 

photomask. The hydrogel microarray was formed by exposing the precursor solution to 

UV light (EFOS Ultracure 100SS Plus, Ontario, Canada) for 2 seconds. Finally, the 

PDMS replica was removed quickly and the remaining unpolymerized hydrogel 

precursor solution was removed by rinsing with deionized water. The hydrogel 

microarray was stored in a buffer solution (PBS 0.1 M, pH 7.0) to avoid dehydration of 

the microarray. The hydrogel microarray sensor was characterized under a microscope 

(Leica DMLM, Leica Microsystems Inc, IL). A physical inspection was performed with 

bright field images. Reproducibility of the sensors was tested by fabrication of multiple 

sensing arrays from a single PDMS replica. 

 

Characterization of Multi-analyte Sensitive Hydrogel Microarray Sensor 

 In order to fabricate a multi-analyte sensitive microarray, two different precursor 

solutions were prepared. For the pH sensitive elements, the precursor solution was made 

by mixing PEG-DA (60% v/v), photo-initiator (2% v/v), BCECF-dextran solution at 2 

mg/mL concentration (10% v/v), and deionized water (28% v/v). For the oxygen 
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sensitive elements, the precursor solution was made by mixing PEG-DA (60% v/v), 

photo-initiator (2% v/v), ruthenium complex solution at 5 mg/mL concentration (2% v/v), 

and deionized water (36% v/v). The ruthenium complex solution was previously made 

by dissolving dichlorotris (1,10-phenanthroline) ruthenium(II) hydrate power into a 

4:1(v:v) mixture of methanol and toluene to a 5 mg/mL concentration. Precursor 

solutions were injected into different microchannels to generate spatially separated 

sensing elements. Photopolymerization was then performed in same manner as described 

previously.  

 In order to test functionality of the microarray sensor, the sensor was immersed 

in a series of sample solutions, and fluorescence images were captured under a 

microscope by a CCD camera. A tungsten-halogen light source was used with a band 

pass filter (λcenter = 470 nm, λFWHM = 20 nm) for excitation and a 500 nm cut-off long-

pass filter was used to capture the fluorescence image. Four different buffer solutions 

(PBS 0.1M) with either pH 6.0 or pH 8.0 and either 0% or 21% dissolved oxygen were 

prepared by adding HCl/NaOH and bubbling air/N2 continuously. Each sample was 

placed under the microscope and the sensor was immersed in the sample. There was at 

least a 10 minute delay between each test because it was expected that the response time 

of the sensor would be limited by natural diffusion of analyte within the hydrogel 

structure. A target element was selected and aligned at the center of the microscope view 

to insure consistent exposure to the sensor array. In addition, reproducibility of the 

sensor was tested by fabrication of multiple sensors from a single PDMS replica. The 

test was performed by immersing multiple sensors in a sample solution, aligning each 
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target element at the center of microscope view, and collecting image data. 

 

Results and Discussion 

Fabrication of a Master and PDMS Replica 

In order to fabricate the PDMS replica, the SU-8 master was fabricated with 

desired channel width and height. SU-8 is an epoxy based negative photoresist. Upon 

exposure to UV light, cross-linking proceeded in two steps: formulation of a strong acid 

during the exposure, followed by acid-initiated, thermally driven, epoxy cross-linking 

during the post exposure bake [99]. Therefore, when SU-8 coated silicon wafers are 

exposed to UV light through the photomask, only exposed regions are cross-linked and 

become insoluble to developer solution. The height of structure can be controlled 

through the spin coating speed as well as the use of different viscosities of SU-8. 

Generally, to fabricate thicker/thinner structures, the use of SU-8 with higher/lower 

viscosity is required. The specific product name used for this study is SU-8 50 which has 

a viscosity of 12250 cSt and is able to generate 40 ~ 100 µm thicknesses with 3000 ~ 

1000 rpm spin coating, respectively. Figure 2.6 shows an example of a master, used for 

this study, which has 100 µm channel width, 100 µm channel separation, and 50 µm 

channel height. The structure of SU-8 was chemically/physically stable and could be 

used many times without degradation in shape. 

After the fabrication of masters, microchannels in PDMS were formed using 

replica molding by casting of PDMS precursor against a master. To form enclosed 

channels, PDMS was sealed to the glass slide by dehydration. Figure 2.7 shows an 
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example of PDMS placed on a glass slide. The seal between the PDMS and the glass 

slide was sufficiently strong so that the two substrates could not slide easily and could 

withstand injection pressure without leakage of flow. However, PDMS was easily peeled 

off from the glass slide with moderate force and without leaving any PDMS residue on 

the substrate. Therefore, we were able to use a single PDMS numerous times without 

functional degradation or deformation. In addition, we were able to observe 

microchannels inside the PDMS with an optical microscope and easily align the 

channels to the photomask since PDMS is optically transparent to visible light. 

 

Functionalization of the Substrate 

Without an adhesion promoting monolayer, even though microstructures could 

be developed, surface attachment was weak and array elements easily delaminated upon 

hydration due to swelling of the cross-linked hydrogel structure. To prevent delamination, 

a self assembled monolayer of TPM on the glass substrate was used to create a reactive 

surface onto which the hydrogel was covalently affixed during photopolymerization. The 

treatment of glass surface with chlorosilanes or alkoxysilanes is a commen and effective 

way to form self-assembled monolayers [100,101]. From testing several sensor 

fabrications, it was determined that sensors were firmly affixed to the glass substrates 

and did not detach from slides under fast sample flow, slight scratching, or swelling due 

to hydration, which ensures strong covalent bonding between the hydrogel structure and 

the glass substrate.  
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Fabrication of PEG Hydrogel Microstructures 

The formation of hydrogel structures from PEG-DA was based on the UV 

initiated free-radical polymerization of acrylate end groups on the PEG-DA and substrate 

[80]. As shown in Figure 2.8, the photoinitiator used in this study, was dissociated upon 

exposure to UV light, creating highly reactive methyl and benzaldehyde radicals, which 

then attack the carbon double bond (C = C) of acrylate on the macromer, thus initiating 

free radical polymerization. Since two reactive centers per macromer are created, 

propagation results in the formation of a highly cross-linked PEG structure. This 

structure produces three-dimensional insoluble structures, capable of entrapping sensing 

agents. The methacrylate surface (TPM modification) of substrates will also take part in 

the polymerization because it contains an unsaturated carbon double bond. Methacrylate 

groups on the surface of substrates react with radicals near the surface to effectively 

anchor the hydrogels to the surface of the glass substrates. Thus, delamination or 

detachment of PEG hydrogel structure from the substrate was significantly reduced. 

Hydrogel microarrays were fabricated with a soft lithographic technique. Figure 

2.9 shows an array of hydrogel structures. Clearly defined three-dimensional structures 

with no residual polymer remaining on the substrate were observed. The Figure also 

shows a very smooth surface without any visible defects in the polymer network. In 

addition, under bright field images, no difference was observed visually between 

elements containing agent and elements with PEG only.  
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Characterization of Multi-analyte Sensitive Hydrogel Microarray Sensor 

It is well known that BCECF-dextran and dichlorotris (1,10-phenanthroline) 

ruthenium(II) hydrate are reversibly sensitive to pH and dissolved oxygen in a solution, 

respectively [102,103]. The chemical structures and absorption/emission spectra are 

shown in Figure 2.10. Both agents absorb blue light and emit different intensities of 

green or red fluorescence light depending on pH or dissolved oxygen changes, 

respectively. Hence, we were able to use a single light source for excitation and use 

single optical filter (500 nm cut-off longpass filter) for fluorescence detection, resulting 

in an uncomplicated detection system. 

To be used as an analyte sensitive sensor, the hydrogel structure must stably 

encapsulate each agent within the structure without leakage of agent or obstruction to the 

target analyte. After the fabrication of the hydrogel microarray sensor with two different 

agents, the sensor was placed in several sample solutions with different analyte 

concentrations. As shown in Figure 2.11, the BCECF immobilized element shows 

different intensity at pH 6.0 and pH 8.0, regardless of dissolved oxygen level. The 

ruthenium complex immobilized element shows different intensity at 0% and 21% 

dissolved oxygen level, regardless of pH. This test was repeated several times to 

examine the reversibility of the sensor and similar images were obtained to reveal that 

the reversibility of each agent was not affected by immobilization. Any significant 

leaching or bleaching of the agent was not observed throughout the experiment.  

One important problem for multi-analyte sensitive sensors will be the potential 

cross-effect between sensors. If there are any effects due to the concentration changes of 
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one analyte in sensor elements that are designed to be sensitive for other analytes, there 

could be large errors when the sensor is used for quantification of analytes. However, 

even though no visible cross-effect was observed, the cross-effect can not be determined 

with this study because it requires a reliable detection system. This will be discussed in 

other chapters. From these results, it was confirmed that analyte sensitive agents were 

successfully immobilized into the hydrogel structure without loosing their functionality. 

 

Conclusion 

This chapter described the fabrication technique of a PEG hydrogel microarray 

using modified soft lithography that has potential applications in multi-analyte 

biosensing. Construction of a master slide on a silicon wafer was performed by using a 

commercially available SU-8 protocol and this pattern was transferred into a PDMS 

mold. Sandwiching this mold onto a silica wafer created microchannels that were filled 

with a PEG polymer precursor solution. Using a customized UV curing system portions 

of the channels were selectively polymerized using a mask placed orthogonal to the flow. 

This process provided a very accurate method for generating sensing arrays on the 

micron level. Using this method it is not only possible to construct large uniform arrays, 

but arrays that contain multiple sensing elements. The ability to construct multiple 

sensing elements on a single small array is paramount to the realization of the project 

goal of creating an indwelling multi-analyte sensor for automated cell culturing.  
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CHAPTER III 

FLUORESCENCE IMAGING SYSTEM FOR THE HYDROGEL  

MICROARRAY SENSOR 

Introduction 

 Most fluorescence sensors convert concentration of the target to fluorescent 

intensity by applying it to a pre-calculated calibration model. In order to predict analyte 

concentration with a sensor, a stable and reliable sensing system is required because a 

systemic error or variation can cause a tremendous prediction error.  

The detection system used for this study can be divided into two parts: 

illumination and image detection. An LED was used for illumination and a CCD camera 

was used for image detection. Both electrical products are temperature sensitive. Heating 

or cooling changes the electrical conductivity of certain parts inside the equipment 

causing systemic error or noise. In order to characterize the custom imaging system, 

sensing arrays were created as per the procedure describe in Chapter II. Both temporal 

and spatial uniformity of the illumination light source and detector were tested. In 

addition, spatial uniformity of the sensor array was tested using the optical system. The 

following chapter describes the methods and results obtained while engineering and 

constructing the custom optical imaging system.  
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Experimental Section 

Reagents and Equipment 

 All the chemicals used for fabrication of master, PDMS replica, and hydrogel 

sensors were described in chapter II. They were commercially available, and used 

without further purification. A monochrome CCD camera with 10-bit dynamic rage and 

1392×1040 pixels was purchased from Hitachi (KP-F100B, Hitachi Kokusai Electric 

America, Woodbury, NY). A blue LED with 7
o
 half intensity beam angle (λpeak = 470 nm, 

λFWHM = 40nm) was obtained from Opto Diode Corp. (Newbury Park, CA) and served as 

an excitation light source. A digital power supply (HP, Palo Alto, CA) was used for 

precise control of the LED. Three optical filters were used, one for illumination (λcenter = 

470 nm, λFWHM = 20 nm), one for blocking illumination light (500 nm longpass), and 

one for fluorescence emission (λcenter = 560 nm, λFWHM = 100 nm). All filters were 

purchased from Chroma Technology Corp (Rockingham,VT). A quartz flow cell (face 

detachable) with 2 mm pathlength (Starna Cells, Atascadero, CA) was used as a sample 

chamber and sensor holder. Other components included an optical power meter 

(Coherent Inc., Santa Clara, CA) PVC tubing (VWR, West Chester, PA), peristaltic 

pump (VWR), one-way check valve and luer fittings (Value Plastics Inc., CO). 

 

Hydrogel Microarray Fabrication 

The PEG-based pH and oxygen sensor was constructed using a modified 

procedure to bind PEG hydrogels to glass substrate. The detailed fabrication method was 

described previously in chapter II. In short, the hydrogel arrays were patterned photo 
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lithographically with PEG-DA on to glass substrates. To prepare the substrates for the 

hydrogel microstructures, an oxidized surface was created by using a sulfuric acid wash 

for 4 hours, followed by a sodium hydroxide 1 M wash for at least 4 hours. The oxidized 

glass was treated with 3-(trichlorosilyl)propyl methacrylate (TPM) in a hexane and 

carbon tetrachloride mixture (3:1). In this study, single analyte sensitive sensors were 

fabricated for uniformity tests. Two different precursor solutions were prepared for each 

analyte. For the pH sensitive sensor, the precursor solution was made by mixing PEG-

DA (60% v/v), photo-initiator (2% v/v), BCECF-dextran solution at 1 mg/mL 

concentration (10% v/v), and water (28% v/v). For the oxygen sensitive sensor, the 

precursor solution was made by mixing PEG-DA (60% v/v), photo-initiator (2% v/v), 

ruthenium complex solution at 5 mg/mL concentration (2% v/v), and water (36% v/v). 

The concentration of each fluorophore was previously determined to have similar 

fluorescence dynamic range under experimental conditions. The volume ratio of PEG-

DA and photoinitiator was kept constant to ensure identical hydrogel structure for each 

sensor. The PDMS made using the above procedure was affixed to the treated glass slide 

and allowed to dehydrate for 24 hours. Precursor solution was injected into three 

microchannels and cured by UV light (EFOS Ultracure 100SS Plus) that was projected 

through the chrome photomask for 2 seconds (300 mW/cm
3
, λpeak = 365 nm) to form 

single analyte sensitive hydrogel arrays. After curing, the PDMS replica was removed 

from the glass slide and the slide was washed to remove uncured solution. The final 

sensor contained identical 3×3 arrays. The excess glass surrounding the array was 

removed by cleaving to reduce the size of the final sensor. 
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Fluorescence Imaging System 

An optical detection system was designed to capture the fluorescence image of 

the sensor array. As depicted in Figure 3.1, a blue LED was used as the illumination 

source for the sensor array. The LED was powered by a digital power supply for an 

accurate voltage control. A custom designed heat sink was made for the LED as per the 

manufacturer’s recommendation. Since the LED spectrum is too broad for fluorescence 

applications, a bandpass filter (λcenter = 470 nm, λFWHM = 20 nm) was placed in front of 

the LED to shorten the spectral range. A lens with a 50 mm focal length was used to 

focus the light onto the sensor. As shown in Figure 3.2 (side view of the flow cell), a 

quartz flow cell (face detachable) with a 2 mm pathlength was used as a sample chamber 

and sensor holder. A silicon bumper was made by cutting a short (~3 mm) silicon tube in 

half to hold the sensor array in the flow cell. The bumper was narrow enough so as not to 

block the sample flow. The flow cell was then mounted on an xyz-positioner for easy 

and fast alignment and focusing. A rotation stage was mounted vertically on the 

positioner to compensate for any tilting of the sensor array. The flow cell was connected 

to a peristaltic pump for sample perfusion. The flow direction was set from bottom to top 

of the flow cell for easy bubble removal. A one-way check valve was placed between the 

pump and the flow cell to avoid a backflow. A microscope objective lens (10X) was used 

to focus the sensor image onto a CCD camera. A 500 nm cut-off longpass filter and a 

bandpass filter (λcenter = 560 nm, λFWHM = 100 nm) were used to remove the excitation 

light. The CCD camera was connected to a PC, controlled by EPIX
®
 program (EPIX Inc., 

Buffalo Grove, IL) and all captured images were imported to MATLAB
®
 (Natick, MA) 
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for further analysis. 

 

Characterization of the Imaging System 

In order to characterize the imaging system, several tests were performed. For 

stable illumination of the sensor the LED was tested by measuring the intensity using an 

optical power meter. The power supply was set to voltage control mode for a constant 

voltage input. The test was performed twice at 3 V and 3.5 V input to the LED. In 

addition, the temperature of LED was monitored using a digital thermometer. There was 

a 2 hour cooling time for the LED cooling test. The beam uniformity was tested by 

capturing blank images without the sensor. In order to increase the beam uniformity, a 

diffusion film was placed in front of the flow cell. In a previous study it was observed 

that the temperature of the CCD camera was increased after electricity was supplied. 

Temperature stability of the camera was tested by capturing images every three minutes 

for an hour at various temperatures.  

 

Spatial and Temporal Uniformity of the Sensor 

For the spatial uniformity test, two different sensors were fabricated with either 

pH or oxygen sensitive agent. Each sensor set includes a 3×3 array and each element has 

100 µm width and 100 µm channel separation. After placing each sensor in the flow cell, 

a buffer solution (PBS 0.1M pH 7.0) was prepared and continuously flowed through the 

flow cell by a peristaltic pump. Compressed air was bubbled into the solution to keep the 

dissolved oxygen level at 21%. The oxygen level was confirmed by a commercial 
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oxygen sensor and pH was confirmed by a commercial pH sensor. As shown in Figure 

3.3, the pH sensor was aligned to have the center element positioned at the center of the 

camera image. The sensor image was captured and the sensor position was moved either 

up, down, right or left by 100 µm. This movement was performed easily by the scaled 

xyz-positioner. Another image was captured after movement. This step was repeated 

until the last element was positioned at each corner. A total number of 25 (5×5) images 

were collected. Each image was cropped to contain 9 elements (3×3) resulting in an 

image size of 50 by 50 pixels (total 2500 pixels). The average intensity value and 

standard deviation within each element was calculated. The same test was performed 

after the pH sensor was replaced by an oxygen sensor. 

 

Results and Discussion 

Characterization of the Imaging System 

 Unlike typical LEDs, the high powered LED (1200 mW energy dissipation at 

300 mA, 25 
o
C) used for this study generates significant heat while being powered. After 

supplying electricity to the LED, as shown in Figure 3.4, the temperature of the LED, 

current, and intensity were increased. However, all parameters were stable after 20 min. 

and 12 min. in the case of 3 V and 3.5 V inputs, respectively. Faster stabilization was 

observed at higher voltage input because more energy was dissipated from the LED. The 

stabilized values of temperature, current, and intensity were 26.1 and 33.5 
o
C, 75 and 

411 mA, and 5.18 and 19.8 µW at 3 and 3.5 V input, respectively. Afterwards, based on 

this result, there was at least 30 minutes of stabilization time for the LED before each 
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experiment. Once stabilized, the intensity of LED remained constant without any 

fluctuation or drift over two weeks. 

Since the LED beam profile is typically not uniform, the beam focusing lens 

was adjusted (defocused) to have a maximized uniform beam on the sensor rather than 

focusing the beam on the sensor. In order to increase the beam uniformity, a diffusion 

film was placed in front of the flow cell. The filter, used for the LED, was removed 

during the test because the imaging system was designed to capture a fluorescence image 

rather than the LED. Figure 3.5 shows the results from the beam uniformity test. Without 

a diffusion film, the beam profile was heavily gradient to the center. There was about 

6.8 % intensity difference between the center area and the side area. After using the 

diffusion film, overall intensity was dropped due to more absorption/scattering by the 

diffusion plate, but the beam uniformity was enhanced by 3.5 % intensity difference. It 

was quite difficult to get a uniform beam with the current optical setup. However, this 

problem can be solved by relative measurement or background subtraction as long as 

temporal stability is confirmed.  

The CCD camera is also temperature sensitive. As shown in Figure 3.6, as 

temperature increases, the standard deviation of multiple pixel values (cropped from 

center of CCD with 500×500 pixels) was increased. After around 30 minutes, the signal 

and the temperature of the camera were stabilized. A CCD chip works by converting 

incoming photons of light into electrons, which are stored in the pixels and later 

converted to a digital signal. However, it turns out that electrons are not only produced 

by photons of visible light that strike the CCD chip. This phenomenon is called “dark 
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noise” caused from electrons that are generated in the absence of light, as a result of heat 

produced by the CCD chip itself. These electrons create hot pixels which increase in 

intensity over the exposure duration, and which can be minimized by consistent cooling 

of the CCD chip. Even though many cooled CCD cameras are commercially available 

they can not be used for this application because the ultimate goal of this system is for it 

to be operated inside of an incubator at human body temperature with high humidity 

intended for optimal cell growth. A cooled CCD camera at high temperature or high 

humidity can cause significant water condensation which can cause malfunction or 

serious damage to the camera. However, average intensity was consistent over the 

experimental conditions which makes the CCD camera an acceptable option for this 

application. 

 

Spatial and Temporal Uniformity of the Sensor 

 In order to ensure spatial uniformity of the sensor array, pH or oxygen sensitive 

microarrays with nine (3×3) identical elements were fabricated and each element was 

placed at a different position. It is well known that fluorescence intensity is proportional 

to the excitation light intensity. Therefore, it was expected that one target element would 

show a different fluorescence intensity at a different location, even at the same analyte 

concentration, because the beam profile was not uniform. Table 3.1 shows the intensity 

variation of pH sensitive elements at different locations. Even though there was variation 

at different locations, the intensities of nine elements at the same location was identical, 

which supports the fabrication consistency. This test was performed with a pH sensor as 
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well as oxygen sensor and similar results were obtained. As a result, the soft lithographic 

technique used to fabricate the multi-analyte sensitive hydrogel microarray yielded 

spatial/temporal consistency and shows the potential to be used for quantification of 

analyte concentration from fluorescence intensity.  

 

Conclusion 

In this chapter the optical system that was constructed to image the entire 

sensing array was described and data was provided that confirmed its functionality in 

terms of clarity of image and uniformity of illumination. The illumination of the sensing 

array was especially problematic optically due to the conical nature of the LED output. 

The system was sensitive to temperature but it was consistent once stabilized. A typical 

diffusion film enhanced beam uniformity and the data provided showed some uneven 

illumination across the imaging plane, however, it did not directly impact the overall 

results from the sensor. One possible way to eliminate this problem in the future is to use 

a uniform light source such as an LED backlight panel. However, it was not appropriate 

to use for this application because of spectral range mismatch and low intensity. Overall, 

the custom optical system performed very well and is capable of adequately collecting 

the data necessary for quantification of analyte concentration across multiple sensing 

elements. 
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CHAPTER IV 

DISSOLVED OXYGEN AND pH SENSING WITH A HYDROGEL 

MICROARRAY SENSOR 

Introduction 

Previous research groups have shown that sensing using single element arrays 

and large single slab sensors are capable of measuring dissolved oxygen and pH using 

buffered solution with good accuracy [104]. The long term stability of these sensors has 

also been shown to be well within the limits of a standard cell culturing experiment. In 

this chapter a novel sensing array which contains two independent sensing elements is 

described and tested in both aqueous buffer and commercially available cell culture 

media using the custom optical imaging system described in chapter III. A calibration 

model for each analyte was obtained by measuring fluorescence intensity in a solution 

doped with a random concentration of each analyte. The validation was performed in the 

same manner as the calibration step and the performance was characterized using a 

standard error of calibration (SEC) and a standard error of prediction (SEP). In addition, 

the response time of the sensor was tested under rapid concentration changes for each 

analyte. A relatively slow response of the sensor was expected because the local 

concentration change within the sensing element was based on natural diffusion which is 

typically slow. 
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Experimental Section 

Reagents 

Minimum essential medium (MEM) without phenol red were purchased from 

Sigma-Aldrich (St. Louis, MO). Penicillin-streptomycin and fetal bovine serum was 

purchase from Gibco (Carlsbad, CA). All the chemicals used for fabrication of master, 

PDMS replica, and hydrogel sensors were described in chapter II. They were 

commercially available, and used without further purification. 

 

Hydrogel Microarray Sensor Fabrication 

Autocad
®
 was used to devise a pattern of 6 parallel microchannels 100 µm wide 

and 100 µm apart. This pattern was then patterned to a chrome-quartz photomask by 

Advanced Reproductions. SU-8 50 was spin-coated (2000 rpm) onto a silicon wafer and 

the wafer was cured through the photomask using long-wavelength UV to create a 

pattern on the silicon wafer with 50 µm height (based on manufacturer’s instruction 

table). A PDMS mold containing microchannels (inverse of the pattern on the silicon 

wafer) was created by curing a 10:1 mixture of PDMS prepolymer and curing agent 

against the SU-8 50 patterned silicon. This mold was cured for 24 hours at 60 
o
C, 

removed, and extensively washed with water and 75% alcohol. Holes were punched on 

each side of the microchannels using a 20-gauge needle to create inlet ports. 

The PEG-based pH and oxygen sensor was constructed using a modified 

procedure to bind PEG hydrogels to glass substrate. In short, the hydrogel arrays were 

patterned photolithographically with PEG-DA on glass substrates. To prepare the 
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substrates for the hydrogel microstructures, an oxidized surface was created by using a 

sulfuric acid wash for at least 4 hours, followed by a sodium hydroxide 1 M wash for at 

least 4 hours. The oxidized glass was treated with 3-(trichlorosilyl)propyl methacrylate 

(TPM) in a hexane and carbon tetrachloride mixture (3:1) to form a self assembled 

monolayer (SAM) with pendant methacrylate groups. Two different precursor solutions 

were prepared for each analyte. For the pH sensitive elements, the precursor solution 

was made by mixing PEG-DA (60% v/v), photo-initiator (2% v/v), BCECF-dextran 

solution at 1 mg/mL concentration (10% v/v), and water (28% v/v). For the oxygen 

sensitive elements, the precursor solution was made by mixing PEG-DA (60% v/v), 

photo-initiator (2% v/v), ruthenium complex solution at 5 mg/mL concentration (2% v/v), 

and water (36% v/v). The concentration of each fluorophore was previously determined 

to have similar fluorescence dynamic range under experimental conditions. The volume 

ratio of PEG-DA and photoinitiator was kept constant to ensure identical hydrogel 

structure for each sensor element. Both precursor solutions were mixed with a vortex 

mixer. The PDMS made using the above procedure was affixed to the treated glass slide 

and allowed to dehydrate for 24 hours. Precursor solution was injected into each 

microchannel and cured by UV light (EFOS Ultracure 100SS Plus) that was projected 

through the chrome photomask for 2 seconds (300 mW/cm
3
, λpeak = 365 nm) to form 

hydrogel arrays. After curing, the PDMS replica was removed from the glass slide and 

the slide was washed to remove uncured solution. The final sensor contained 2 arrays 

with 3 elements in each, allowing for the measurement of two independent chemicals in 

triplicate. The excess glass surrounding the array was removed by cleaving to reduce the 
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size of the final sensor. 

 

Optical Imaging System 

An optical detection system, describe in chapter III, was used to capture the 

fluorescence image of the sensor array. In short, a blue LED (λpeak = 470 nm, λFWHM = 

40nm) served as the illumination source for the sensor array. An optical bandpass filter 

was used as an excitation filter and a lens (f =50mm) served to focus the light on the 

sensor. A quarts flow cell with 2 mm pathlength was used as a sample chamber and 

sensor holder. The sensor was placed inside the flow cell and sample solutions were 

pumped over the sensor by a peristaltic pump. A microscope objective lens (10X) was 

used to focus the fluorescence image onto a monochrome CCD camera. A 500 nm cut-

off longpass filter and a bandpass filter (λcenter = 560 nm, λFWHM = 100 nm) were used to 

remove excitation light. The CCD camera was controlled by a PC and all captured 

images were stored for data analysis. The voltage supply to the LED was set to 3.0V - 

90mA to minimize photobleaching. The exposure time for all images was 2 seconds. 

 

Characterization of the Hydrogel Microarray Sensor with Buffer Solution 

As depicted in Figure 4.1, phosphate buffered saline solution (PBS, 0.1M) was 

placed into a beaker and a pH meter (Thermo, Waltham, MA) and a standard Clark 

electrode oxygen sensor (MI-730, Microelectrodes, Bedford, NH) were used to 

externally monitor pH and O2. The commercial oxygen sensor was calibrated at the start 

of the experiment using two water standards; nitrogen gas (0% O2) and air (21% O2). 
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The commercial pH meter was calibrated with standard buffer solutions. To build the pH 

calibration model, pH was changed (pH 5.8 ~ 8.2) by adding acid/base in the solution 

while dissolved oxygen level was kept at 21% with continuous bubbling of air. The 

fluorescence image was captured and readings from the pH/oxygen electrode sensors 

were recorded. This step was repeated at 0% dissolved oxygen level. To build the 

oxygen calibration model, the oxygen level was changed (0~21%) by bubbling air/N2 in 

the solution while the pH was kept at 6.0. The fluorescence image was captured and 

readings from the pH/oxygen electrode sensor were recorded. This step was repeated at 

pH 7.0 and pH 8.0, respectively. For validation, a table was made to have 20 spiked pH 

(6.0~8.0) and dissolved oxygen (3~21%) values with zero correlation. The pH and 

dissolved oxygen level of the solution was adjusted to follow the spiked sample table. 

Data was collected similarly for each pH and oxygen level.  

 

Characterization of the Hydrogel Microarray Sensor with Cell Culture Media 

In order to test the feasibility of the sensor to be used for real cell culture media 

during a bioprocess, another test was performed with cell culture media (typically used 

for mammalian cell culture). With the same experimental setup describe in the previous 

section, the buffer solution was replaced by minimum essential media (MEM) without 

phenol red, supplemented with 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.1 mM 

non-essential amino acids, 1.0 mM sodium pyruvate, antibiotics, and fetal bovine serum 

(10% v/v). A phenol red free media was chosen to avoid absorption variation due to 

color change of phenol red. Calibration and prediction data for MEM were collected in 
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the same manner as described in the previous section. 

 

Sensor Response Time and Stability  

Sensor response time was measured by continuous data collection during a rapid 

concentration change of each analyte. Sensor stability was tested by using a single 

sensor during the study. Between each experiment, the sensor was stored in a buffer 

solution under light tight conditions. All experiments were performed at constant room 

temperature. The sensor was sterilized with 75% alcohol prior to each experiment. 

 

Results and Discussion 

Characterization of the Hydrogel Microarray Sensor with Buffer Solution 

To evaluate the sensor’s sensitivity to each analyte of interest, the sensor was 

tested in buffer solutions with various pH/O2 levels. For the pH sensor calibration, pH 

was gradually increased and decreased at a constant dissolved oxygen level and repeated 

for different constant dissolved oxygen levels. For the oxygen sensor calibration, 

dissolved oxygen was increased and decreased at a constant pH and was repeated at 

different constant pH values. Figure 4.2 shows the sensor response to pH and Figure 4.3 

shows the sensor response to dissolved oxygen from the calibration data. Both sensors 

show sensitivity, repeatability and reversibility. Moreover, any strong evidence of 

optical/chemical cross-talk between sensors was not found. One major concern in 

fluorescence-based sensing is the photobleaching effect which is a permanent or semi-

permanent destruction of the luminescent properties of the fluorescent probe. The 
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fluorescent emission of BCECF-dextran and ruthenium complex were stable under LED 

exposure during the experiment. Within the tested pH range (pH 5.8~8.2), no additional 

leaching (due to different degrees of swelling at different pH) was observed. Figure 4.4 

and 4.5 show the calibration models for pH and oxygen, respectively. The pH sensor 

shows a sigmoidal response to pH which is nearly identical to free BCECF in solution 

[105]. A 3
rd
 order polynomial fitting was applied to build the pH calibration curve. 

Within the tested pH range, 3
rd
 order polynomial fitting successfully traced the pH 

sensor response (R=0.9989). Linear regression was applied to build the oxygen 

calibration model which agrees with the Stern-Volmer quenching model at low 

concentration (R=0.9969). For the prediction data, the intensity was applied to the 

calibration model and pH/O2 was predicted and compared to the commercial electrode 

sensor reading. Figure 4.6 and 4.7 show the sensor response from the spiked sample data 

to pH and O2, respectively. Both sensors show good sensitivity within the range of 

interest and show good agreement between the sensor and the commercial probe. 

Moreover, prediction plots of pH/O2 sensors (Figures 4.8 and 4.9) show that both sensors 

are precise and unbiased. The standard error of calibration (SEC) and the standard error 

of prediction (SEP) were calculated as follows: 
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Where ci is the actual analyte concentration of the i
th
 sample in the calibration data set, ĉi 

is the predicted analyte concentration, Nc is the total number of calibration data sets, yi is 

the actual analyte concentration of the i
th
 sample in the prediction data set, ŷi is the 

predicted analyte concentration, and Ny is the total number of prediction data sets. Table 

4.1 shows the prediction results of pH and oxygen based on the fluorescence image from 

the spiked sample. Standard error of prediction (SEP) was 0.07 units for pH and 0.64 % 

for dissolved oxygen. Error sources include the response time of the sensor and/or delays 

in the flow-through system between the water bath and sensor array and differences 

between local pH/oxygen in the sensor and in the sample chamber because spiked 

sample testing requires rapid changes of pH or dissolved oxygen. 

 

Characterization of the Hydrogel Microarray Sensor with Cell Culture Media 

The sensor was tested in cell culture media to verify that the sensor can be used 

for bioprocess monitoring. Typically, cell culture media includes phenol red to monitor 

pH with color change. Since the excitation light passes through the media before the 

sensor array, a phenol red free media was used to avoid absorption variation from the 
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cell culture media. Calibration/prediction was performed in the same manner as 

previously described for the buffer solutions. The calibration data, as shown in Figures 

4.10 and 4.11, shows similar results to the experiment with buffer solution. The R
2
 

values for the calibration model were 0.9976 for pH and 0.9931 for O2, respectively. 

As shown in Figures 4.12 and 4.13, the sensor responded to the spiked pH and 

dissolved oxygen without any noticeable bias or drift. As shown in Table 4.1, the 

standard error of prediction was 0.07 units for pH and 0.65 % for oxygen, which is 

nearly identical to the results with buffer. These results clearly show that the sensor was 

able to monitor pH and dissolved oxygen in a more complex media such as cell culture 

media. The sensitivity of the microarray sensor is comparable to the commercial 

electrode sensors (0.01 unit for pH and 0.1% for oxygen), but with the added advantages 

of being small and implantable, for noninvasive monitoring, rather than indwelling and 

tethered to the electronics. 

 

Sensor Response Time and Stability  

The sensor response time was tested by inducing a rapid change in the 

concentration of each analyte. As shown in Figure 4.14, 90% of the sensor’s response 

was achieved in 48 seconds for a change in pH from 6.0 to 8.0 and 24 seconds for a 

change in dissolved oxygen from 21% to 0% which is slower than typical response time 

of commercial sensors (1~5 sec. for pH sensors and 5~10 sec. for oxygen sensors). The 

migration of a proton or oxygen molecule into the hydrogel structure is dominated by 

natural diffusion and presumed to be the reason for the slightly sluggish response time. 
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Therefore, this response time can be reduced by decreasing the size of each array to 

maximize the surface area to volume ratio. Alternatively, increasing the mesh size of the 

structure by using a decreased volume ratio of PEG-DA in the precursor solution would 

also speed up this diffusion, but may induce further leeching. The current response time 

shows the potential of the sensor to be used in bioprocess monitoring since it does not 

require the measurement of rapid analyte concentration changes.  

After each experiment, the sensor was stored in buffer (PBS 0.01M, pH 7.0) 

without exposure to ambient light. The sensors used for the above experiments did not 

exhibit any noticeable photobleaching, dye leaching, or physical degradation over two 

weeks. The sensors were also sterilized with 75% ethanol and no loss in function was 

observed after multiple sterilizations. This data confirms that the sensor’s lifetime is 

useful for a typical cell culture experiment and that the sensors can be sterilized, proving 

their potential for non-invasive monitoring.   

 

Conclusion 

 This chapter described the response of the sensing array to variation in dissolved 

oxygen and pH in both aqueous buffer and cell culture media (the goal media). It is very 

important that the sensing array is able to quantify pH and dissolved oxygen in a simple 

media through a series of spiked solutions. The sensing element construct in this study 

responded well to random changes in pH and dissolved oxygen showing that the overall 

approach is very feasible in real world applications. The data was combined into a 

calibration and prediction model and the ability of the calibrated sensing system to 
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remain accurate over time was proven. For both buffer solution and cell culture media, 

the SEP and SEC for pH and oxygen sensor was around 0.7 and 0.6 %, respectively. The 

results for this sensor array in the more complex cell media solution where protein and 

other confounders are present were nearly ideal. Finally, in a separate test the overall 

response time of the sensing elements was seen to be under 1 minute, making it more 

than adequate for the relatively slow changing nature of cell culturing. The delay present 

in the sensors is attributed to the hindered diffusion of oxygen and protons through the 

PEG hydrogel. 
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CHAPTER V 

ON-LINE MONITORING OF CELL CULTURE MEDIA WITH A HYDROGEL 

MICROARRAY SENSOR 

Introduction 

 Previous chapters have described the fabrication and in vitro testing of a 

fluorescent sensing system utilizing an array of polymer hydrogels. This array was 

shown to sense two analytes (pH and dissolved oxygen) simultaneously with high 

accuracy. In this chapter, this system was tested in an in vivo environment using a cell 

culture bioreactor system.  This system mimics that which would be implemented in 

fully automated space cell culture experiment.  In an in vivo environment, the 

concentration of the analytes within the cell media change randomly due to the growth 

and metabolic needs of the cell culture.  Unlike, the in vitro experiments, the random 

changes in the media concentrations can potentially confound the multi-analyte sensor.  

The experiments described in this chapter were performed to test the fluorescent systems 

feasibility and viability in a moderately controlled environment where small changes in 

analyte concentrations and environmental confounders can influence experimental 

results. 

 

Experimental Section 

Reagents 

Cytodex

 microcarrier beads, and Dulbecco’s modified Eagle’s medium 

(DMEM) without phenol red were purchased from Sigma-Aldrich (St. Louis, MO). 



 46 

Trypsin-EDTA, penicillin-streptomycin, and bovine calf serum was purchase from Gibco 

(Carlsbad, CA). All the chemicals used for fabrication of master, PDMS replica, and 

hydrogel sensors were described in chapter II. They were commercially available, and 

used without further purification. 

 

Fabrication of Hydrogel Microarray Sensor 

pH and dissolved oxygen sensitive hydrogel microarrays were fabricated as 

described in chapter IV. In short, an SU-8 50 master was fabricated to have a pattern of 6 

parallel microchannels with 100 µm width, 100 µm channel separation, and 50 µm 

height. A PDMS mold containing microchannels was created by curing agent against the 

SU-8 50 patterned master. TPM modified glass slides were prepared as substrates for the 

hydrogel microstructures. Two different precursor solutions were prepared for each 

analyte. For the pH sensitive elements, the precursor solution was made by mixing PEG-

DA (60% v/v), photo-initiator (2% v/v), BCECF-dextran solution at 1 mg/mL 

concentration (10% v/v), and water (28% v/v). For the oxygen sensitive elements, the 

precursor solution was made by mixing PEG-DA (60% v/v), photo-initiator (2% v/v), 

ruthenium complex solution at 5 mg/mL concentration (2% v/v), and water (36% v/v). 

The concentration of each fluorophore was determined so the fluorophores would have 

similar fluorescence dynamic ranges under experimental conditions. The precursor 

solution was injected into each microchannel and cured by UV light that was projected 

through the photomask. The final sensor contained 2 arrays with 3 elements in each, 

allowing for measurement of two independent chemicals. The sensor was stored in 75% 
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ethyl alcohol for further experiments. 

 

Cell Culture 

Cell culture media was prepared with Dulbecco’s modified Eagle’s medium 

(DMEM) without phenol red supplemented with 4 mM L-glutamine, 1.5 g/L sodium 

bicarbonate, 4.5 g/L glucose, 200 U/mL penicillin, 200 µg/mL streptomycin and bovine 

calf serum 10%(v/v). 

 Fibroblast cells (NIH/3T3) were purchased from ATCC (Manassas, VA). The 

initial pH of the cell culture media was 7.4 and the cells were grown in a polystyrene 

tissue culture flask (75 cm
2
 growth area) to desired quantity for the experiment. The cells 

were subcultured using the following procedure. 

 

1. Remove all media in T-flask and add 5~10 mL of trypsin-EDTA  

2. Incubate at 37 
o
C over 5 min. and check under the microscope for cell 

suspension 

3. Add 10~15 ml of fresh media to dilute trypsin-EDTA 

4. Move all media with cells into a 50mL centrifuge tube and centrifuge 5 min. at 

1000 rpm  

5. Remove all media and add 25 ml of fresh media into the centrifuge tube  

6. Resuspend the cells with a vortex mixer (very slight touch required to avoid 

damage to the cells)  

7. Count the number of cells with a hemocytometer 
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8. Aliquot into five 5 flasks, 5 mL each, and add 20 mL of fresh media to each flask  

9. Check conditions of the cells under the microscope and incubate T-flask  

 During the cell culture, the temperature and CO2 level were kept constant at 37 °C and 

5 % by an incubator (NuAire, Plymouth, MN). When the cells were grown to the desired 

quantity, some of the cells were inoculated into the bioreactor and the others were frozen 

at –80 °C with complete growth medium supplemented with dimethyl sulfoxide (DMSO, 

10% v/v). 

 

Rotary Cell Culture System 

The Synthecon (Houston, TX) Rotary Cell Culture System (RCCS) was used for 

cell culturing. This bioreactor can be used in three modes including infusion, injection, 

and recirculation. For this research, the infusion mode was used for easy sampling. 

Figure 5.1 shows the picture of Synthecon RCCS bioreactor. 

 The bioreactor was designed to allow the continuous growth of three 

dimensional tissue and cells, permitting continuous perfusion of nutrients and removal of 

waste, thus avoiding the need for removal of the vessel to replenish the media. The 

cylindrical culture vessel rotates about the horizontal axis to suspend the cells in the 

media. The core filter (3~5 µm mesh size) kept the cells inside the vessel and rotates at 

the same speed as the outer vessel to generate laminar flow inside of the vessel. A bubble 

trap removes air bubbles in the vessel that may cause cell death due to high shear stress. 

As the cells grow in size, the rotation speed is adjusted to compensate for the increased 

settling rates of the larger particles. Oxygen supply and carbon dioxide removal is 
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achieved through a gas permeable silicon rubber membrane. A fan is positioned to 

increase air flow around the silicon membrane housing. Suspension cells can be loaded 

into the vessel directly and anchorage dependent cells can be loaded with a microcarrier, 

which is a small and beaded material made of silica, glass, dextran or similar material. 

Unlike cell and tissue cultures grown in two-dimensional flat systems, cell and tissue 

cultures grown in the RCCS are functionally similar to tissues in a human body which 

enables three-dimensional culture in vitro that mimic the structure and function of the 

same tissue in vivo.  

 

Bioreactor Setup 

 The entire system was sterilized before addition of cell culture media and cell 

inoculation. Only certain components in the RCCS can be sterilized by autoclaving since 

it has several electronic parts. The autoclavable components include the rotating wall 

vessel, shaft, screw, oxygenator, bubble trap, flow cell, cap, fitting, tubing, tube 

connector, core filter, valve, media reservoir, and waste reservoir. An autoclave condition 

of 20 minutes at 120 
o
C was used as recommended by the manufacturer. 

 All of the components to be autoclaved, including a quartz flow cell which is 

used as the sensor holder, were filled with 75% ethyl alcohol for 24 hours and then 

rinsed with deionized water and cleaned before autoclaving. The components were 

disassembled, wrapped with aluminum foil, and placed inside of autoclave. Each tubing 

was numbered with autoclaving indicating tape for easy and fast assembly. After 

autoclaving, all of the components were exposed to UV light for 24 hours in a laminar 
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flow bench to ensure sterile conditions. The entire system was reassembled in a laminar 

flow bench in reverse order of the disassembly.  

 After autoclaving and reassembly, the RCCS was filled with the cell culture 

media. A media reservoir was first filled with fresh cell culture media. Media was fed to 

the bubble trap by running the peristaltic pump at high speed. When the media was filled 

in the bubble trap at approximately 2/3 of its total volume, the outlet of vessel was 

locked and the inlet was opened. The pump was re-run to fill the rotating wall vessel 

with media. When the rotating wall vessel was almost full, microcarrier (autoclaved in a 

0.1M PBS solution prior to use) and cells were inoculated through injection ports on the 

side of the rotating wall vessel. Initial cell concentration was 3.1 × 105 cells/mL and 

microcarrier concentration was 3 g/L (dry weight). In this step, many of the bubbles 

were generated inside of the vessel because serum inside of cell culture media has high 

viscosity. After all bubbles were removed naturally, the vessel was completely filled with 

cell culture media by tilting the vessel and refilling the media. After coupling to the flow 

cell with the microarray sensor, the reactor and imaging system were placed in an 

incubator. The entire procedure was performed in a laminar flow bench. 

 

Calibration Dataset 

 Calibration data were acquired off-line before cell inoculation using the same 

cell culture media used in the RCCS. In short, cell culture media was placed into a 

beaker and a pH meter (Thermo, Waltham, MA) and a standard Clark electrode oxygen 

sensor (MI-730, Microelectrodes, Bedford, NH) were used to externally monitor pH and 
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O2. The commercial oxygen sensor was calibrated at the start of the experiment using 

two water standards: nitrogen gas (0% O2) and air (21% O2). The commercial pH meter 

was calibrated with standard buffer solutions. The fifteen spiked values were generated 

for pH (5.7~7.7) and dissolved oxygen (0~21%) with a random number generator in 

Matlab (Mathworks, Natick, MA). The concentration of each analyte is presented in 

Table 5.1. To build a calibration model, pH and dissolved oxygen were changed by 

adding HCl or NaOH solutions and bubbling air or N2 in the solution to have the desired 

pH and dissolved oxygen values shown in Table 5.1. The fluorescence image was 

captured (2 sec. exposure) and readings from the pH/oxygen electrode sensor were 

recorded. All images were imported to a PC for further analysis. 

 

Prediction Dataset 

A schematic diagram for the cell culture experiment is shown in Figure 5.2. The 

rotating wall vessel and the core filter were kept rotating at 10 rpm as recommended by 

the manufacturer. The pumping speed of the peristaltic pump was adjusted to have 2 

mL/min flow rate as recommended by the manufacturer. The cell culture media was 

circulated through the rotating wall vessel, flow cell, valves, bubble trap, and oxygenator 

by the pump. The fluorescence image of the sensor was captured using previously 

developed imaging system in the same manner as the calibration step. For the sample 

collection, 3-way valves were manipulated for injection of fresh cell culture media and 

ejection of old cell culture media. The reactor sampling port, commercial pH probe, and 

commercial oxygen probe were placed in a 15mL centrifuge tube. The tube was filled 
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with cell culture media up to 10 mL and each probe reading was recorded. Those two 

procedures were performed five times per day over two weeks as follows: right before 

media refreshing (media refreshing was performed every 24 hours by injecting 200 mL 

of fresh media to increase pH over 7.0), 1 hour after media refreshing, 3 hours after 

media refreshing, 6 hours after media refreshing, and 12 hours after media refreshing. 

Oxygenation of the RCCS is normally maintained at a constant dissolved oxygen level in 

the cell culture media. Thus, it was expected that the sensor response to oxygen will be a 

flat line over the experimental period. In order to test the sensor with greater dynamic 

range, oxygenation was intentionally stopped for the three hours between three hours 

after media refreshing and six hours after media refreshing. This was performed by 

stopping the peristaltic pump and oxygenator fan. The standard error of calibration 

(SEC) and the standard error of prediction (SEP) were calculated in the same manner as 

described in the previous chapter. 

 

Results and Discussion 

Calibration Dataset 

Unlike glucose free cell culture media which is used in CHAPTER IV, actual 

cell culture media has a high glucose concentration (4.5 g/L). Glucose is the best nutrient 

for growth of cells, bacteria, and fungus. Since the experimental setup was open to the 

air, severe contamination was observed during the calibration data collection. In order to 

overcome that problem, excessive antibiotics and fungizone were added in the cell 

culture media (10 times higher concentration than regular cell culture media).  
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In order to build calibration models for pH and O2, 15 spiked sample images 

were collected. As shown in Figures 5.3 and 5.4, the microarray sensor shows good 

sensitivity and specificity. Within the tested pH range, 3
rd
 order polynomial fitting 

successfully traced the pH sensor response (R=0.9954). Linear regression was applied to 

build the oxygen calibration model which agrees with the Stern-Volmer quenching 

model at low concentration (R=0.9985). 

 

Prediction Dataset 

In order to test the feasibility of the microarray sensor for use in bioprocess 

monitoring, the sensor and imaging system was coupled to a bioreactor and tested over 

two weeks. The sensor image was collected 5 times per day and analyte concentration 

was predicted based on the calibration model that was acquired in the previous section.  

Figure 5.5 shows a plot of pH prediction and pH measured by a commercial 

probe sensor. The result clearly shows that the sensor response is reliable for monitoring 

pH in the cell culture media. In a 24 hours period, the pH of media decreased as nutrients 

were taken up by the cells and as the levels of respiratory by-products (mostly acidic) 

increased. The pH of the media goes back up to the optimal range by media refreshing 

every 24 hours. Figure 5.6 shows a plot of pH measured by a commercial sensor versus 

pH predicted by the microarray sensor. The result shows that the sensor was able to 

monitor pH of cell culture media on-line for over two weeks with minimal bias or drift.  

Figure 5.7 shows a plot of O2 prediction and O2 measured by a commercial 

probe sensor. The result shows that the sensor response is reliable for monitoring 
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dissolved oxygen in the cell culture media. For the cell proliferation, oxygen in cell 

culture media is consumed by respiratory activity of the cells. An oxygenator was used 

in this bioreactor to maintain oxygen level as well as carbon dioxide level. However, the 

oxygenation was stopped for 3 hours per day to verify the sensor’s dynamic range. As 

shown in Figure 5.7, the O2 level dropped below 13 % when oxygenation stopped, and 

the sensor was able to sense the change in dissolved oxygen level. The O2 level of the 

media goes back up to the optimal range by re-running the circulation and oxygenation. 

Figure 5.8 shows a plot of O2 measured by a commercial sensor versus O2 predicted by 

the microarray sensor. The results show that the sensor was able to monitor the dissolved 

oxygen level of cell culture media on-line for over two weeks. 

 

Conclusion 

 This chapter serves as a culmination of the previous chapters in bringing 

together all facets of the project into a single experiment that mimics the final 

application of this project. The sensing system and array were added to an existing rotary 

cell culturing system and cells were cultured and monitored. The normal fluctuations of 

both pH and oxygen were monitored using both commercial sensing assays and the 

micro-array sensing system. The results contained more error and anomalies than in the 

in vitro experiments. The SEC and SEP for the pH sensor was 0.06 and 0.09, and for the 

oxygen sensor was 0.55 and 0.72. For both analytes, there was no significant degradation 

or drifting observed over two weeks. The results from this experiment proved feasibility 

of the proposed approach and confirmed that this methodology for automated cell 
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culturing is viable.   
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CHAPTER VI 

CONCLUSION 

This work has described the development of a multi-analyte sensitive hydrogel 

microarray sensor via microfluidic patterning of hydrogel structures to monitor pH and 

dissolved oxygen concentration simultaneously in cell culture media. It also described 

the development of an optical imaging system to quantify analyte concentration based on 

fluorescence intensity of the sensor. Highly cross-linked PEG hydrogels were fabricated 

using UV induced photopolymerization of acrylated PEGs. These hydrogels are 

hydrophobic, optically transparent, and easily manipulated. In addition, they are able to 

anchor to glass slides and easily encapsulate functional agents that give the potential to 

be used as biosensors. BCECF-dextran and ruthenium complex were used as sensing 

agents and immobilized into the hydrogel structures. A series of tests for sensitivity, 

stability, reversibility, and temporal/spatial uniformity were performed and revealed the 

feasibility for use in biosensing applications. The sensor was viable after sterilization 

with ethanol, proving it can be used in bioprocess monitoring without introducing 

contamination. 

A compact and inexpensive optical system was developed to capture the 

fluorescence image of the hydrogel microarray sensor with a blue LED, a series of 

optical filters and lenses, a quartz flow cell and a monochrome CCD camera. All these 

components are commercially available and inexpensive compared to complicated 

microscopic imaging systems. The imaging system is sufficiently reliable for this 

application and its compact size enables operation inside of a typical incubator. The 
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sensor and the imaging system was combined and introduced into a bioreactor for two 

weeks of fibroblast cultivation. It was established that the sensor was capable of 

measuring pH and dissolved oxygen during a typical bioprocess in cell culture media 

across the biological range required for mammalian cell culture. The hydrogel based 

sensor is non-intrusive after placement inside the bioprocess system, has a simple and 

highly reproducible manufacturing method, and has a response time adequate for cell 

culture monitoring.  

The results presented in this study suggest that this technique can be easily 

extended to introduce more sensing agents, allowing for a complete lab-on-a-chip 

technology for cell culture monitoring. Further research would include making 

microarrays with sensing agents capable of detecting glucose, lactate, and nitric oxide. In 

addition to the introduction of more sensing agents, miniaturization of the sensor chip 

and optical system would allow for an inexpensive modulated portable monitoring 

system capable of disposable implementation for cell culturing systems.  
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APPENDIX A 

 

 

 

Figure 1.1. An illustration of soft lithography: (a) fabrication of a master and PDMS mold,  

(b) microcontact patterning, and (c) microfluidic patterning. 
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Figure 2.1. The photomask design for fabrication of master and microarray. 
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Figure 2.2. An illustration of PDMS fabrication procedure. 
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Figure 2.3. Chemical structures of PEG-DA (a) and photoinitiator Darocur
®
 1173 (b). 
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Figure 2.4. Modification of microscope to obtain collimated UV exposure. 
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Figure 2.5. A scheme for fabrication of multi-analyte sensitive hydrogel microarray. 
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Figure 2.6. An example of SU-8 master on silicon wafer. 
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(a) 

 

(b) 

Figure 2.7. An example of a PDMS replica on a TPM modified glass slide (a)  

and a microscope image of microchannels on the PDMS (b). 
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Figure 2.8. A scheme for chemical reactions during photopolymerization. 
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Figure 2.9. An example of a hydrogel microarray. 

 



 82 

 

 

 

 

(a)                                       (b) 

 

(c)                                     (d) 

 

Figure 2.10. Chemical structure and fluorescence absorption/emission spectra  

for BCECF (a), (b) and Ruthenium complex (c), (d), respectively. 
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Figure 2.11. Fluorescence images of a multi-analyte sensitive hydrogel microarray in various 

sample solutions, BCECF immobilized element (upper) and ruthenium complex immobilized 

element (lower). 
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Figure 3.1. An optical setup for the fluorescence imaging system. 
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Figure 3.2. A diagram of the flow cell with a hydrogel microarray. 
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Figure 3.3. A diagram of the procedure for the spatial uniformity test. 
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(a) 

 

(b) 

 

Figure 3.4. The results from the LED stability test at 3 V (a) and 3.5 V (b). 
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(a)                                        (b) 

 

 

(c) (d) 

 

Figure 3.5. Intensity image of the LED (a), middle intensity profile (b), intensity image using a 

diffusion film (c), and middle intensity profile using a diffusion film (d). 
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Figure 3.6. The results from camera stability test. 
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Figure 4.1. The experimental setup for characterization of a multi-analyte sensitive hydrogel 

microarray sensor. 
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Figure 4.2. The response of the BCECF sensing element to a controlled pH titration in a PBS 

solution. 

 

 

Figure 4.3. The response of the Ruthenium complex sensing element to a controlled O2 titration 

in a PBS solution. 
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Figure 4.4. The calibration model of the pH sensor in a PBS solution. 

 

 

Figure 4.5. The calibration model of the O2 sensor in a PBS solution. 
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Figure 4.6. The response of the BCECF sensing element to a randomly spiked pH titration in a 

PBS solution. 

 

 

Figure 4.7. The response of the Ruthenium complex sensing element to a randomly spiked O2 

titration in a PBS solution. 
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Figure 4.8. Prediction data of the pH sensor in a PBS solution. 

 

 

Figure 4.9. Prediction data of the O2 sensor in a PBS solution. 
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Figure 4.10. The calibration model of the pH sensor in MEM. 

 

 

Figure 4.11. The calibration model of the O2 sensor in MEM. 
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Figure 4.12. Prediction data of the pH sensor in MEM. 

 

 

Figure 4.13. Prediction data of the O2 sensor in MEM. 
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Figure 4.14. The time response of the sensor from the minimum to maximum intensity within the 

range of interest (0-21% oxygen and 6-8 pH). 
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Figure 5.1. Synthecon rotary cell culture system. 
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Figure 5.2. A diagram of optical setup coupled with a bioreactor. 
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Figure 5.3. Calibration model for the pH sensor. 

 

 

Figure 5.4. Calibration model for the O2 sensor. 
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Figure 5.5. pH sensor response during a bioprocess. 

 

 

Figure 5.6. Prediction data from the pH sensor during a bioprocess. 
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Figure 5.7. O2 sensor response during a bioprocess. 

 

 

Figure 5.8. Prediction data from the O2 sensor during a bioprocess. 
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APPENDIX B 

 

Table 3.1. The results from spatial uniformity test of the sensor. 

   HORIZONTAL POSITION 

   LEFT MIDDLE RIGHT 

1
st
 element 403.701 410.831 401.217 

2
nd
 element 403.453 410.241 401.807 

3
rd
 element 404.486 411.066 401.356 

4
th
 element 403.702 410.001 402.008 

5
th
 element 403.972 410.005 401.849 

6
th
 element 402.719 410.504 401.106 

7
th
 element 404.594 411.331 401.986 

8
th
 element 403.550 410.428 401.102 

9
th
 element 403.812 410.727 401.209 

 

 

 

T 

O 

P 

 

Standard deviation 0.559 0.460 0.388 

1
st
 element 409.537 420.242 411.220 

2
nd
 element 410.022 419.514 411.307 

3
rd
 element 410.054 421.033 411.211 

4
th
 element 409.258 420.126 411.189 

5
th
 element 409.240 420.025 411.679 

6
th
 element 408.860 420.877 412.019 

7
th
 element 408.692 420.652 411.780 

8
th
 element 409.973 420.520 412.043 

9
th
 element 409.486 419.730 411.916 

 

 

M 

I 

D 

D 

L 

E 

 

Standard deviation 0.497 0.511 0.364 

1
st
 element 402.721 412.222 404.771 

2
nd
 element 402.976 411.670 405.128 

3
rd
 element 401.947 411.370 404.778 

4
th
 element 402.751 411.663 405.320 

5
th
 element 402.931 412.508 405.369 

6
th
 element 402.995 412.181 404.269 

7
th
 element 401.858 412.080 405.376 

8
th
 element 401.758 413.206 405.452 

9
th
 element 403.107 412.212 405.437 

 

 

 

 

 

 

V 

E 

R 

T 

I 

C 

A 

L 

 

P 

O 

S 

I 

T 

I 

O 

N 

 

 

 

B 

O 

T 

T 

O 

M 

 

 Standard deviation 0.545 0.539 0.409 
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Table 4.1 Standard error of calibration (SEC) and standard error of prediction (SEP)  

for pH and dissolved oxygen in buffer and cell culture media. 

 

Buffer (PBS) Cell culture media (MEM)  

pH Oxygen (%) pH Oxygen (%) 

SEC 0.0682 0.621 0.0712 0.624 

SEP 0.0702 0.639 0.0713 0.648 

 

 

 

 
Table 5.1. The actual pH and dissolved oxygen values for spiked calibration data. 

 

 

Data number O2 (%) pH 

1 2.3 7.32 

2 18.6 7.66 

3 0.3 7.1 

4 10.7 6.92 

5 18.4 6.85 

6 21 6.68 

7 13.8 6.22 

8 13.1 6.05 

9 7.5 5.74 

10 10.5 6.53 

11 1 6.83 

12 0.9 7.14 

13 17.8 7.31 

14 19.7 7.53 

15 1.8 6.64 

 Correlation (R
2
) = 0.109 
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Table 5.2. The results from the pH and O2 sensors during a bioprocess. 

 

 pH sensor O2 sensor (%) 

SEC 0.061 0.554 

SEP 0.092 0.721 
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