
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2017

Fluorescent pH Microsensors as Indicators
for Extracellular pH
Mark A. (Mark Andrew) Bauer

Follow this and additional works at the DigiNole: FSU's Digital Repository. For more information, please contact lib-ir@fsu.edu

http://diginole.lib.fsu.edu/
mailto:lib-ir@fsu.edu


FLORIDA STATE UNIVERSITY 

 

FAMU-FSU COLLEGE OF ENGINEERING 

 

 

 

 

 

 

FLUORESCENT PH MICROSENSORS  

 

AS INDICATORS FOR EXTRACELLULAR PH 

 

 

 

 

 

By 

 

MARK A. BAUER 

 

 

 

 

 

 

A Thesis submitted to the 

Department of Chemical and Biomedical Engineering 

in partial fulfillment of the 

requirements for the degree of  

Master of Science 

 

 

 

 

 

 

2017 

 

 

 

 

 

 

 

 



ii 

Mark Bauer defended this thesis on May 22, 2017. 

The members of the supervisory committee were: 

 

   

   

 Jingjiao Guan 

 Professor Directing Thesis 

 

 Bruce Locke  

  Committee Member 

 

 Ravindran Chella 

 Committee Member 

   

  

 

 

 

 

 

 

 

 

 

 

The Graduate School has verified and approved the above-named committee members, and 

certifies that the thesis has been approved in accordance with university requirements. 

  



iii 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to all of the people that believed in me before I even believed in myself.  

You have forever changed my life.  Additionally, this is also dedicated to the people that didn’t 

believe in me.  Thank you for giving me the motivation to make the changes in my life that I 

needed to succeed.  

  



iv 

ACKNOWLEDGMENTS 

 First and foremost, I would like to thank Dr. Jingjiao Guan for giving me the incredible 

opportunity to study under his tutelage.  I have learned and grown immensely as a researcher 

since I have joined his group and will forever be thankful for his guidance.  I will also always 

remember his willingness to assist me in writing recommendations for my PHD applications.  

Without his blessing, I never would have been able to continue on my educational journey and 

pursue my dream of obtaining a PHD.  I would also like to thank my committee members Drs. 

Locke and Chella for their willingness to serve in my thesis defense.   

 I would be remiss if I did not also thank a former lab mate, Junfei Xia, for his help and 

guidance in teaching me the techniques required for this lab.  His patience in answering my 

incessant questions always astounded me as he was always willing to share his knowledge.  

Furthermore, I am appreciative of the encouragement that I received while working with him.   

 Lastly, I never could have gotten to this point without my family.  Throughout my studies 

here at FSU, I had multiple opportunities to give up as it was their encouragement and a 

sometimes kick in the pants that kept me going.  This accomplishment is as much mine as it is 

yours.  Love you all so much. 

 

 

  



v 

TABLE OF CONTENTS 

 
List of Tables ................................................................................................................................ vii 

List of Figures .............................................................................................................................. viii 

Abstract ............................................................................................................................................x 

 

1. INTRODUCTION AND BACKGROUND ................................................................................1 

 

 1.1 Introduction ..........................................................................................................................1 

     1.2 Background ..........................................................................................................................2 

           1.2.1  Microcontact Printing and PDMS ...............................................................................2 

           1.2.2  Microcontact Printing and Layer by Layer Deposition ..............................................7 

           1.2.3  Lab-on-Chip Systems................................................................................................12 

           1.2.4  pH Overview and Detection ......................................................................................16 

           1.2.5  Fluorescence Microscopy and Labeling Strategies ...................................................20 

           1.2.6  Fluorescein Isothiocyanate (FITC) as a Suitable Fluorophore .................................26 

           1.2.7  Rhodamine Isothiocyanate (RITC) as a Suitable Fluorophore .................................28 

           1.2.8  Extracellular pH Detection .......................................................................................29 

           1.2.9  K562 and HeLa Cells ................................................................................................35 

 

2. MATERIALS AND METHODS ..............................................................................................37 

 

 2.1 Materials ............................................................................................................................37 

     2.2 Methods..............................................................................................................................38 

 2.2.1 Glass Slide Cleaning Procedure ..............................................................................38 

            2.2.2 Plasma Treatment Procedure ..................................................................................38 

            2.2.3 Stamp Creation Procedure.......................................................................................38 

            2.2.4 Stamp Cleaning Procedure ......................................................................................39 

            2.2.5 K562 Cell Culture ...................................................................................................39 

            2.2.6 HeLa Cell Culture ...................................................................................................39 

            2.2.7 Solution Preparation ................................................................................................40 

            2.2.8 Solution Cleaning Method ......................................................................................42 

            2.2.9 pH Buffers Preparation ...........................................................................................42 

            2.2.10  Soaking Apparatus Construction and Stamp Loading ...........................................43 

            2.2.11  Microcontact Printing.............................................................................................43 

            2.2.12  Crosshatch pH Sensor ............................................................................................45 

            2.2.13  Fluorescence Microscopy and Imaging .................................................................45 

            2.2.14  Image J Analysis ....................................................................................................46 

            2.2.15  Excel Document Calculations ................................................................................47 

            2.2.16  Statistical Analysis .................................................................................................47 

            2.2.17  K562 and HeLa Cell Seeding Analysis .................................................................47 

            2.2.18  pH Sensor Sterilization ..........................................................................................48 

            

 

3. RESULTS AND DISCUSSION ...............................................................................................51 

 



vi 

 3.1 Results ................................................................................................................................51 

  3.1.1   Five Layer pH Sensor, (PAH (pH 10)/PSS/PAH-RITC/PSS/PAH) .......................51 

        3.1.2   Five Layer pH Sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH) .......................52 

3.1.3   Seven Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-                   

FITC/PSS/PAH ..................................................................................................................54 

3.1.4   Seven Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-

RITC/PSS/PAH..................................................................................................................55 

3.1.5   Seven Layer pH Sensor, PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-

FITC/PSS/PAH ..................................................................................................................57 

3.1.6   Nine Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH-

FITC/PSS/PAH ..................................................................................................................58 

3.1.7   Nine Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-

FITC/PSS/PAH ..................................................................................................................58 

        3.1.8   Crosshatch pH Sensor .............................................................................................59 

        3.1.9   K562 Cell Seeding Assays ......................................................................................64 

        3.1.10   HeLa Cell Seeding Assays ....................................................................................70 

        3.1.11   Autofluorescence Analysis....................................................................................78        

  3.1.12   pH Sensor Sterilization .........................................................................................80 

     3.2 Discussion ..........................................................................................................................82 

3.2.1   pH Sensor Validation Analysis ...............................................................................82 

        3.2.2   Cell Seeding Analysis and UV Sterilization ...........................................................90       

 

4. CONCLUSION .........................................................................................................................93 

 

APPENDICES ...............................................................................................................................95 

 

A. APPENDIX A: SUPPLEMENTARY MATERIALS ...............................................................95 

 A.1 PAH-FITC Calculations.....................................................................................................95 

 A.2 PAH-RITC Calculations ....................................................................................................96 

 A.3 Excel Calculations .............................................................................................................98 

 A.4 Histogram Method Analysis ............................................................................................101 

 

References ....................................................................................................................................113 

 

Biographical Sketch .....................................................................................................................119 

 

 

 

 

 

 

 

 

 

 



vii 

 

LIST OF TABLES 

 
 Table 3.1. Averaged Relative Intensities and Standard Deviation of each pH sensor 

 formulation ...............................................................................................................................62 

 

 Table A.1. Image J Before Buffer Added Excel Calculations .................................................99 

 

 Table A.2. Image J After Buffer Added Excel Calculations ...................................................99 

 

 Table A.3. Relative Intensity Raw Data Comparing Both Methods .....................................106 

 

  



viii 

LIST OF FIGURES 

 
Figure 1.1. Microcontact Printing Process .......................................................................................5 

 
Figure 1.2. Layer by Layer Process and Layer by Layer Mechanism .............................................8 

 

Figure 1.3. Schematic of pH Sensor with Cultured Cell................................................................30 

 

Figure 2.1 Construction of Soaking Apparatus..............................................................................48 

 

Figure 2.2 Soaking Apparatus Examples .......................................................................................49 

 

Figure 2.3 PDMS Chamber Examples ...........................................................................................49 

 

Figure 2.4 Image J Analysis...........................................................................................................50 

 

Figure 3.1  Five Layer pH Sensor (PAH (pH 10)/PSS/PAH-RITC/PSS/PAH) ............................52 

 

Figure 3.2  Relative Intensities of Various pH Values over Time for Five Layer pH Sensor  (PAH 

(pH 10)/PSS/PAH-FITC/PSS/PAH) ..............................................................................................53 

 

Figure 3.3  Five Layer pH Sensor (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH) .............................54 

 

Figure 3.4  Seven Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH ..55 

 

Figure 3.5  Seven Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-RITC/PSS/PAH .56 

 

Figure 3.6  Seven Layer pH Sensor PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-FITC/PSS/PAH .57 

 

Figure 3.7  Nine Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH-

FITC/PSS/PAH ..............................................................................................................................59 

 

Figure 3.8  Nine Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-

FITC/PSS/PAH ..............................................................................................................................60 

 

Figure 3.9  Crosshatch pH Sensor..................................................................................................61 

 

Figure 3.10  Averaged Relative Intensities for Various Regions after 5 Minutes from Crosshatch 

pH Sensor .......................................................................................................................................61 

 

Figure 3.11  K562 Density Test .....................................................................................................65 

 

Figure 3.12  K562 Seeded Single Layer PAH-FITC (pH 10)........................................................68 

 

Figure 3.13  K562 Seeded Single Layer Plasma Treated PAH-FITC ...........................................69 

 



ix 

Figure 3.14  K562 Seeded 9 Layer, Double Layer PAH-FITC .....................................................71 

 

Figure 3.15  HeLa Density Test on 9 Layer, Double Layer PAH-FITC .......................................73 

 

Figure 3.16  HeLa Density Test on Single Layer PAH-FITC .......................................................74 

 

Figure 3.17  Hoechst Stained HeLa Seeded on 5 Layer, Single Layer PAH-FITC .......................76 

 

Figure 3.18  Hoechst Stained HeLa Seeded on 9 Layer, Double Layer PAH-FITC .....................77 

 

Figure 3.19  HeLa Seeded 5 Layer, Single Layer PAH-FITC .......................................................78 

 

Figure 3.20  Autofluorescence Analysis ........................................................................................80 

 

Figure 3.21  Autoclave Sterilization ..............................................................................................81 

 

Figure 3.22  Ultraviolet Sterilization .............................................................................................82 

 

Figure A.1  Histogram Evaluation of Selected Regions ..............................................................102 

 

Figure A.2  Histogram Before Buffer Added ..............................................................................103 

 

Figure A.3. Histogram After Buffer Added .................................................................................104 

 

Figure A.4  Data Distribution Figures .........................................................................................105 

 

Figure A.5  Tests for Normal Distribution at pH 5 ......................................................................107 

 

Figure A.6  Tests for Normal Distribution at pH 6 ......................................................................108 

 

Figure A.7  Tests for Normal Distribution at pH 7 ......................................................................109 

 

Figure A.8  Tests for Normal Distribution at pH 8 ......................................................................110 

 

Figure A.9  Statistical Data from Histogram Method ..................................................................111 

 

Figure A.10  Statistical Data from Previous Method ...................................................................111 

 

 

  



x 

ABSTRACT 

Using the Layer by Layer (LbL) technique combined with microcontact printing, novel 

pH sensors were developed in order to detect the extracellular pH (pHe) of the cancerous cell 

lines K562 and HeLa.  Key to this process was the utilization of fluorescence microscopy which 

allowed for direct measurement of the fluorescence intensity observed from the pH sensors made 

possible by the integration of fluorescent molecules into the polymer layers, namely Fluorescein 

Isothiocyanate and Rhodamine Isothiocyanate.  In this work eight pH sensor types were analyzed 

and statistically validated.  By subjecting the pH sensors to the pH buffers, pH 5, pH 6, pH 7, and 

pH 8 a standard curve was also able to be developed.  Results found that both Nine Layer pH 

Sensor formulations, with FITC as the pH sensitive fluorophore, showed significant differences 

between pH value sets, such as between pH 6 and pH 7 and between pH 7 and pH 8, at **p<0.01 

using T-Test analysis.  These Nine Layer pH Sensors were then deemed suitable for cell seeding 

analysis since cells are known to exhibit extracellular pH’s between the ranges of pH 6 and pH 8.  

Cell seeding analysis of pH sensors revealed that no significant difference occurred with 

either cell type used, K562 or HeLa.  In this analysis, cells were cultured over top of the pH 

sensor and allowed to bind ~2 nm away from the pH sensing fluorescent layer.  It was hoped that 

the proximity of the layer to the cell would allow for a comparison between cell bound 

fluorescent striped regions and non-cell bound fluorescent striped regions.  It was theorized that 

these cell bound regions would exhibit dimmed fluorescent stripes directly underneath the cells 

as the non-cell bound regions would exhibit greater fluorescence intensity comparatively.  These 

two cancer cell lines are known to exhibit slightly acidic extracellular pH’s in the range of pH 

6.7 to pH 6.8 while being cultured in media with known pH values of pH 7.4 or greater.  This 

difference in pH values would then theoretically result in fluorescence intensity differences on 



xi 

the fluorescent stripes.  In analyzing the pH sensors, it was seen that they did not possess the 

sensitivity needed to detect pHe, as they simply were only able to detect the pH of the bulk fluid 

and not pH directly surrounding the cells.  Any visible fluorescence intensity change resulted 

from cell autofluorescence.   

Future work would then center around reducing interference from cell autofluorescence 

as well as determining the cause for the lack of sensitivity.  It seems that manipulation of the 

polymer layers would possibly allow for greater diffusion of cell metabolites through the 

polymer matrix thus resulting in greater access to the fluorophore.  It also seems that FITC may 

not be an adequate fluorophore and more sensitive molecule may need to be selected.   
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction 

The burgeoning field of cancer research demands that new advances and approaches be 

undertaken.  It is long known that pH gradients and tumor acidosis exist extracellularly at tumor 

sites.  In this vain, researchers have attempted various modalities to better characterize the 

extracellular pH in these regions with the intention of identifying more effective 

chemotherapeutic regimens.  Drug resistance often occurs as a result of poorly selected 

treatments owing to the effect of electrostatic repulsion when weak bases are in the presence of 

acids and vice versa.  (Chen et al. 2014)  Therefore, common pH sensing techniques require 

costly materials and instruments, and sometimes invasive procedures to determine the 

extracellular pH of tumors.  It is the desire of the work within this thesis to develop a pH sensor 

that while being limited to in vitro studies, also uses the common techniques of Layer by Layer 

deposition, microcontact printing, and fluorescence microscopy utilized within this lab.  This pH 

sensor is also desired to be as low cost and effective as an in vitro assay for determining the 

extracellular pH of cancerous cell lines.  In the following review, explanations of the chemical 

and physical processes are given as well as an overview of previous works for a basis of 

understanding to the reader.  To the best of this researcher’s knowledge, a pH sensor has not 

been developed which uniquely combines these aspects of Layer by Layer deposition and 

microcontact printing.   
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1.2 Background 

1.2.1 Microcontact Printing and PDMS 

The development of this research’s pH sensor depends highly on the aforementioned 

Layer by Layer deposition and microcontact printing.  Therefore, it is important to begin with 

thorough descriptions of these two methods.  The method of microcontact printing is highly 

dependent on the Poly(dimethyl siloxane) or PDMS “stamps” that carry the polymer “ink”.  

(Guan et al. 2006) These PDMS “stamps” are fashioned using technology that is extremely 

popular in the microelectronics industry, photolithography.  The method utilizes a multi-step 

process to fashion silicon masters containing microfeatures.  The technique initially begins with 

a silicon wafer that is completely covered in a solvent.  This solvent is deemed the photoresist, 

an organic material, that changes its chemical properties when exposed to ultraviolet (UV) light.  

Depending on the chosen solvent type, the exposed photoresist regions can become either soluble 

or insoluble in additional solvents which are termed positive or negative photoresists, 

respectively.  The silicon wafer is then placed underneath a quartz plate that is covered by a 

mask composed of chromium or simply a transparency mask.  This mask has openings that allow 

for the desired patterning of the silicon wafer.  The wafer and the accompanying quartz and mask 

are then subjected UV light.  The silicon wafer is then exposed to more solvents that will etch 

and create patterns based on the regions of the photoresist which were exposed to UV light.  

(Gates et al. 2005; Guan et al. 2006)  

 Once the photolithography process is complete, the PDMS stamps are ready to be cast.  

Initially, a mix of a PDMS prepolymer base and elastomer curing agent at a 10:1 ratio are 

combined and stirred for a period of time to allow the reaction to take place.  The curing agent is 

a crosslinker that causes the prepolymer base to harden over time.  (Johnston et al. 2014; J. M. 
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Kim, Wolf, and Baier 2015) Upon removal from the silicon wafer mold, the PDMS will have the 

opposite conformation of the pattern on the silicon wafer. (Guan et al. 2006)  This complete 

process from photolithography to PDMS casting is termed soft lithography. (Johnston et al. 

2014) 

 PDMS is a widely used elastomer owing to its high elasticity as well as its ability to form 

to micro-features when being molded.  This was demonstrated by the researchers Kim et al. upon 

Atomic Force Microscopy (AFM) characterization.  These researchers used a steel mold that was 

milled which produced a rough molding surface.  The PDMS showed a surface roughness which 

they described as regular “hills” which were consistent with the surface finish of the steel mold.  

(J. M. Kim, Wolf, and Baier 2015) This elastomer has many other advantages as well as it is low 

in cost, has high visible transparency, easily made, low shrinkage rates, non-toxic, as well as 

inflammable.  (Johnston et al. 2014; J. M. Kim, Wolf, and Baier 2015) However, one of the 

characteristics that makes this elastomer desirable also can be considered a disadvantage. Due to 

its high elasticity, PDMS can be easily deformed under pressure, limiting it to low pressure 

applications.  Another disadvantage is its poor compatibility with organic solvents which may 

cause swelling.  (Johnston et al. 2014)   

 It is important to note that PDMS is also a tunable elastomer.  Researchers have 

attempted to change and characterize its physical properties by varying the ratios of curing agent 

to prepolymer base as well as curing time and temperature.  It was found that in varying the 

ratios from 1:1 up to 1:10, the friction of PDMS when 20% glycerol was applied increased until 

1:8 and then leveled off at 1:10.  (J. M. Kim, Wolf, and Baier 2015) Another research group 

varied the curing temperature of PDMS mixed at a 1:10 ratio and found that an increase in the 

curing temperature from 25 degrees Celsius to 200 degrees created a linear relationship with the 
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Young’s modulus.  The Young’s modulus went from 1.32 MPa to 2.97 MPa.  The compressive 

modulus also showed a linear relationship but proved to have a decreasing relationship from 

186.9 MPa to 117.8 MPa across the same temperatures. (Johnston et al. 2014)  

As described these fashioned PDMS stamps are then utilized by coating them with a 

polymer “ink”.  For the purposes of this paper, the ink will be composed of polyelectrolytes. 

However, PDMS “stamps” can be coated by various solutions including but not limited to thiols, 

metals, biomaterials, biomolecules, and colloidal particles.  The coated surface is then transferred 

to another substrate when the two are placed in contact.  A patterned ink is then left behind on 

the surface of the substrate according to the pattern of the stamp.  (Gates et al. 2005) 

 The inking process across the PDMS stamp can be accomplished through various 

methods.  Unmodified PDMS is highly hydrophobic while the specific PDMS, Sylgard 184, used 

for the purposes of this thesis is slightly negatively charged when immersed in an aqueous 

solution at a pH of 6.4 or above.  These two characteristics can be exploited when attempting to 

wet the stamp with ink.  Therefore, hydrophobic interactions between the stamp and ink as well 

as the interaction between the negatively charged PDMS and a positively charged ink result in 

attraction and retainment of the ink.  This resulting attraction is termed electrostatic attraction 

and is the basis for the Layer by Layer technique that was used extensively throughout the 

entirety of this thesis.  (Wang et al. 2012)  

The subsequent printing step is then reliant on the attraction of the substrate to the ink.  

This requires that the energy associated with the attraction of the substrate and the ink is larger 

than the attraction between the stamp and the ink.  (Wang et al. 2012) PDMS is an advantageous 

stamp material since it has low surface energy.  (Canelas, Herlihy, and DeSimone 2009) Of 

course, there are many different strategies for accomplishing this goal.  However, the application 
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and goal of the research dictates the course taken to overcome this energy barrier.  Figure 1.1 

very generally shows the microcontact printing process whereby the inked stamps are placed in 

contact with the substrate. In this thesis’ work, the glass substrate was plasma treated in order to 

create a negatively charged surface.  Thus, utilizing the interactions between the positively 

charged top polyelectrolyte layer on the Layer by Layer structure and the negatively charged 

glass substrate, the entire LbL structure was transferred following removal of the PDMS stamp 

from the glass substrate’s surface.   

 

 
Figure 1.1. Microcontact Printing Process.  A PDMS stamp is coated with a thin layer of 

material through the Layer by Layer (LbL) process.  The PDMS stamp is then placed in contact 

with an oxygen plasma treated glass substrate.  The interaction between the negatively charged 

glass and positively charged polymer structure results in the transfer of the structure to the glass 

substrate once the PDMS stamp is removed from the surface. 

 

 

In microelectronic applications, researchers use microcontact printing as a means to 

pattern gold nanoparticles onto a Self-Assembled Monolayer (SAM) of 1,8-octanedithiol.  The 

attraction energy between the stamp and the ink was overcome as the gold nanoparticles formed 

a covalent bond with the dithiol SAM. (Gates et al. 2005)  Jiang et al. were able to bind the 
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polyelectrolyte, Poly(Allylamine Hydrochloride) or PAH to a Pegylated Silane SAM when in a 

buffer at a pH of 4.8.  This attraction was explained through hydrogen bonding  (Jiang, Clark, 

and Hammond 2001) as PAH contains an amine group that allows it to become a hydrogen bond 

donor.  Researchers have also exploited Van der Waals interactions in attaching other 

biomaterials to PEG-silane SAMs.  Wang et al. were able to bind the polyelectrolytes 

Poly(diallyldimethylammonium chloride) (PDAC) and Poly(styrensulfonate) (PSS) as well as 

deoxyribonucleic acid (DNA).  (Wang et al. 2012) Even further, researchers were able to print 

polycation polymers onto a sacrificial layer of PNIPAM (Poly(N-isopropylacrylamide)) allowing 

for the release of these printed microparticles. (Wang et al. 2015) The temperature sensitive 

PNIPAM dissociates in water at a lower critical solution temperature of 32 degrees Celsius. 

Anything attached to this PNIPAM film will be released into the aqueous solution. (Cheng, 

Shen, and Wu 2006)   

 As multifaceted as this approach is, certain limitations exist that must be addressed.  

Owing to the elastic properties of the PDMS stamp, deformations can occur under higher 

pressure applications, as previously described, and when high aspect ratio features are desired.  

The ability to print nanoscale features with high resolution then also depends on the ability of the 

master as well as the stamp to hold its features.  Resolution can also be affected by the tendency 

of a molecular ink to diffuse across the surface of the substrate.  This was shown when 

researchers attempted to pattern alkanethiols onto a gold substrate while immersed in water.  

They postulated that high molecular inks would remedy this problem.  And as previously 

described, the print resolution and quality can be affected by the ability of the inked material to 

transfer to the substrate.  (Gates et al. 2005)  
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1.2.2 Microcontact Printing and Layer by Layer Deposition 

Microcontact printing becomes an even more powerful technique when it is combined 

with Layer by Layer (LbL) deposition.  This novel technique uses the electrostatic attraction that 

results from oppositely charged materials combining and adsorbing onto a substrate.  LbL 

structure development occurs by exposing a substrate to a high concentration polyelectrolyte or 

charge substance causing excess adsorption onto this substrate.  Once the substrate is fully 

saturated by the adsorbed material, charge neutralization occurs followed by a charge reversal.  

This process repeats as desired by exposing the now charged substrate to an oppositely charged 

polyelectrolyte or substance.  Mechanistically, the adsorption occurs through a self-diffusion 

process resulting in an ion exchange between the two oppositely charge polymers.  The polymer-

counterion complex is then changed to a polymer-polymer ion pair.  This process was proven to 

be driven through the entropy caused by the discharge of the waters of hydration and counterions 

that occurs from the dissolution of the polyelectrolytes in water.   (Ariga, Hill, and Ji 2007)  This 

technique can be seen very generally in Figure 1.2A as the image shows the soaking apparatus 

being placed into subsequent polyelectrolyte solutions.  In this way, polyelectrolyte layers were 

developed onto the substrate, PDMS in this case, which can be seen in Figure 1.2B. 

LbL has gained interest in many industries such as biological and biomedical industries 

for its ability to allow creation of nanoscale films and structures.  For example, Peipei et al. was 

able to fabricate multilayered microparticles using the three polymers PDAC, polyallylamine 

hydrochloride (PAH), and Poly(styrensulfonate) (PSS).  They were able to pattern the letters F, 

S, and U in order to show the feasibility of the microcontact printing process.  Moreover, the 

researchers were able to pattern micropillars that took on curved conformations when immersed 

in water.  It was found that the number of layers played a large role in the degree of curvature 



8 

and deformation as thicker particles seemed to have more structural stability.  Greater layer 

numbers also prevented the dissolution of the polymer structures as these polymer types are 

water soluble. 

  

Figure 1.2. Layer by Layer Process and Layer by Layer Mechanism.  A) The Layer by Layer 

process occurs through subsequent soaking steps by immersing PDMS stamps in polyelectrolyte 

solutions followed by rinse steps.  In this thesis, the PDMS stamps were allowed to soak for a 

period of 15 minutes in each polyelectrolyte solution and then rinsed in DI water for 

approximately 15 seconds.  The process of coating the PDMS stamps with oppositely charged 

polyelectrolytes was repeated until the desired LbL structure was achieved.  B) Simply shown, 

the polyelectrolyte solutions develop layers of both positively and negatively charged 

polyelectrolytes.  Beginning with a PDMS substrate, the first positively charged polyelectrolyte 

layer is added.  Subsequently, a negatively charged polyelectrolyte layer is added.  This is then 

performed until the desired structure is obtained.   

 

In certain biomedical devices, these curved features can be advantageous by allowing the 

structures to better fit the shape of capillary walls as well as allowing them to better adhere to 

cells.  These same researchers were also able to develop printed particle arrays useful in lab on 
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chip applications and even show that their microparticles could be complexed with live cells. 

(Zhang and Guan 2011)  

These findings have great implications for directed drug delivery since the curved 

microparticles can be loaded with drugs. In fact, Xia’s group was able to covalently bond the 

microparticles to the cell using a combination of the LbL method and microcontact printing.  The 

microdevices utilized the polyelectrolyte PAH as the cell adhesive layer which directly contacted 

the cell.  This polyelectrolyte layer was then covalently linked to the thermoplastic PLGA 

(poly(lactic-co-glycolic acid)) through the intermediary APTES (3-aminopropyl triethoxysilane).  

This method relies on the ability of the PAH and APTES to covalently bond with the help of the 

cross-linker glutaraldehyde.  Glutaraldehyde covalently bonds to the primary amines from both 

the PAH and APTES. (Xia et al. 2015) Lastly, the APTES was grafted to the PLGA layer using 

oxygen plasma treatment. (Sunkara et al. 2011)  The novelty in this formulation relies in the 

ability of the PLGA layer to be loaded with a mock drug and exhibit controlled drug release 

while being backpacked and carried by the attached cell.  The backpack method of drug delivery 

is a unique approach to increasing the residence time of the developed nanoparticles in the body.  

Site specificity of drug delivery becomes more attainable as the cell type used will then 

determine the final destination of the nanoparticle.  More specifically, human mesenchymal stem 

cells and T cells were used as the carriers to deliver drugs to tumor sites and cause stem cell 

generation, respectively. (Xia et al. 2015) 

 It is important to note that the printing methods for these microparticles/microdevices use 

what is called the top-down approach to LbL assembly.  As shown, this method allows for 

precise control of the size and shape of the microparticle.  Aside from the costly expense of 

fabricating the silicon master, the rest of the materials are relatively inexpensive.  (Xia et al. 
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2015)  The top-down method is limited by its inability to reach high resolution nanometer size 

structures.  However, the bottom-up approach is able to achieve smaller microparticles since it 

relies on the substrate to provide the structure’s shape and size.  (Ariga, Hill, and Ji 2007) 

However, the bottom-up method does not allow for precise control of the shape and features of 

the microparticle.  The following examples and methods illustrate the power and utility of this 

bottom-up approach.   

The LbL technique, however, is not solely limited to the development of microstructures 

in the shape of pillars or stripes as previously described. Caruso’s group developed a novel 

approach for developing spherical shaped LbL structures by assembling the films around a 

sacrificial substrate, spherical in shape.  Using solvents to dissolve the core substrate, Caruso et 

al. were able to develop hollow sphere capsules.  These hollow sphere capsules are potentially 

useful in allowing for high loading capacities of desired drugs by dissolving only the filler core 

while leaving the loaded drug.  The LbL structure is thus able to effectively control diffusion of 

the drug through its layer system.  (Caruso, Caruso, and Mohwald 1998)   

Taking the Caruso group’s work further, Zhou et al. demonstrated the encapsulation of 

the common cancer drug, dexamethasone (DXM).  DXM was then used as the substrate with 

which they developed the LbL structure while also leaving DXM undissolved and intact.  This 

encapsulated corticosteroid was then shown to be thermoresponsive when exposed to multiple 

thermal environments.  It should be noted that this LbL system was developed with one of the 

many available polymer combinations.  In this study, the researchers used the polycation poly-

(diallyldimethylammonium chloride) (PDAC), and the polyanion, poly(styrenesulfonate) (PSS) 

while also testing the effect that a 0.5 M Sodium Chloride (NaCl) had on the layer morphology.  

It was shown that these strong polyelectrolytes are influenced by the high ionic strength of the 
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0.5 M NaCl solution causing coiled conformations with loops and tails.  This causes a thicker 

buildup of the polymer layers and thus a structure that allows interpenetration of the 

polyelectrolyte tails and loops within the polymer layers.  Intuitively, this loosely packed 

structure results in a greater free volume compared to lower ionic strength polymer solutions.  

Conversely, the lower ionic strength polymer solutions create thinner, more ion paired films and 

are more elongated in comparison. (Zhou, Pishko, and Lutkenhaus 2014) These findings can be 

confirmed by a previous study that compared low ionic strength polymers to pancakes and 

characterized the high ionic polymer solutions as having loops.  In evaluating the transport 

phenomena through the polymer layers, both research groups found that the low ionic strength 

polymer solutions exhibited greater diffusion than the high ionic strength polymer solutions.  

Klitzing and Mohwald postulated that this was due to an increase in the electrostatic repulsion of 

similarly charged layers (i.e. polycations) within the film.  This resulted in a more loosely 

arranged structure than the coiled and looped films and thus greater permeability.  (Klitzing and 

Möhwald 1996)  

In previous research, the effects of salts were compared in their diffusion rates when 

films were developed both with and without NaCl present.  There seemed to be a greater 

diffusion rate in films without NaCl versus films developed with NaCl.  Films without NaCl are 

known to swell slightly or contain elongated polymers as previously proven, and thus effect an 

increase in the concentration of free volume cavities.  According to the researchers Cohen and 

Turnbull this free volume cavity concentration plays an important role in the diffusion of a 

molecule through the porous polymer layers.  Diffusing molecules are located in water filled 

cavities which then transcend an energy barrier or simply move from one adjoining cavity to the 

next. Diffusion is then determined by the size of the void as well the concentration of voids 
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within the volume. It could be seen that a greater concentration of voids leads to an increase in 

diffusion, and thus the opposite must hold true. (Cohen and Turnbull 1959)   

Simply, the effect of salt can be described as screening produced by reduction in the 

charge of polymers therefore reducing the electrostatic repulsion that occurs between like 

polymers.  Salt or NaCl effectively neutralizes the charges found on the side chains of polymers 

and thus shields the polymers from each other. This screening effect shows that with increasing 

salt concentration, there is also increased adsorption as well as increased rigidity. (Lee, Ryu, and 

Youn 2012)   

These examples illustrate the utility of the bottom-up approach as a means to fabricate 

novel methods for drug delivery.  Based on the limitations of both methods, it seems that the 

research moving forward will work to combine both methods of fabrication in a way that utilizes 

the strengths of each.  Since it is a versatile and simple technique, the applications for LbL are 

only limited by the imaginations of the researchers as new and novel approaches continue to be 

developed. (Ariga, Hill, and Ji 2007) Therefore, LbL is also not limited to developing 

microstructures and microdevices solely intended for use within the human body.  LbL 

techniques have been used to develop patterned arrays and more specifically lab-on-chips.    

1.2.3 Lab-on-Chip Systems 

Lab-on-chip (LOC) systems as a general category of biomedical devices are designed as 

a means for the quick analysis of biochemical liquid samples.  Specifically, these types of 

systems can test for the presence of a number of materials such as cells, viruses, proteins, 

metabolites, macromolecules, and nucleic acids to name a few.  These LOC devices are designed 

to increase the throughput and decrease the complexity of sophisticated testing procedures.  

Current technology focuses on the implementation of both fluidic and electronic components on 
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a single chip to enhance both sensitivity and efficiency.  These LOC systems use minimal 

amounts of reagents, are eminently programmable, and allow for sterile environments as well as 

separations processes.  The general design of these devices involves the use of microchannels 

which flow liquid samples across sensing and measuring components.  The liquid sample is then 

forced through the microchannels by actuators and other control apparatuses.  Depending on the 

application of the device, the types of implemented materials differ.  The only requirement for 

materials is that they are easily modified.  Some popular substrates for LOC devices are glass, 

silicon, or even PDMS as they are valued for their low cost and precision in modification.  These 

substrates are then modified using photlithography and chemical etching.  The end goal is then to 

create microchannels large enough so that liquid sample may flow and be analyzed by the 

respective sensors.  Following creation of the microchannels, another substrate is then placed on 

top of the previously etched substrate forming a tight seal.  (Giannitsis 2011) 

Interestingly, PDMS is the popular substrate for sealing LOC devices.  Its hydrophobicity 

and flexibility lend itself to strong adhesion to smooth surfaces and substrates when placed under 

high mechanical pressure.  It is also preferred because it is easily shaped and molded providing 

the ability to mold microchannels quickly and effectively.  In this way, PDMS would also 

obviate the need for tedious processes such as photolithography and etching.  Lastly, its 

hydrophobicity improves flow of the liquid sample throughout the microchannels.  The repulsion 

between hydrophobic and hydrophilic materials reduces the non-specific adhesion that can occur.  

When PDMS is not used as a material, researchers have used other coating strategies to increase 

hydrophobicity including covalent bonding of silanes, chemical deposition of fluoropolymers, 

and other hydrophobic surfactants.  (Giannitsis 2011) 



14 

A specific example for LOCs describes researchers’ attempt to develop a screening 

device for oral squamous cell carcinoma while seeking to provide rapid molecular analysis and 

detection.  The current method for detection involves the very invasive procedure of biopsy.  By 

excising material from the lesion site, the patient risks infection but is also not assured of a 

completely accurate result.  Biopsies are subjective as sampling from the site may not be enough 

but may also not reveal the full histopathologic characteristics of the biopsied region.  Adequate 

and fast detection are extremely important as this disease only gives a 5-year survival rate of 

50%.  Even more importantly, early detection and subsequent treatment gives a mean survival 

rate as 80%.  Therefore, a rapid, LOC detection device is essential in providing the necessary 

screening.  Researchers were able to build a self-contained unit using a microfluidic approach 

while also incorporating DNA amplification technology that expressed greater amounts of 

cancerous biomarkers.  (Ziober et al. 2008) 

Another LOC application can be seen in the use of soft lithographic techniques by Liu’s 

group in developing a single-cell array for large scale DNA fluorescence in situ hybridization.  

This LOC application does differ, however, as the analysis of the sample is conducted by a 

computer program, i.e. LOC is not completely self-contained.  Fluorescence in situ hybridization 

(FISH) analysis utilizes the DNA sequences found in single cells to identify heterogeneities 

between cell populations.  This technique requires that suspension cells be precisely patterned 

onto a two-dimensional array at a high density and away from their neighbors.  It was the desire 

of these researchers to develop a novel LOC while also maintaining low cost, high throughput, 

efficiency, and simplicity of fabrication.  (Liu et al. 2013) 

PDMS played an important role in the fabrication of the FISH array.  Using the 

microcontact printing method with silicon master molded PDMS, Liu et al. were able to novelly 
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fashion a patterned LOC resulting in the requirement alignment of cells for FISH analysis.  

Beginning with an APTES coated glass slide, a PDMS stamp patterned with hexagonal 

micropillars and coated with polyvinyl alcohol was printed onto the substrate.  It should be noted 

that the properties of the stamp were selected to assure that adequate separation occurred 

between the adhered cells.  For the two cell lines used, K562 and RCH-ACV, the micropillar 

diameters were 10 micrometers and 5 micrometers, respectively.  The sizes of the micropillars 

were selected to be significantly smaller, where K562 had an average diameter of 17.8 

micrometers and RCH-ACV had an average diameter of 10.8 micrometers, in order for precise 

control and placement of the respective cells on the LOC to occur.  These micropillars were also 

separated by a center-to-center distance of 30 micrometers.  Following printing of the PVA 

micropillars, the exposed APTES not covered by PVA was etched away with an oxygen plasma 

treatment.  (Guan, Chakrapani, and Hansford 2005)The patterned PVA functioned as mask for 

the APTES layer allowing for the exposed APTES to be removed revealing exposed glass.  

Subsequently, poly(ethylene glycol) ([hydroxyl (polyethyleneoxy) propyl] triethoxy silane or 

PEG silane was used to backfill and coat the exposed glass slide as a SAM (Self Assembled 

Monolayer).  PEG silane was selected since it is a standard material used to coat surfaces and 

prevent cell adherence.  Lastly, the soluble PVA layer was released through exposure to water 

leaving patterned APTES islands surrounded by a PEG silane SAM.  It is important to note the 

simplicity with which this LOC was created.  Other popular methods for creating FISH arrays 

include costly photolithography, the need for cleanroom-based facilities, and the use of chemical 

etchants.  (Liu et al. 2013) 

Following the creation of the LOC, the K562 and RCH-ACV cell lines were able to be 

seeded onto the APTES micropillars.  The suspension cell line, K562, comes from human 
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chronic myeloid leukemia cells while RCH-ACV are derived from lymphoblastic leukemia cells. 

It was determined that electrostatic attraction was the mechanism with which adherence 

occurred.  Since it is widely known that mammalian cells like the ones used in this study contain 

sialic acids, the surfaces of the cells become highly negatively charged.  The APTES micropillars 

then must be positively charged as a result of the protonation of their primary amines.  In order 

to allow for proper cell binding to occur, the cells were cultured over top of the LOC for a period 

of an hour.  Any unbound cells were then washed away.  It should be noted that this same cell 

line, K562, was an important part of the work performed for this thesis.  The novel creation of 

this LOC was worth mentioning as some of the same fabrication techniques were borrowed for 

the development of this thesis’ pH sensor. (Liu et al. 2013)  

1.2.4 pH Overview and Detection 

In developing a novel pH sensor, one must first realize the advances that the technology 

has made over the years.  pH sensors are often associated with the common glass electrode used 

in most labs.  These basic instruments incorporate two reference electrodes usually composed of 

Ag/AgCl and a second measuring electrode with a glass membrane.  The glass membrane 

electrode is composed of a special type of glass that allows for the transfer of hydronium (H3O
+) 

ions between the test substance and the glass membrane.  The pH is then calculated by 

determining the electric potential created between the measuring electrode and the reference 

electrode.  These glass electrodes are therefore very reliable and easy to operate while allowing 

for a wide range of measurements.  However, these electrodes do suffer from some 

disadvantages as well.  These instruments are often bulky and only able to measure bulk systems 

of solution while being extremely fragile and easy to break.  These electrodes may also be 

susceptible to inaccurate readings as alkaline solutions and fluoride ions cause electrical 
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interference and long term measurements may result in electrode signal drift.  It is for these 

reasons that other directions have been undertaken in trying to determine pH.  (Wencel, Abel, 

and McDonagh 2014) 

Classically, pH is calculated by taking the negative log of the concentration of hydrogen 

ions in a solution.  Today, it is defined as the negative log of the activity of hydrogen ions or 

more specifically hydronium ion.  Further, pH can be defined by the Henderson-Hasselbach 

equation in optical pH sensors.  The Hendereson-Hasselbach equation is calculated by utilitizing 

the pKa of the pH indicator as well as the concentrations and activity coefficients of the basic 

and acidic form of the pH indicator.  These differences in the calculation of the pH merely 

illustrate the various methods with which researchers have obtained pH readings.  In this thesis, 

the printed pH sensors were evaluated for pH sensing through development of a standard curve 

based on experimentally obtained fluorescence intensity readings.  Using pH buffers that had 

been validated with a glass pH electrode, these buffers were placed onto the sensor and the 

obtained fluorescence intensity values were equated to the pH value.  This allowed for creation 

of a standard curve.  (Wencel, Abel, and McDonagh 2014) 

In comparison to pH detection by glass electrodes, optical pH sensors have many 

advantages.  They are extremely useful as they can be built on the order of micrometers, do not 

specifically require a reference sensor as does the glass electrode, and are not affected by 

electrical interference.  They have the ability to be produced en masse, at a low cost and with 

ease as well as having a low energy consumption.  These types of sensors do suffer from 

problems with long term stability and photobleaching of the indicator dye where the dye loses its 

effectiveness.  Some other considerations in pH sensor development pertain to issues like 

sensitivity and resolution, accuracy and precision, sterilization and biocompatibility, as well as 
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response time or the time it takes to see an observable change.  (Wencel, Abel, and McDonagh 

2014) 

Optical pH sensors utilize pH indicator dyes that show a visual change when exposed to a 

range of pH’s.  More specifically, the spectral properties undergo changes in absorbance, 

fluorescence, or reflectance at various pH values.  This dye must also exhibit the following 

properties: high extinction coefficient, absorption and emission in the visible wavelength 

spectrum, and good chemical, thermal and photo stability.  pKa and extinction coefficient are 

important as the pKa is a predictor of a molecule’s behavior at a certain pH.  For example, at a 

low pH more hydronium ions exist and therefore the pKa must also be low.  This then allows the 

molecule the ability to donate protons.  The greatest sensitivity of the dye occurs when the pH is 

close to the pKa of the dye.  The extinction coefficient is important when the indicator dye relies 

on salt.  An extinction coefficient is a measure of a substance’s ability to absorb light at a certain 

wavelength.  These properties are important as low cost sources of light and optical components 

may then be used.  It should also be noted that some dyes are only effective within specific pH 

ranges.  Therefore, it is imperative to select a dye that can effectively measure pH differences 

within the desired ranges that are being studied.  Further, these pH ranges can be observed as 

sigmoidal responses within dynamic ranges of pKa values at plus or minus 1.5.  (Wencel, Abel, 

and McDonagh 2014)  It has been reported, however, that pH ranges can be expanded by 

essentially stacking dyes that are similar but have varying pKa values. This then can theoretically 

increase the range from between pH 5.0-8.0 to a range of 2.0-12.0. (Capel-Cuevas et al. 2012)  

The main types of pH dyes used are fluorescence and absorption indicators.  

Encapsulated absorption pH indicator dyes change color based on the pH.  Phenolphthalein, 

phenol red, and bromocresol green can be included in this class of pH dyes.  Fluorescence pH 
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indicators are very popular as they allow for increased sensitivity and selectivity compared to 

absorption indicators.  Examples of such dyes include fluorescein and rhodamine as well as some 

coumarin-based indicators. (Wencel, Abel, and McDonagh 2014)  Another important difference 

to be noted between the two methods is their ability to simply just be visualized.  Fluorescent 

microscopy uses filters to block the light source from obscuring the fluoresced object. 

Fluorescence then provides a high resolution image of even a single fluorescent object.  

Absorption techniques differ as the indicator is not easily distinguished from the background of 

the image.  Fluorescence therefore provides a higher contrast and greater visualization.(Lichtman 

and Conchello 2005) 

Once an appropriate dye is selected, this dye must then be incorporated into a matrix.  

The dye is usually immobilized within the matrix by three possible ways.  The first relies on the 

adsorption of the dye to the matrix.  The second method uses entrapment of the dye within the 

matrix layers.  The third method uses covalent bonding of the dye to conjugate itself to the 

matrix by interacting with specific functional groups.  Each method suffers from downsides 

however, as the first two methods are prone to leaching of the dye causing inconsistent and 

unreliable results.  This issue can be rectified by using pH dyes that are made hydrophobic by 

forming ion pairs.  This makes them relatively water insoluble and so will not leach out of the 

matrix as easily.  Conversely, the covalent bonding method assures that the dye will remain in 

place but requires increased time to conjugate the dye molecule as well as possibly reducing the 

efficacy of the indicator dye and shifting its pKa.  (Wencel, Abel, and McDonagh 2014) 

Aside from selecting the appropriate dye indicator, the matrix itself must be examined for 

its permeability, selectivity, flexibility, and mechanical and chemical stability. Oftentimes, this 

matrix is composed of polymers or sol-gel-like materials which must exhibit hydrophilic 
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properties to facilitate the diffusion of protons.  Some of the polymers used in previous works 

include cellulose acetate, PVA, ethyl cellulose, and even PAH and poly(acrylic acid) (PAA).  

Interestingly, LbL assembly incorporating PAH and PAA was used in developing an optical 

chemical sensor.  This will directly correlate with this work.  Many researchers have used the 

sol-gel matrix strategy as the porosity and other characteristics are much more easily controlled.  

These materials also provide high transparency allowing light sources to easily reach the pH 

indicator.  Some examples of sol-gel materials include but not limited to poly(ethylene glycol) 

(PEG), PDMS, and tetraethoxysilane.  Other approaches for pH sensing include using 

nanoparticle delivery systems to infiltrate and measure intracellular pH.  (Wencel, Abel, and 

McDonagh 2014) 

1.2.5 Fluorescence Microscopy and Labeling Strategies 

As described previously a popular method for developing pH sensors relies on the use of 

fluorescent dyes and indicators.  Since a fluorescent pH indicator was also used in this work, this 

phenomenon must be described further.  In describing the most basic tenet of fluorescence, one 

must select something that fluoresces.  Very simply, fluorescence then occurs through an 

excitation and subsequent emission processes.  This occurs in nanoseconds as the fluorophore, 

the fluorescent molecule, absorbs short wavelength light and then releases a longer emitted 

wavelength.  This difference in wavelengths is then termed the Stokes shift which allows for the 

visualization of the fluorescence phenomenon.  (Lichtman and Conchello 2005) 

A fluorophore has these special properties because of its outermost electron orbital.  This 

decides a molecule’s efficiency in both absorbing the excited photon as well as its own emission 

of an excited molecule.  In this process, the fluorescent molecule moves from its relaxed ground 

state into a higher energy state caused by an electronic, vibrational, and rotational change in the 
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molecule upon absorption of the photon.  Occasionally, this absorption may also cause an inner 

electron to jump to the next orbital of the electron shell.  This change in states occurs on the 

order of femtoseconds and results in the releasing of a fluorescence emission accompanied with 

vibrational relaxation.  The molecule then returns back to its original ground state awaiting its 

next excitation following this release.  (Lichtman and Conchello 2005)  

The electron orbital of a fluorophore is determined by its aromatic ring structure which 

contains multiple pi bonds responsible for distributing electrons throughout the outermost orbital.  

The pi bonds are then important as an increase in the number of these conjugated double bonds 

also increases the efficiency with which fluorescence occurs.  (Lichtman and Conchello 2005)  It 

is important to note that fluorescence only occurs on structures that are planar or coplanar.  This 

can be seen by examining the two fluorescent dyes, fluorescein and rhodamine with similar 

analogues, phenolphthalein and malachite green, respectively.  These molecules only differ in 

their orientation on a plane as the fluorescent dyes contain an oxygen bond between the upper 

phenyl rings.  This bond then restricts the dyes to a planar orientation whereas phenolphthalein 

and malachite green are non-planar and thus not fluorescent. (Hermanson 2013)  This means that 

a greater amount of pi bonds reduces the required energy of a photon needed to excited a 

molecule from the ground state into the excited state meaning that the photon will be a longer 

wavelength and the emitted wavelength will be longer as well.  (Lichtman and Conchello 2005)  

Electron donating groups are also known to increase the efficiency and intensity of the emitted 

fluorescence while electron withdrawing groups, conversely, decrease this efficiency.   Another 

factor that affects fluorescent molecules is the presence of heavy atoms on the aromatic ring 

structure.  The heavy atoms also work to diminish the fluorescence of the molecule.  (Hermanson 

2013) 
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Jablonski diagrams are excellent visual aids in describing this process.  A Jablonski 

diagram effectively shows the stokes shift between the absorption/excitation spectrum and 

emission spectrum.  The absorption spectrum is read by shining increasing wavelengths of light 

onto a fluorophore and analyzing the fluorescent yield that occurs.  One can see that over the 

range of wavelengths, there are many peaks and valleys occurring which show the energy levels 

of the fluorophore at those points.  The max absorption or excitation is observed at the peak of 

the spectrum.  It is this absorption that is then used when analyzing the excitation spectrum.  This 

phenomenon has been described mathematically using the equation (� = ℎ ∗ � �⁄ ) where E is the 

energy of the photon, h is Planck’s constant, c is the speed of light, and � is the wavelength.  

Physically, an absorbed photon causes the molecules electrons to jump between orbitals as 

described.  But, these orbital states can be described as S0, S1, and S2 while logically increasing 

in energy with increasing number.  The minimum amount of energy required for fluorescence 

then is the minimum energy that it takes to move an electron from the ground state, S0, to the 

next orbital, S1.  This does not preclude electrons from jumping to the highest excited state, S2, 

directly from the ground state or moving from S1 to S2.  It also must be noted that excitation of 

the fluorophore is not limited to just a single photon.  Multiple photons may add their excitation 

energies to cause electrons to move to the next orbital state.  Lastly, Jablonski’s diagram also 

describes the spin states of the electrons in the fluorophore.  In each orbital from S0 to S2, the 

electrons generally reside in the singlet state where singlet states describe paired and opposite 

spins, −1/2 and +1/2 of corresponding electrons.  In rare cases, the electron jumps to a triplet 

state where the spins of the electrons are parallel.  (Lichtman and Conchello 2005) 

The emission spectrum on a Jablonski diagram shows a shifted spectrum compared to the 

absorption spectrum, the Stokes shift.  This shift occurs because the emitted photon has a lower 
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energy than the original absorbed photon and is important because it allows for the two 

spectrums to be distinguished better when viewed.  Ultimately, these highly energized electrons 

are attempting to return to the ground state through a release of energy which occurs in a few 

different ways.  The first is obviously the desired fluorescence through the release of the photon.  

Internal conversion and vibrational relaxation also then contribute to reducing the energy within 

the molecule.  Internal conversion simply refers to a reduction of the orbital state in electrons for 

example from S2 to S1.  Vibrational relaxation denotes the loss of vibrational energy into 

surrounding aqueous medium through direct interactions with other molecules.  The aqueous 

medium is often water.  (Lichtman and Conchello 2005) 

Another measure in fluorescence microscopy relates to the efficiency of the fluorophore 

to produce fluorescence when excited.  This efficiency is called quantum yield and is defined as 

the ratio of florescence emission to energy loss.  Simply, it defines the maximum fluorescent 

intensity attainable.  Quantum yield therefore works in conjunction with the extinction 

coefficient, the probability that a photon will be absorbed by the fluorophore.  These two 

measures must be optimized to get the desired fluorescent properties as higher quantum yields 

lead to a reduction in photobleaching and free radical formation.  A high extinction coefficient is 

important also as it then requires less energy to provide fluorescence which also reduces the 

energy needed.  This is important in applications where low energy light sources are needed to 

keep the sample intact. (Lichtman and Conchello 2005) 

One important concept of interest relates to the use of multiple fluorophore types in the 

same sample.  This technique is widely used and can be clearly seen as an effective tool in the 

study performed by Yapici et al.  In this paper, the researchers developed novel fluorescent pH 

probes with the ability to detect internal lysosomal pH as well as the ability to detect lysosome-
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dependent apoptosis.  They were able to label HeLa cells using two dyes that were created in 

house named LysoProbe II and LysTracker, and a third named Hoechst 33342 and exhibited red, 

green, and blue fluorescence, respectively.  In the micrographs, the fluorescence is clearly 

distinguishable between all three dyes.  These dyes were chosen so that the multiple fluorophores 

did not interfere with each other.  (Yapici et al. 2015)  Problems arise in instances like these 

when fluorophores are chosen that have overlapping emission spectra.  When excited by the 

same wavelength, most fluorophores still fluoresce but some more than others.  However, if 

multiple fluorescing occurs, it may cause crosstalk or a jumble of the fluorescent signals 

rendering them indistinguishable.  Based on the desired application, this then may limit the 

labeling effectiveness as some dyes only attach or penetrate certain types of tissue or structures.  

(Lichtman and Conchello 2005) 

Reduction in labeling efficiency does not only occur in these ways but also occurs due to 

the previously mentioned phenomenon of photobleaching.  Photobleaching is more than just the 

loss of effectiveness as the fluorophore molecules are chemically destroyed through 

overexcitation.  The amount of photobleaching that occurs varies with the type of fluorophore 

used while also varying in the amount of time for it to occur.  The mechanisms that cause 

photobleaching also vary according to the fluorophore.   Intuitively, higher intensity levels of 

light will cause the fluorescence intensity levels to fade more quickly.  The types of lamps used 

may affect the fluorophore as infrared light is known to affect it.  Short exposure to any source of 

light is critical in maintaining the fluorophore’s efficacy. Oxygen is also a key contributor in 

photobleaching as molecules like superoxide anions and singlet oxygen accelerate this process.  

Anoxic environments are preferable when working with fluorescent molecules.  But this may not 

be practical as many of the targets for these molecules are cells.  Triplet states may also play a 
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role in photobleaching as the fluorophore undergoes a photochemical reaction.  So, chemical 

agents that induce triplet states must be used sparingly if at all.  (Petty 2007) 

Another way that a fluorophore loses effectiveness is through the phenomenon of 

quenching.  Quenching occurs as a result of dye to dye interaction between two fluorophore 

molecules.  This effectively leads to a decrease in the quantum yield off the dye.  Quenching 

happens when components are present in a solution that absorb energy at a similar excitation of 

the fluorophore.  It is theorized that this can also be caused by the transfer of a photon from an 

excited fluorophore to a molecule still in its ground state. The transferred photon’s energy must 

then be lost due to vibrational energy dissipation as absorption of the photon does not occur.  

Based on the knowledge of the Stokes shift, it can be inferred that the emitted photon was not at 

the correct excitation wavelength thus it would be unable to be absorbed by a similar 

fluorophore.  This type of quenching occurs when a high concentration of the molecules is 

present or the desired molecule is overlabeled, usually at 8 to 10 fluorophores per molecule.  It 

should be noted that while this greatly reduces emission intensity, it also causes the molecule to 

non-specifically bind to undesirable substrates due to the large number of aromatic rings present.  

Similarly, this type of fluorophore quenching is especially present when using hydrophobic dyes 

in aqueous buffers.  This can be ameliorated, however, through the addition of negatively 

charged functional groups, such as sulfonate groups, that cause repulsion.  These hydrophobic 

dyes can even be made hydrophilic by adding water-solubilizing PEG side chains which shield 

the molecule’s inner hydrophobic core.  Again, this then limits the dye to dye aggregation and 

interaction that causes quenching.  Other factors to consider are non-specific binding as well as 

covalent bonding.  Non-specific binding of free fluorophore molecules contributes to quenching 

by inhibiting the ability of the fluorescent molecule to rotate freely and orient itself into a planar 
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conformation.  Covalent bonding of a fluorophore to a molecule may contribute as this too may 

not allow the fluorescent molecule to freely rotate.  (Hermanson 2013) 

1.2.6 Fluorescein Isothiocyanate (FITC) as a Suitable Fluorophore 

In describing the process of fluorescence, it is essential to choose the optimal fluorophore 

that adequately fits one’s desired application.  Therefore, the fluorescent probes, Fluorescein 

Isothiocyanate (FITC) and Rhodamine Isothiocyanate (RITC) were chosen as adequate 

fluorophores and used extensively in this work.  These two useful probes are derivatives of the 

fluorescent probes Fluorescein and Rhodamine B, respectively, and are valued not only for their 

optical properties but also their ability to conjugate with specific functional groups.  These two 

fluorophores contain other important properties that will continue to be discussed further.  

(Hermanson 2013) 

FITC as described is a derivative of the very popular fluorescent molecule fluorescein.  

Before elaborating on FITC, it first is very important to discover the basic properties of 

fluorescein from which FITC is created.  This molecule, like all fluorescent molecules, derives 

its fluorescent nature from aromatic rings but is made up of a three ring xanthene core structure 

resulting in the required planar arrangement.  Fluorescein has a molecular weight of 332 Da and 

effective excitation wavelengths ranging from 488nm to 495nm in the green visible range.  Its 

emission spectrum ranges from 518nm to 525nm and has a quantum yield that ranges all the way 

up to 0.75.  It is also known that loss of intensity occurs when fluorescein is dissolved in water, 

stored for long periods of time, and exposed to light.  Quenching can occur when fluorescein is 

dissolved in solutions below pH’s of 7.0 as well as hydrophobic in form.  Again, adding 

sulfonate groups to this molecule can reduce the expected aggregation by creating repulsion 

between the molecules. Lastly, fluorescein can be modified at its 5 and 6 carbons on the lower 
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ring.  Modifications can be made that produce variations in the properties of these molecules.  

Shifts in excitation and emission wavelengths, changes in fluorescence intensity and color 

variation, and stability of the fluorophore are all alterations that may be instituted through 

changes on these carbons.  Also at these carbons, various functional groups can be added that 

allow for conjugation to other functional groups on proteins or molecules.  It should be noted 

that conjugation with other molecules can quench the fluorescence of the fluorophore by up to 

50%.  Even with all of these considerations, fluorescein is still easily and readily visualized. 

(Hermanson 2013) 

Fluorescein then upon modification with isothiocyanate at the 5 or 6 carbon positions 

becomes FITC.  The two isomers created from this reaction are similar in their properties but 

may produce difficulties when conjugated with proteins or polymers.  This can be seen in 

applications requiring separation analysis or electrophoresis.  Therefore, the carbon-5 derivative 

is desired.  Isothiocyanate as a molecule is extremely reactive with nucleophiles or electron 

donating molecules including sulfhydryls, amines, and phenolate ions from tyrosine side chains.  

But, the most stable conjugation results when isothiocyanate reacts with primary amine groups at 

their ε and N-terminus.  The mechanism for reaction proceeds through the nucleophile reacting 

with the central, electrophilic carbon of the isothiocyanate functional group which produces an 

electron shift resulting in a thiourea linkage.  (Hermanson 2013)  The main target for FITC 

conjugation in this thesis study is the polymer, PAH.  PAH as a polyelectrolyte is biocompatible 

and biodegradable but also contains amine side chains that are important in its conjugation with 

FITC.  (Hau et al. 2003) 

The properties of FITC are much the same as in fluorescein.  FITC breaks down in 

aqueous solutions over time but is stable for short time periods and is water soluble at pH’s 
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above pH 6.  It should also be stored in a cool, dry place such as in a desiccator within a -20 

degree Celsius freezer.  FITC’s fluorescent properties similarly include a maximum absorption 

peak at 495nm and a maximum emission peak at 520nm well within the average spectrums of 

fluorescein.  And of course, quenching and photobleaching occur in the same manner that was 

described with fluorescein and other fluorophores.  To reduce quenching, it is desired that 

proteins or polymers contain only 4 to 5 fluorophores per molecule.   FITC then is an extremely 

versatile fluorescent probe as it can be used in tagging various cells such as antibodies as well as 

polymers.  In antibodies, the probe then can be effective in tracking the cells throughout the body 

while also tracking penetration through various tissues.  (Hermanson 2013)  In addition, FITC as 

a pH probe was shown to be sensitive to pH between the ranges of pH 5.0 and pH 8.0.  (Geisow 

1984) 

1.2.7 Rhodamine Isothiocyanate (RITC) as a Suitable Fluorophore 

The second fluorescent molecule of interest, RITC, is also an effective fluorophore used 

in many labeling applications.  RITC, like FITC, is the derivative of another molecule, in this 

case, rhodamine.  In discussing the structural properties of rhodamine, it must be pointed out that 

rhodamine is quite similar to that of fluorescein with some minor differences.  Both fluorophores 

contain multiple aromatic xanthene ring structures.  Rhodamine differs in that nitrogen replaces 

the oxygens that are found on the outer rings of fluorescein.  Rhodamine also accepts 

modifications on its 5 and 6 carbon atoms from the lower aromatic ring and also uses these sites 

to change its optical and physical properties as well as allow conjugation through the addition of 

an isothiocyanate functional group.  Reaction and conjugation of isothiocyanate with a 

nucleophile follows in the same manner as in fluorescein while continuing to have an affinity for 

sulfhydryls, amines, and phenolate ions from tyrosine side chains.  Isothiocyanate is again most 
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stable when conjugated with amines.  Handling of fluorescent dyes then must also be the same.  

Therefore, the same protocols and considerations must be taken.  However, rhodamine 

derivatives fluoresce in the orange to red visible range with excitation wavelengths in the low to 

high 500nm range and emission wavelengths in the mid to high 500nm range.  The quantum 

yield of rhodamine is also much lower at about 25%.  (Hermanson 2013)  

RITC as the conjugated version of rhodamine with isothiocyanate has very similar 

fluorescent properties to rhodamine.  Literature from Sigma-Aldrich states that the maximum 

excitation wavelength resides at 540 nm and its maximum emission wavelength resides at 573 

nm.  RITC is also soluble in organic solvents and is recommended to be dissolved in 1% 

methanol.  This version of RITC is a mixed isomer reagent that contains both versions of the 

molecule rhodamine modified either at the 5 carbon or the 6 carbon in the lower aromatic ring.  

(“Rhodamine B Isothiocyanate 83692” 2017) In terms of labeling, RITC is used much in the 

same way as FITC.   Some examples are seen by Kim et al. in their use of RITC as the marker 

adsorbed onto silica or polystyrene nanoparticles coated in silver.  (K. Kim et al. 2009) 

Similarly, other researchers were able to dope silica with RITC and coat nanoparticles.  These 

nanoparticles were then used to detect early-stage apoptosis through fluorescent imaging 

techniques.  (Shi et al. 2007) Xia et al. showed that like FITC, RITC could also be conjugated 

with PAH and used as a label.  (Xia et al. 2015)  RITC unlike FITC is known to be insensitive to 

pH.  (Geisow 1984)   

1.2.8 Extracellular pH Detection 

In describing these fluorophores, one must realize that the ultimate goal of this work was 

to develop a pH sensor using these fluorescent molecules which allows for the determination of 

extracellular pH (pHe) in cancerous cells.   The pHe was sensed by placing the fluorophore in 
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close proximity to the edge of the cell, on the order of nanometers.  In this way, it would sense 

the extracellular pH directly surrounding the cell by measuring the differences in fluorescence 

intensity where cells were bound as well as the regions where cells are not bound.  Figure 1.3 

visually illustrates the length scale and proximity of the cell to the pH sensitive fluorescent layer, 

in this case PAH-FITC.  This figure shows an example, 5 Layer pH Sensor, containing one layer 

of PAH-FITC with the sensor developed through deposition of oppositely charged layers or 

polymers through electrostatic attraction.  One can see that each layer is ~1 nm in size with the 

cultured cell being a maximum distance of ~2 nm from PAH-FITC.   (Wang et al. 2012)   

 

 
Figure 1.3. Schematic of pH Sensor with Cultured Cell.  In this 5 Layer pH Sensor example, 

one pH sensitive fluorescent layer, PAH-FITC, was incorporated.  As previously described, the 

pH sensor was developed through subsequent deposition of oppositely charged polyelectrolytes.  

Each individual layer was ~1 nm in height as the cultured cell was ~2 nm away from pH 

sensitive layer.  It was desired for the pH sensor to detect the pHe of the cell by positioning the 

cell within close proximity of the pH sensitive fluorescent layer. 

 

Furthermore, it will be shown that this in vitro strategy utilizing fluorescence imaging 

employed a simpler and more easily replicated method for pHe evaluation as compared to other 
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methods.  Some overlap does occur with reagents and imaging techniques but other approaches 

are required that not only allow for in vitro and ex vivo pH determination as in the previous 

section but also in vivo pH visualization.   

pHe  of extracellular tumor microenvironments is often analyzed as a means to increase 

the efficacy and uptake of chemotherapeutics while also improving diagnoses.  It is theorized 

that existing pH gradients between the extracellular and intracellular regions contribute to 

chemotherapeutic resistance.  Gradients occur via disruption of the cell’s respiratory processes 

resulting in tumor acidosis.  In normal aerobic conditions, cells undergo the citric acid cycle in 

order to power the machinery enclosed within.  In this process, glucose is converted to pyruvate 

through glycolysis and then transported to the mitochondria for further processing.  Here, the 

glucose is then converted to the energy source, Adenosine Triphosphate (ATP), and the 

byproduct carbon dioxide. (Chen and Pagel 2015) However, in a diseased tumor, hypoxic 

conditions occur which result in a switch to anaerobic respiration.  Energy production then is 

dominated by glycolysis within the cytosol and a manufacturing of lactic acid along with ATP.  

This process is highly inefficient and produces 18 times less ATP than its counterpart, aerobic 

respiration.  (Loja et al. 2013; Chen and Pagel 2015)  Increased lactic acid production then 

results in intracellular buildup and subsequently a pH gradient.  In an effort to maintain a slightly 

alkaline intracellular environment of about pH 7.4, several cellular mechanisms are upregulated.  

These proton extrusion mechanisms include Na+/H+ exchanger (NHE), H+/K+ ATPase, vacuolar-

ATPase, carbonic anhydrase IX, and the HCO3
- transporter.  The transport of protons through 

these channels then lowers the pH of the extracellular microenvironment to acidic levels.  (Chen 

and Pagel 2015) The acidic microenvironment is also an important indicator of metastasis and 

mutagenesis.  It should be noted that in this hypoxic environment, active neoplastic proliferation 
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of the tumor is supported. The increased glycolysis is known to increase the pathways that 

produce the building blocks of a cell which in turn allows for the creation of more cells.  (Chen 

and Pagel 2015) 

As previously described, tumor acidosis greatly affects the uptake of chemotherapeutics.  

In order for passive diffusion of the chemotherapeutic across the cell membrane to occur, the 

drug must essentially be of neutral pH.  Since various weak base and weak acid drugs exist, it is 

important to select the appropriate cancer drug suitable for the pH microenvironment.  For 

example, weak base drugs experience reduced performance in acidic environments.  When in the 

presence of a pH lower than its pKa, the weak base becomes protonated and therefore positively 

charged.  This causes the drug to be less permeable to the cell membrane and thus the tumor is 

more drug resistant.  Weak acid drugs then experience the opposite effect and produce increased 

uptake upon lower pH’s.  Interventions for this issue have centered around the use of alkalinizing 

agents to raise the pHe of the tumor to enhance the passive diffusion of the drugs.  (Chen and 

Pagel 2015) 

The techniques used to detect pHe involve the use of specialized instruments.  These 

instruments fall into the following categories: pH microelectrode, fluorescence imaging, Positron 

Emission Tomography (PET), Electron Paramagnetic Resonance (EPR), Magnetic Resonance 

Spectroscopy (MRS), and Magnetic Resonance Imaging (MRI).  Depending on the application 

needed, each instrument has its strengths and weaknesses.  pH microelectrodes while being 

extremely accurate suffer from the need to be physically inserted into the tumor site.  In vivo 

studies then require that the tumor site be surface accessible in order to perform the invasive 

procedures that allow for the electrodes to be positioned correctly.  Tissue and tumor site damage 

are also very likely to occur.  (Chen and Pagel 2015) 
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Fluorescence imaging is also a useful technique but again requires that a tumor site be at 

or near the surface to allow for visualization.  Researchers have approached this problem in 

various ways using some combination of ratiometric characterization, fluorescent probes, 

imaging equipment, and probe anchoring.  Ratiometric characterization most often involves the 

use of a pH sensitive analogue of fluorescein (FITC, etc.) along with another fluorescent probe 

that is pH insensitive.  The pH is then determined by comparing the change in fluorescent 

intensity from the pH sensitive dye to the known fluorescent intensity of the pH insensitive dye, 

hence a ratio.  (Schreml et al. 2011; Tsou et al. 2013; Hilderbrand et al. 2008; Ke et al. 2014)  It 

should be noted that fluorescent probes are not always fluorescein derivatives as they can be 

used in various ways.  It was shown that proton sensitive dyes were an excellent alternative as 

fluorescence intensity adjusts according to proton distribution within a medium.  (Helmlinger et 

al. 1997)  Another group used a pH sensitive dye, seminaphtharhodafluor (SNARF), conjugated 

with a lipid that has the ability to selectively attach to a desired tumor site.  This lipid is termed 

pH low insertion peptide (pHLIP) and only inserts itself into the cell membrane when in the 

presence of acidic environments.  (Anderson et al. 2016)  Loja et al. and Ke et al. also utilized 

this lipid anchored technique.  (Ke et al. 2014; Loja et al. 2013)  These pHLIP anchoring 

methods are useful as they prevent non-specific binding of the fluorescent probes.  Because of 

the varied approaches to fluorescence imaging, many different modalities have also been used to 

capture the fluorescence such as luminescence imaging, optical molecular imaging, confocal 

fluorescence microscopy, and fluorescence reflectance imaging.  (Chen and Pagel 2015; Schreml 

et al. 2011; Tsou et al. 2013; Hilderbrand et al. 2008; Ke et al. 2014; Helmlinger et al. 1997)  

PET is a molecular imaging technique that can produce rapid scans of the body and is 

used extensively in clinical and research settings.  This technique can also utilize the pHLIP 
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technique where Cu is the probe of interest.  The pHe is able to be determined by the amount of 

Cu determine from the scan.  pHe correlates to a Cu concentration curve with sigmoidal 

curvature.  Therefore, pHe determination is merely qualitative and quantitative.  PET also only 

has a resolution limit of about 2mm which may hinder analysis of small tumors.  The technique  

EPR allows for substances with unpaired electrons to be analyzed.  As most stable materials 

contain paired electrons this technique can be used with great specificity but is then limited to a 

narrow range of sample types.  Using pH sensitive nitroxides, a broad range of pH from 0 to 14 

can be determined by analyzing the shift between spectral peaks or determining the extent of 

quenching that occurs when in pH dependent polymers.   The application of EPR is limited by its 

need for high powered irradiation as living tissues are not likely to survive upon testing.  (Chen 

and Pagel 2015) Unfortunately, these tests are not completely reliable as they suffer from 

inaccuracy and insensitivity. (Chen et al. 2014)  

The final two techniques, MRS and MRI, are widely utilized visualization tools.  They 

permit excellent resolution throughout the body of soft tissue regions with limited exposure to 

radiation.  These two techniques are also excellent in determining various environmental 

biomarkers such as pH, temperature, and oxygen levels as well as determining molecular 

biomarker quantities like proteins, metabolites, and gene expression.  Spatial resolution is also 

excellent and accurate up to about 0.1mm.  (Chen and Pagel 2015)  It can be seen in work by 

Prescott et al. that both MRS and MRI are valid testing modalities in determining pHe as 

confirmed using pH microelectrodes.  These researchers tested canine tumors ex vivo with a 

focus on the relationship of the gradient between intracellular and extracellular pH. (Prescott et 

al. 2000)  Other researchers used an audioCEST MRI technique as a means of visualizing in vivo 

tumors.  With the use of the CT contrast agent, iopromide, they were able to determine baseline 
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pHe  values of tumors as well as test the efficacy of alkalinizing agents on chemotherapeutic 

uptake.  (Chen et al. 2014)   

1.2.9 K562 and HeLa Cells 

It should be noted that in this work, pHe analysis was performed using the common 

cancer cell lines, K562 and HeLa.  These cell lines are derived from human bone marrow and 

human mammary glands of female patients, respectively.  Specifically, K562 is a cell line with 

lymphoblastic morphology characterizing the disease, chronic myelogenous leukemia.  It is a 

popular cell line that is used extensively in transfection and is cultured in suspension.  The HeLa 

cell line is an attachment, epithelial cell line taken from the cervix and characterizes the disease, 

adenocarcinoma.  This cell line is also suitable for transfection.  Both cell types were chosen as 

suitable probes due to their ease with which they can be cultured as well as their shown ability to 

successfully attach to the LbL microstructures developed within this work.   (“K-562 ATCC ® 

CCL-243TM” 2017, “HeLa ATCC® CCL-2TM” 2017)  In analyzing these two cell lines, 

expectations of the pHe values were for the values to be slightly acidic at approximately pH 6.8 

or lower.  Internal pH values for both cell lines were also expected to be around pH 7.4.  

(Anderson et al. 2016; Radoškević, de Grooth, and Greve 1995)  Thus, the extracellular pH 

would be lower compared to the bulk environment of the culture media where RPMI-1640 is pH 

8.2 and DMEM is pH 7.4.   In visualizing the fluorescence intensity from the pH sensors, there 

would then hopefully appear to be dimmer areas on the pH sensors where the cells were located 

compared to non-cell bound regions.  It should be noted that although the fluorescent molecule, 

FITC, is sensitive between the pH ranges of pH 5 to pH 8, it was not a requirement for the 

developed pH sensors to be sensitive within this range.  Although highly desired, the goal was to 

simply sense the extracellular pH of the cells where cells are known to exhibit extracellular pH’s 
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between the ranges of pH 6 and pH 8.  Therefore, pH sensors with sensitivity between the ranges 

of pH 6 and pH 8 would be suitable for use in evaluating these two cell lines.  (Anderson et al. 

2016) 
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CHAPTER 2 

 

MATERIALS AND METHODS 
 

2.1 Materials 

Poly(allylamine hydrochloride) (PAH) with an Mw from 120,000 Da to 200,000 Da, 

average Mw of 160,000 was purchased from Alfa Aesar.  Rhodamine B Isothiocyanate (RITC) 

with an Mw 536.08 Da, Poly(sodium-4-styrene-sulfonate) (PSS) with an Mw of 70,000 Da, and 

Sodium Hydroxide, pellets, 97+%, A.C.S. reagent, (NaOH) with an Mw of 40 Da were 

purchased from Sigma Aldrich.  Sodium Chloride (NaCl) with an Mw of 58.44 Da and Sodium 

Phosphate, Dibasic, Heptahydrate, (Na2HPO4·7H2O) with an Mw of 268.07 Da were acquired 

from BDH. Potassium Phosphate Monobasic, Crystal, NF (KH2PO4) with an Mw of 136.09 Da 

was bought from J.T. Baker.  Fluorescein 5(6)-isothiocyanate (FITC) with an Mw of 389.38 Da 

was purchased from Fluka Analytical.  Hoechst 33342 with an Mw of 615.9861 Da was obtained 

from Life Technologies.  Immersion Oil for Microscopy, 50 cc, Type A, nd=1.515 (23° C) was 

bought from Nikon.  Phosphate Buffered Saline 10X, (PBS) (pH 7.4), DMEM High Glucose 1X, 

and .25% Trypsin-EDTA 1X was purchased from GIBCO. Ethyl Alcohol 200 Proof was 

purchased from PHARMCO-AAPER.  RPMI-1640 was acquired from Lonza. The Sylgard 184 

PDMS kit with a PDMS prepolymer and curing agent was purchased from Dow Corning.  K562 

(ATCC CCL-243) and HeLa (ATCC CCL-2) were obtained from the American Type Culture 

Collection (ATCC). VWR Softcide-EC Hand Soap was purchased from VWR.  Fetal Bovine 

Serum (FBS) was purchased from Atlanta Biologicals (Lawrenceville, GA).  Hydrochloride Acid 

(HCl) was acquired from EMD.  Penicillin and streptomycin were used in cell culture media.  

MC30 X100 CLR Dialysis Membrane Filter (12,400 Da Mw Cutoff) was bought from 

MEMBRA-CEL.  A galvanized steel “5 1/4” by “2 3/4”  mending plate, “1 11/16” by “1/2” zinc 
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coated wood joiner, and medium sized broom holders were purchased from Killearn ACE 

Hardware.   

2.2 Methods 

2.2.1 Glass Slide Cleaning Procedure 

To prepare the glass slides for plasma treatment, they were first cleaned and dried.  Glass 

slides were initially rinsed under running water and then scrubbed by hand with a small drop of 

SoftCIDE-EC hand soap.  Once a nice lather was obtained, the slide was then rinsed again to 

remove the soap.  It should be noted that the slide was fully rinsed until the slide no longer felt 

slick.  The slide was then dried under a stream of nitrogen air and placed on a Kimwipe in 

preparation for plasma treatment.  

2.2.2 Plasma Treatment Procedure 

Cleaned glass slides were placed in the chamber of a PDC-32G plasma cleaner (Harrick 

Plasma, Ithaca, NY, USA) for 3 minutes and treated on high radio frequency (RF).  The oxygen 

was released into the chamber at 500 mTorr.  After 3 minutes, the plasma was turned off, the 

oxygen valve was closed, and the pressure was released slowly so as not to disrupt the slides 

within the chamber.  The slides were then removed and set aside for use later. 

2.2.3 Stamp Creation Procedure 

Using a Sylgard 184 poly(dimethyl siloxane) (PDMS) kit, PDMS resin and the curing 

agent were mixed at a 10:1 ratio by weight for 10 minutes to allow for proper reaction.  The 

PDMS mixture was then poured over a silicon master prepared by photolithography and placed 

into a vacuum chamber.  While in the chamber, bubbles were allowed to rise to the surface of the 

mixture as the pressure was subsequently released.  This degassing process was performed 

repeatedly until no bubbles were visibly apparent.   Finally, the silicon master was placed into a 
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37° C incubator for a period of 24 hours to complete the curing process and allow any remaining 

bubbles to dissolve to the surface.  Once cured, the PDMS resin was cut out and peeled away 

from the silicon wafer.  This was then cut into 8 mm by 8 mm squares and cleaned.  The silicon 

master used throughout this study gives PDMS stamps a pattern with 7 um wide stripes edge to 

edge with a height of 6 um, and a 5 um wide well between the raised stripes edge to edge.   

2.2.4 Stamp Cleaning Procedure 

Used PDMS stamps were obtained and were treated with scotch tape by repeatedly 

placing and removing the tape over each surface of the stamps.  The tape was then discarded as 

the cleaned stamps were placed into a test tube with 100% Ethanol.   The tube was sonicated for 

15 minutes and removed once completed.  Each individual stamp was then carefully removed so 

as not to damage the feature side and placed onto a Kimwipe.  They were allowed to dry for a 

period of 24 hours in order for ethanol to fully evaporate from the PDMS stamps.   

2.2.5 K562 Cell Culture 

These suspension cultures were aseptically maintained in RPMI 1640 medium modified 

with Fetal Bovine Serum (FBS) at 10% by volume, 100 units per mL of penicillin, and 100 ug 

per mL streptomycin.  The cultures were maintained between 10,000 cells per mL and 100,000 

cells per mL and were passed a maximum of three times to avoid mutation.  The cultures were 

incubated at 37° C and 5% CO2. 

2.2.6 HeLa Cell Culture 

This attachment cell line was aseptically maintained in DMEM High Glucose 1x medium 

modified with Fetal Bovine Serum (FBS) at 10% by volume, 100 units per mL of penicillin, and 

100 ug per mL streptomycin.  These cultures were maintained between 25% and 75% confluence 

and were passed once 75% confluence was reached.  This cell line was only passed three times to 
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avoid mutation.  The cultures were incubated at 37° C and 5% CO2.  In order to pass the cells, 

the media was initially aspirated away from the cells and saved for in a sterile container for later.  

Next, the cells were bathed in 3 mL of trypsin for approximately 3 minutes or until the cells 

appeared to release.  At this point, the trypsin was aspirated away and the cells were allowed to 

release further for approximately 1 minute.  The previously saved DMEM medium was used to 

wash the flask and remove the HeLa cells from the wall.  The cells were then passed and seeded 

at 25% confluence.   

2.2.7 Solution Preparation 

All polymer solutions were prepared as 1 wt.% with 150 mM NaCl.  All deionized (DI) 

H2O was taken from a Barnstead NANOPure water purifier. 

PAH (1%): 1.545 g of PAH polymer was dissolved into 154.5 mL DI H2O with 1.354 g 

NaCl added.  This was then sonicated until fully dissolved and set aside.  The measured 

pH=5.42. 

PAH (pH 10) (1%): 1.58 g of PAH polymer was dissolved into 158.0 mL DI H2O with 

1.385 g NaCl added.  This was then sonicated until fully dissolved and set aside.  The pH was 

then adjusted to pH 10 using 1.0M HCl and 1.0M NaOH solutions. 

PSS (1%): 1.656 g of PSS polymer was dissolved into 165.6 mL DI H2O with 1.4464 g 

NaCl added.  This was then sonicated until fully dissolved and set aside.  The measured 

pH=6.75. 

PSS (pH 2) (1%): 0.1 g of PSS polymer was dissolved into 10.0 mL DI H2O with 0.0878 

g NaCl added.  This was then sonicated until fully dissolved and set aside.  The pH was then 

adjusted to pH 2 using 1.0 M HCl and 1.0 M NaOH solutions. 
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FITC: 0.003 g was dissolved into 75 mL DI H2O using sonication and agitation.  The 

concentration of this solution is 0.1027 mM. 

RITC: 0.001 g was dissolved into 1mL DI H2O using sonication and agitation.   The 

concentration of this solution is 1.865 mM. 

PAH-FITC: 65.0 mL of FITC solution, 1.25 g of PAH polymer, and 60.0 mL DI H2O 

were combined for a period of 2 hours to allow a reaction to occur.  A 2000:1 ratio of FITC 

amine groups to 1 PAH molecule was required, which determined the total volume of FITC 

solution added.  This calculation can be found in the associated APPENDIX A.1. Once the 

reaction was completed, the solution was then dialyzed in DI H2O through a membrane with a 

molecular weight cutoff of 12,400 Da for a period of 24 hrs.  After this period, the DI H2O was 

emptied and replaced.  The dialysis process was then repeated for two more cycles until there 

was no visible tint to the dialysis water.  Throughout the process, the dialysis membrane tends to 

swell as it takes on water and leaches out the molecules that are lower than the membrane cutoff.  

This required that the final solution be measured so the appropriate 150 mM NaCl could be 

added.  The volume of the final solution was 130.4 mL.  Therefore, 1.139 g NaCl was added. 

PAH-RITC: 0.283 mL of RITC solution, 0.1 g of PAH polymer, and 9.717 mL DI H2O 

were combined for a period of 2 hours to allow a reaction to occur.  A 2000:1 ratio of RITC 

amine groups to 1 PAH molecule was required, which determined the total volume of RITC 

solution added.  This calculation can be found in the associated APPENDIX A.2. Once the 

reaction was completed, the solution was then dialyzed in DI H2O through a membrane with a 

molecular weight cutoff of 12,400 Da for a period of 24 hrs.  After this period, the DI H2O was 

emptied and replaced.  The dialysis process was then repeated for two more cycles until there 

was no visible tint to the dialysis water.  Throughout the process, the dialysis membrane tends to 
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swell as it takes on water and leaches out the molecules that are lower than the membrane cutoff.  

This required that the final solution be measured so the appropriate 150 mM NaCl could be 

added.  The volume of the final solution was 11.6 mL.  Therefore, 0.1017 g NaCl was added. 

2.2.8 Solution Cleaning Method 

After multiple uses, solutions become cloudy forming aggregates.  These solutions must 

be cleaned in order to allow for effective LbL deposition.  Solutions were transferred to 

centrifuge tubes and spun at 4000 RPM for 10 minutes.  Concurrently, the test tube was 

sonicated with DI H2O to remove aggregate debris.  Following centrifugation, the supernatant of 

the centrifuge tube was aspirated off and transferred back into the original test tube.  The 

centrifuge tube along with the aggregate pellet was thrown away. 

2.2.9 pH Buffers Preparation 

Using Sorenson’s Method for preparing buffer solutions, 133 mM stock solutions of 

Na2HPO4 and KH2PO4 were created.  Using deionized water (DI H2O) from a Barnstead 

NANOPure water purifier, 35.76 g of dibasic Sodium Phosphate Heptahydrate were diluted into 

1 L of DI H2O.   9.08 g of monobasic Potassium Phosphate were also diluted with 0.5 L of DI 

H2O.  Next, 100 mL buffer solutions for pH 5, pH 6, pH 7, and pH 8 were prepared with the 133 

mM stock solutions.  The ratios of each stock solution for the respective pH buffers were as 

follows: pH 5 (1.0 mL Na2HPO4, 99.0 mL KH2PO4), pH 6 (12.0 mL Na2HPO4, 88.0 mL 

KH2PO4), pH 7 (50.0 mL Na2HPO4, 50.0 mL KH2PO4), pH 8 (94.5.0 mL Na2HPO4, 5.5.0 mL 

KH2PO4).  The respective buffers were then tested for accuracy using the VWR SympHony 

SB70P.  Buffers were adjusted accordingly using 1.0 M HCl and 1.0 M NaOH solutions.   

(“Sorenson_buffer.pdf” 2017) 
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2.2.10 Soaking Apparatus Construction and Stamp Loading 

This apparatus was designed to use common, off the shelf hardware materials purchased 

from Ace Hardware.  The base of the apparatus was made by using a simple, galvanized steel 5 

1/4” by 2 3/4” mending plate with medium sized broom holders screwed into the openings of the 

mending plate.  Three stamps were then loaded side by side into the center of one 1 11/16” by 

1/2” zinc coated wood joiner.  The stamps were oriented so that a non-feature side was in contact 

with the wood joiner and the feature side was perpendicular to the surface of the wood joiner.  

Two pieces of excess PDMS were also cut to size as one piece of PDMS was fit into the four 

prongs on either side.  A second, empty wood joiner was then oriented in line with the first wood 

joiner and pushed into place with the prongs of this second wood joiner piercing the PDMS.  

These two wood joiners formed a tight union and essentially sandwiched the three stamps 

between them.  This joined piece was then fit with the feature side of the stamps facing outward 

from the 1/2” opening of the broom holder.  In total, this apparatus could fit a maximum of five 

joined pieces which allowed for a maximum of fifteen stamps to be soaked in solution at one 

time.  This apparatus was used in the following method for Microcontact Printing.  A visual 

explanation of the apparatus can be seen in Figure 2.1. 

2.2.11 Microcontact Printing 

To begin previously cleaned stamps are again cleaned with scotch tape to remove any 

debris that may have settled onto them.  Stamps were then loaded into the homemade soaking 

apparatus as previously described.  Once loaded, the apparatus was quickly rinsed in DI H2O 

and subsequently lowered into the first polymer solution, PAH (pH 10), for a period of 15 

minutes to begin the LbL deposition process.  Use of the apparatus can be seen in Figure 2.2.  It 

should be noted that the apparatus sat within the solution but the stamps were elevated to allow 
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for proper diffusion of the polymer to the surface.   Next, the apparatus was then submerged 

again in DI H2O and agitated in order to rinse off any excess polymer.  After this rinse, the 

apparatus was transferred to the next desired polymer, PSS, for a period of 15 minutes.  The rinse 

step was again repeated.  This process of deposition and rinsing was repeated until the desired 

polymers and number of layers had been deposited onto the PDMS stamp.  After the last rinse, 

the stamps were taken out of the apparatus and individually dried under a stream of nitrogen.  

The dried stamps were then placed in contact with plasma treated slides while light pressure was 

applied for a period of 30 seconds.  The outline of the stamp was marked before the stamp was 

slowly peeled away to complete the printing process.  It should be noted that in circumstances 

where PAH-RITC was used, the soaking apparatus was first rinsed before being unloaded.  The 

stamps were then placed by hand in test tubes and allowed to soak for 15 minutes before being 

taken out, rinsed, and reloaded into the soaking apparatus.   

The tested formulations and their associated polymers are shown below.  The polymers 

are listed in order of their deposition from left to right where the first polymer is in contact with 

the PDMS stamp and the last polymer is the final polymer that is deposited.  However, when 

printed onto the glass slides the order of these polymers is reversed.   

1) 5 Layer pH sensor- PAH (pH 10)/PSS/PAH-RITC/PSS/PAH 

2) 5 Layer pH sensor- PAH (pH 10)/PSS/PAH-FITC/PSS/PAH 

3) 7 Layer pH sensor- PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH 

4) 7 Layer pH sensor- PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-RITC/PSS/PAH 

5) 7 Layer pH sensor- PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-FITC/PSS/PAH 

6) 9 Layer pH sensor- PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH 

7) 9 Layer pH sensor- PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH 
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2.2.12 Crosshatch pH Sensor  

Using the method for microcontact printing, two stamps containing different formulations 

were printed consecutively and perpendicular from each other.  The first stamp was printed so 

that the stripes were horizontal as the second stamp was printed on top of the first with the stripes 

vertically.  This creates a print with a crosshatch appearance.  The formula for the first stamp 

utilized a 6 Layer deposition (PSS (pH 2)/PAH /PSS/PAH-RITC/PSS/PAH).  The second stamp 

utilized a 5 Layer deposition (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH).   

2.2.13 Fluorescence Microscopy and Imaging 

Fluorescence Imaging:  The samples were imaged using an inverted Nikon Ti 

epifluorescence microscope equipped with an Andor iXonEM+ 885 EMCCD camera. Any 

samples containing FITC were imaged through a blue Nikon B-2E/C filter (excitation: 465-

495nm and emission:515-555nm).  Any samples containing RITC were imaged using a green 

Nikon G-2E/C filter (excitation: 528-553nm and emission:590-650nm).  Any samples containing 

Hoechst 33342 were imaged through a UV-2A Nikon filter (excitation: 330-380nm and 

emission: >420nm). Once images were taken, colors were automatically assigned through the 

software used.  FITC was assigned green, RITC assigned red, and Hoechst assigned blue.  The 

settings were determined by the filter type used. 

Brightfield Microscopy:  When imaging live cells, micrographs were taken using an 

inverted Nikon Ti epifluorescence microscope equipped with an Andor iXonEM+ 885 EMCCD 

camera.  Micrographs were taken through the PhL filter as Brightfield software settings 

automatically determined the optics.   

General Imaging Method: Micrographs of the printed pH sensors were taken before and 

after addition of buffer solution.  To begin, printed slides were placed onto the microscope stage 
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and maneuvered into position for easy visualization.  Using a 100x magnification coated with 

immersion oil, these slides were brought into focus while also adjusting for brightness using the 

parameters, gain, contrast, light intensity and exposure time.  These adjusted settings were held 

consistent throughout the study of each pH sensor formula (i.e.  5 layer pH sensor containing one 

layer of PAH-FITC), so that results would be quantitatively comparable.  Once adjustments were 

finalized, one micrograph was taken per distinct region of the printed area in three separate 

locations.  This was done to obtain an accurate, averaged representation of the printed area.  

Next, a PDMS chamber with a diameter of 10mm was placed on the slide with the printed region 

in the center of the cavity.  Following adhesion, this chamber was filled with 400 uL of the 

appropriate buffer solution (pH 5, pH 6, pH 7, or pH 8) and timed immediately. (Figure 2.3) 

Once the desired testing time was reached (i.e. 5 minutes), the previous procedure was again 

performed.  One micrograph per distinct region of the printed area was taken in three separate 

locations.  These micrographs were then saved in black and white format awaiting further 

analysis.  It should be noted that this 5 minute evaluation period was determined experimentally 

by analyzing samples over a period of 60 minutes at the time points, 5 minutes, 30 minutes, and 

60 minutes.  

2.2.14 Image J Analysis 

Micrographs were uploaded into Image J (U.S. National Institutes of Health) and 

analyzed for fluorescence intensity.  Using the selection tool, one representative striped region of 

the micrograph was highlighted and analyzed.  This selection was then dragged to two 

representative regions for a total of three striped regions.  This can be visualized in panel A of 

Figure 2.4.  In order to account for background fluorescence, three representative bare glass 

regions were also analyzed.  In much the same way, one representative region was highlighted 
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and analyzed as this was repeated two more times.  This can be visualized in panel B of Figure 

2.3.  The results from these intensity readings were then copied and uploaded into an excel 

document for further processing.   

2.2.15 Excel Document Calculations 

The excel document was used to determine the relative intensity obtained from the Image 

J analysis.  Formulas were set up so that averages of the readings from the striped region and 

background region could be found and subtracted from each other.  Using the subtracted 

averages from each picture an average of the three pictures from before buffer addition was 

found, as well as the averages after buffer addition.   A final relative intensity was determined by 

dividing the after buffer addition average from the before buffer addition average.  This ratio 

then determined the change in fluorescence intensity when subjected to buffers of various pH.  

Please see APPENDIX A.3 for further explanation of calculation. 

2.2.16 Statistical Analysis 

 Data was analyzed for statistical significance using a T-Test Assuming Unequal Variance 

with an alpha=0.05 and with significance at *p<0.05 and great significance at **p<0.01.  

Averaged relative intensities were compared between the tested pH buffer readings of pH 5 to 

pH 6, pH 6 to pH 7, pH 7 to pH 8, and pH 5 to pH 8.  

2.2.17 K562 and HeLa Cell Seeding Assay 

General Procedure: The printed pH sensors were tested using live cell cultures.  The pH 

sensor and cell culture were incubated at 37° C and 5% CO2.  However, test conditions such as 

pH sensor formulation, incubation time, culture media, and cell seeding density were varied 

according to what was desired.   These varied testing conditions are described later in the results. 
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2.2.18 pH Sensor Sterilization 

UV Sterilization: pH sensors were placed underneath ultraviolet (UV) lights used for 

Biosafety Cabinet (BSC) sterilization for a period of 10 minutes. 

Autoclave Sterilization: pH sensors were autoclave sterilized using the gravity setting 

with a sterilization cycle 20 minutes at a temperature of 250° F followed by a 15 minute drying 

cycle.  Sterilization was confirmed with autoclave tape changing color from whitish to black 

striped.   

 

 

 
Figure 2.1. Construction of Soaking Apparatus.  A) Three stamps loaded into a wood joiner.  

B) Two wood joiners combined with three stamps sandwiched in between. C) Base platform 

with Medium Sized Broom Holders screwed into a Mending Plate.  D) Fully loaded Soaking 

Apparatus with the wood joiners and stamps fit into the Broom Holders.   
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Figure 2.2. Soaking Apparatus Examples. A) Soaking Apparatus being rinsed following a 

soaking/deposition step.  B) Soaking Apparatus and containers used during the 

soaking/deposition step.   

 

 

 
Figure 2.3. PDMS Chamber Examples A) PDMS chambers showing adhesion to the printed 

slides.  B) Example showing pH buffer addition over top of printed slides and into PDMS 

chambers as they await fluorescence imaging. 
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Figure 2.4. Image J Analysis. 40x micrographs of a 5 Layer pH sensor (PAH (pH 

10)/PSS/PAH-RITC/PSS/PAH). A) Example of Image J analysis showing a selection of a 

printed striped region. B) Example of Image J analysis showing a selection of a background 

region. 
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 
3.1 Results 

 As described in the materials and methods section, pH sensors were developed with 

various layer numbers and two types of fluorescent molecules.  These pH sensors were then 

evaluated based on fluorescence intensity when subjected to pH buffers of four different values 

(pH 5, pH 6, pH 7, pH 8).  The fluorescence molecules were excited using a blue Nikon B-2E/C 

filter.  A T-Test Assuming Unequal Variance with an alpha=0.05 was used to analyze the data.  

Significance was determined at *p<0.05 and great significance at **p<0.01.  Sections 3.1.1 to 

3.1.8 explain the formulations that were tested with an emphasis on developing a sensor with 

statistical significance.  Sections 3.1.9 to 3.1.10 show the application of selected pH sensor 

formulations to sensing extracellular pH of the cancerous cells, K562 and HeLa.  Lastly, Section 

3.1.11 explains attempts at providing a suitable sterilization method for these pH sensors.   

3.1.1. Five Layer pH Sensor, PAH (pH 10)/PSS/PAH-RITC/PSS/PAH 

 This formulation was imaged at 40x, with light source intensity set at 8.  The shutter 

speed was set at 100ms, gain was set at 300 with contrast set at 16,000.   Figure 3.1B shows the 

relative intensities as a function of pH value with the associated statistical analysis.  RITC was 

tested for its insensitivity toward pH changes.  T-Test results confirm that no significant 

difference existed between all four tested pH values with the number of observations at n=5.  

High standard deviations can also be seen in the results from this set. (Table 3.1)  The associated 

micrograph panel (Figure 3.1A) visually shows the effect of pH buffer on the respective pH 

sensor.  
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Figure 3.1.  Five Layer pH Sensor (PAH (pH 10)/PSS/PAH-RITC/PSS/PAH). A) 

Micrograph panel of pH sensors visually showing the effect of added pH buffer.  The top row of 

pH sensors labeled “Before” describes pH sensors before pH buffer was added.  The bottom row 

of pH sensors labeled “After” describes pH sensors after pH buffer was added.  B) Shows 

averaged RITC Relative Intensities vs. pH Values with associated statistical analysis.  T-Test 

results confirm that no significant difference exists as denoted by the NS bar between the various 

pH values after 5 minutes.  The number of observations for each pH is n=5. Significance at 

*p<0.05, **p<0.01 and no significance shown, NS. 

 

 

3.1.2. Five Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH 

 This formulation was imaged at 100x, with light source intensity set at 32.  The shutter 

speed was set at 100ms, gain was set at 300 with contrast set at 16,000.  The number of 

observations per pH value was n=3.  This pH formulation was examined for two variables, pH 

sensitivity to changing pH buffers and time validation to determine the appropriate amount of 

time needed to see a fluorescence intensity change under the influence of different buffers.  
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Results showed that a period of five minutes was enough to determine the change in relative 

intensity.  No significant change was observed in relative intensities when comparing values 

between time points over a period of 60 minutes, at least none that would necessitate evaluation 

at a later time point than five minutes. (Figure 3.2)  Figure 3.3B shows the averaged relative 

intensities at the five minute time point.  No significant difference appears when performing the 

T-Test between adjacent pH values such as pH 5 to pH 6, but as expected, a very significant 

difference, **p<0.01 is seen when using the T-Test from pH 5 to pH 8.  The averaged relative 

intensities and standard deviations for each pH can be seen in Table 3.1.  Please also refer to 

Figure 3.3A for a visual representation of the pH sensor and the effect of added pH buffer.   

 

 
Figure 3.2.  Relative Intensities of Various pH Values over Time for Five Layer pH Sensor 

(PAH (pH 10)/PSS/PAH-FITC/PSS/PAH).  Averaged relative intensities of pH sensor when 

subjected to various pH buffers at the time points 5 minutes, 30 minutes, and 60 minutes.  

Relative intensities appear mostly stable throughout the study. 
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Figure 3.3.  Five Layer pH Sensor (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH). A) Micrograph 

panel of pH sensors visually showing the effect of added pH buffer.  The top row of pH sensors 

labeled “Before” describes pH sensors before pH buffer was added.  The bottom row of pH 

sensors labeled “After” describes pH sensors after pH buffer was added. B) Averaged relative 

intensities of pH sensor when subjected to various pH buffers at the 5 minute time point.  The 

number of observations for each pH is n=3. Significance at *p<0.05, **p<0.01 and no 

significance shown, NS. 

 

3.1.3. Seven Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH 

This formulation was imaged at 100x, with light source intensity set at 16.  The shutter 

speed was set at 60ms, gain was set at 300 with contrast set at 16,000.  The number of 

observations for each pH value is n=5. It can be seen in this formulation that significant 

differences only exist between pH 6 and pH 7.  As expected, the difference is again very 

significant between pH 5 and pH 8.  High variation occurs throughout this formulation as 

denoted by the error bars leading to T-Test results without significance.  (Figure 3.4B)  The 

averaged relative intensities and standard deviations for each pH can be seen in Table 3.1.  
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Please also refer to Figure 3.4A for a visual representation of the pH sensor and the effect of 

added pH buffer.   

 

 
Figure 3.4.  Seven Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-

FITC/PSS/PAH.  A) Micrograph panel of pH sensors visually showing the effect of added pH 

buffer.  The top row of pH sensors labeled “Before” describes pH sensors before pH buffer was 

added.  The bottom row of pH sensors labeled “After” describes pH sensors after pH buffer was 

added. B) Averaged relative intensities of pH sensor with two PAH-FITC layers separated by a 

layer of PSS with associated statistical analysis.  The number of observations for each pH is n=5. 

Significance at *p<0.05, **p<0.01 and no significance shown, NS. 

 

 

3.1.4. Seven Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-RITC/PSS/PAH 

 This formulation was imaged at 100x, with light source intensity set at 16.  The shutter 

speed was set at 100ms, gain was set at 300 with contrast set at 16,000.  The number of 

observations for each pH value is n=3.  This set of prints showed the same statistical significance 



56 

as the previous set.  Interestingly, this set shows a Relative Intensity value at pH 5 that is higher 

than pH 6.  The expected progression of Relative Intensity values was for them to increase as pH 

value increased.  The values would then proceed in ascending order.  Significant difference was 

only seen between the pH values of 6 and 7 with great significance seen between pH values at 5 

and 8, **p<0.01. (Figure 3.5B)  The averaged relative intensities and standard deviations for 

each pH can be seen in Table 3.1.  Please also refer to Figure 3.5A for a visual representation of 

the pH sensor and the effect of added pH buffer.   

 

 
Figure 3.5.  Seven Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-

RITC/PSS/PAH.  A) Micrograph panel of pH sensors visually showing the effect of added pH 

buffer.  The top row of pH sensors labeled “Before” describes pH sensors before pH buffer was 

added.  The bottom row of pH sensors labeled “After” describes pH sensors after pH buffer was 

added. B) Averaged relative intensities of pH sensor with PAH-FITC and PAH-RITC layers 

separated by a layer of PSS with the associate statistical analysis.  The number of observations 

for each pH is n=3. Significance at *p<0.05, **p<0.01 and no significance shown, NS. 
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3.1.5. Seven Layer pH Sensor, PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-FITC/PSS/PAH 

 This formulation was imaged at 100x, with light source intensity set at 8.  The shutter 

speed was set at 70ms, gain was set at 300 with contrast set at 16,000.  The number of 

observations for each pH value is n=3.  This set of prints showed an ascending order of Relative 

Intensities as desired but did not have enough separation between the average values to allow for 

any significance to be determined between pH values.  Even so, significance between pH 5 and 

pH 8 is only at *p<0.05. (Figure 3.6B)  The averaged relative intensities and standard deviations 

for each pH can be seen in Table 3.1.  Please also refer to Figure 3.6A for a visual 

representation of the pH sensor and the effect of added pH buffer.   

 

 
Figure 3.6.  Seven Layer pH Sensor PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-

FITC/PSS/PAH.  A) Micrograph panel of pH sensors visually showing the effect of added pH 

buffer.  The top row of pH sensors labeled “Before” describes pH sensors before pH buffer was 

added.  The bottom row of pH sensors labeled “After” describes pH sensors after pH buffer was 

added. B) Averaged relative intensities of pH sensor with PAH-RITC and PAH-FITC layers 
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Figure 3.6. continued. separated by a layer of PSS with associated statistical analysis.  The 

number of observations for each pH is n=3. Significance at *p<0.05, **p<0.01 and no 

significance shown, NS. 

 

 

3.1.6. Nine Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH-

FITC/PSS/PAH 

 This formulation was imaged at 100x, with light source intensity set at 32.  The shutter 

speed was set at 50ms, gain was set at 300 with contrast set at 16,000.  The number of 

observations for this set varied by pH value.  At pH 5 and pH 6, the number of observations was 

n=3.  At pH 7 and pH 8, the number of observations was n=14.  This set of prints has a very 

significant difference, **p<0.01, between pH 6 and pH 7, pH 7 and pH 8, as well as between pH 

5 and pH 8.  There is no significant difference, NS, shown between pH 5 and pH 6. (Figure 

3.7B) The averaged relative intensities and standard deviations for each pH can be seen in Table 

3.1.  Please also refer to Figure 3.7A for a visual representation of the pH sensor and the effect 

of added pH buffer.   

3.1.7. Nine Layer pH Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-

FITC/PSS/PAH 

This formulation was imaged at 100x, with light source intensity set at 32.  The shutter 

speed was set at 70ms, gain was set at 300 with contrast set at 16,000.  The number of 

observations for each pH value are as follows: pH 5, n=15 ;pH 6, n=12; pH 7, n=12; pH 8, n=6. 

This set of prints also has a very significant difference, **p<0.01, between pH 6 and pH 7, pH 7 

and pH 8, as well as between pH 5 and pH 8.  And like the previous set there is no significant 

difference, NS, shown between pH 5 and pH 6. (Figure 3.8B)  The averaged relative intensities 

and standard deviations for each pH can be seen in Table 3.1.  Please also refer to Figure 3.8A  

for a visual representation of the pH sensor and the effect of added pH buffer.   
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Figure 3.7.  Nine Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-

FITC/PSS/PAH-FITC/PSS/PAH. A) Micrograph panel of pH sensors visually showing the 

effect of added pH buffer.  The top row of pH sensors labeled “Before” describes pH sensors 

before pH buffer was added.  The bottom row of pH sensors labeled “After” describes pH 

sensors after pH buffer was added. B) Averaged relative intensities of pH sensor with three 

layers of PAH-FITC each separated by a layer of PSS with the associated statistical analysis.  

The number of observations at pH 5 and pH 6 is n=3 as the number of observations at pH 7 and 

pH 8 is n=14. Significance at *p<0.05, **p<0.01 and no significance shown, NS. 

 

 

3.1.8. Crosshatch pH Sensor  

This sensor was imaged at 100x, with light source intensity set at 32.  The shutter speed 

was set at 100ms, gain was set at 300 with contrast set at 16,000.  The number of observations 

for each pH was n=3.  It can be seen in Figure 3.9B that the Relative Intensities for the RITC 

region do not vary according to pH and show high variability throughout the study.  Thus, these 

values when analyzed using a T-Test, showed no significant difference.  In the FITC region, 

there is only a significant difference, *p<0.05, between pH 7 and pH 8 and a very significant 



60 

difference, **p<0.01, between pH 5 and pH 8. (Figure 3.10A) Lastly, the region where the FITC 

and RITC cross was termed the Crosshatch region.  This region responded very similarly to 

FITC as seen in Figure 3.9B.  This region however, showed very significant differences between 

pH 7 and pH 8 as well as between pH 5 and pH 8.  (Figure 3.10B)  The averaged relative 

intensities and standard deviations for each pH can be seen in Table 3.1.  Please also refer to 

Figure 3.9A for a visual representation of the pH sensor and the effect of added pH buffer.   

 

 
Figure 3.8.  Nine Layer pH Sensor PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-

FITC/PSS/PAH.  A) Micrograph panel of pH sensors visually showing the effect of added pH 

buffer.  The top row of pH sensors labeled “Before” describes pH sensors before pH buffer was 

added.  The bottom row of pH sensors labeled “After” describes pH sensors after pH buffer was 

added. B) Averaged relative intensities of pH sensor with two layers of PAH-FITC separated by 

a layer composition of PSS/PAH/PSS with the associated statistical analysis.  The number of 

observations for each pH value are as follows: pH 5, n=15 ;pH 6, n=12; pH 7, n=12; pH 8, n=6. 

Significance at *p<0.05, **p<0.01 and no significance shown, NS. 
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Figure 3.9.  Crosshatch pH Sensor. A) Micrograph panel of pH sensors visually showing the 

effect of added pH buffer.  The top row of pH sensors labeled “Before” describes pH sensors 

before pH buffer was added.  The bottom row of pH sensors labeled “After” describes pH 

sensors after pH buffer was added. B) Averaged relative intensities of the Crosshatch pH Sensor 

from each region RITC, FITC, and Crosshatch.  Individual regions were listed together for easy 

comparison.  The number of observations for each pH value was n=3. 

 

 

 
Figure 3.10.  Averaged Relative Intensities for Various Regions after 5 Minutes from 

Crosshatch pH Sensor.  A) Averaged relative intensities from the FITC region with associated 

statistical analysis.  The number of observations for each pH value was n=3. B) Averaged  
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Figure 3.10. continued.  intensities from the Crosshatch region with associated statistical 

analysis.  The number of observations for each pH value was n=3. Significance at *p<0.05, 

**p<0.01 and no significance shown, NS. 

 

 

Table 3.1. Averaged Relative Intensities and Standard Deviation of each pH Sensor 

Formulation.   

  
 

pH Buffer Values pH 5 pH 6 pH 7 pH 8

Average Values 0.5339 0.4067 0.4137 0.3583

Standard Deviation 0.1307 0.0997 0.0743 0.0827

pH Buffer Values pH 5 pH 6 pH 7 pH 8

Average Values 0.1492 0.2175 0.4097 0.5645

Standard Deviation 0.0519 0.0363 0.1162 0.0264

pH Buffer Values pH 5 pH 6 pH 7 pH 8

Average Values 0.1699 0.3079 0.5529 0.5792

Standard Deviation 0.0986 0.0912 0.1399 0.0953

pH Buffer Values pH 5 pH 6 pH 7 pH 8

Average Values 0.3367 0.3040 0.4384 0.5327

Standard Deviation 0.0493 0.0533 0.0383 0.0493

pH Buffer Values pH 5 pH 6 pH 7 pH 8

Average Values 0.2637 0.3335 0.4167 0.4909

Standard Deviation 0.0354 0.0585 0.0255 0.0663

pH Buffer Values pH 5 pH 6 pH 7 pH 8

Average Values 0.1332 0.2123 0.4198 0.4874

Standard Deviation 0.0268 0.0495 0.0426 0.0763

pH Buffer Values pH 5 pH 6 pH 7 pH 8

Average Values 0.2456 0.2846 0.4420 0.6751

Standard Deviation 0.0894 0.0515 0.0777 0.1188

pH Buffer Values pH 5 pH 6 pH 7 pH 8

RITC Average Values 0.2386 0.1230 0.1684 0.1718

RITC Standard Deviation 0.1640 0.0245 0.0476 0.0307

FITC Average Values 0.1610 0.2512 0.2934 0.4094

FITC Standard Deviation 0.0683 0.0174 0.0403 0.0281

Cross Average Values 0.1891 0.2581 0.2869 0.3969

Cross Standard Deviation 0.0793 0.0082 0.0191 0.0197

3.1.6 Nine Layer pH sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH

3.1.7 Nine Layer pH sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH

3.1.8 Crosshatch pH Sensor

3.1.1 Five Layer pH sensor, (PAH (pH 10)/PSS/PAH-RITC/PSS/PAH)

Averaged Relative Intensities and Standard Deviation

3.1.2 Five Layer pH sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH)

3.1.3 Seven Layer pH sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH

3.1.4 Seven Layer pH sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-RITC/PSS/PAH

3.1.5 Seven Layer pH sensor, PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-FITC/PSS/PAH
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In evaluating these pH sensor formulations, it can easily be seen that both Nine Layer pH 

Sensors performed best during testing as they both showed adequate statistical differences 

between pH 6 and pH 7, and pH 7 and pH 8 at p<0.01.  This level of statistical differences 

between the pH ranges of pH 6 to pH 8 was not seen for any other formulation.  One could then 

conclude that these pH sensors were the most sensitive.  This increased sensitivity compared to 

the previous sensor formulations can be attributed to two explanations.  Firstly, both Nine Layer 

pH Sensors had more observation points than the other pH sensors.   The Nine Layer pH Sensors 

had observations at each pH value at n>5 whereas the other formulations had number of 

observations at n=3 or n=5 for each pH value.  This increased number of observations is 

beneficial in statistical analysis as a greater number of data points allows for a more precise 

value to be obtained.  The other formulations were unfortunately limited in the number of 

observations that were able to be taken since time was limited for the completion of this thesis 

and the sensors were time consuming to develop and analyze.  The Nine Layer pH Sensors were 

analyzed at an increased number of observations since they showed the most promise in sensing 

pH.   

Secondly, with an increasing number of fluorescent layers there is an increase in signal-

to-noise ratio, theoretically.  In terms of the pH sensor, the signal was the fluorescence intensity 

from the fluorescent striped region and the noise was the fluorescence intensity from the 

background striped region.  By increasing the number of fluorescent layers and assuming that the 

noise signal remains constant, the ratio between the two values becomes larger thereby allowing 

for more of the desired signal to be detected.  In the Nine Layer pH Sensor with three layer of 

PAH-FITC, the increase in signal can be attributed to simply having more fluorescent layers than 

any other formulation.  The Nine Layer pH Sensor with two layers of PAH-FITC can also be 
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attributed to the increase in fluorescent layers.  However, this formulation also differs from the 

other Seven Layer pH Sensors with two fluorescent layers in that the fluorescent layers from the 

Nine Layer pH Sensor were separated by three polymer layers instead of just one single polymer 

layer.  In this way, the self-quenching of the fluorescent material was reduced for the Nine Layer 

pH Sensor since this phenomenon is known to occur when there is a high concentration of 

fluorophores within close proximity of one another.  (Hermanson 2013; Stelzer 1998) 

3.1.9. K562 Cell Seeding Assays 

Ultimately, the previous pH sensors were tested in an effort to sense the extracellular pH 

(pHe ) of cancerous cells.  Selected pH sensor formulations were then evaluated for their efficacy 

in sensing pHe.  As previously described, cells are known to exhibit extracellular pH’s between 

the ranges of pH 6 and pH 8.  Therefore, a sensor with sensitivity to this range only was deemed 

suitable which allowed for the use of the Nine Layer pH Sensors that were previously tested 

since they both showed adequate statistical differences between pH 6 and pH 7, and pH 7 and pH 

8.   

Density Testing:  The formulation from 3.1.7, Nine Layer pH Sensor with a Double 

Layer of PAH-FITC (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH) was 

initially selected as a suitable pH sensor for testing with K562 cancer cells.  Since density tests 

were initially undertaken to determine an appropriate cell seeding density per 400 microliters 

where cell seeding simply refers to incubation of the cells over top of the pH sensor.  The cell 

seeding density was important as it allowed for proper visualization of the printed stripes while 

also allowing for an adequate sample population.  High cell densities would result in tightly 

clumped cells which would make fluorescent intensity changes difficult to distinguish from cell 

to cell.  Low cell densities would not provide an adequate sample population size.   In this 
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testing, the proper time needed for cell attachment to occur was also determined.  It should be 

noted that in this set of testing, K562 cells were cultured in RPMI-1640 media.  

Results from the 1st trial using the 9 Layer pH Sensor with a Double Layer of PAH-FITC 

showed that cell seeding at 300,000 and 600,000 cells/mL was too dense as the stripes were not 

clearly visualized and cells were not able to be separately distinguished.  It can also be seen that 

no visual fluorescence change occurred in any region of the stripes.  This trial was incubated for 

a period of 75 minutes and appeared to show quality attachment of the K562 cells to the stripes 

in the pH sensor.   (Figure 3.11) 

 

 
Figure 3.11.  K562 Density Test.  All micrographs were imaged at 40x and were merged 

images of the K562 cells with the pH sensor.  The brightfield image of the K562 cells was 

overlayed on top of the fluorescence image.  Images A through E reference the 9 Layer, Double 

Layer of PAH-FITC (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH).  

Image F utilizes a single PAH-FITC layer as a pH sensor which had been adjusted to pH 10.  The 

following letter designations reference incubation time and cell seeding density for the associated 

images, respectively: A) 75 minutes, 300,000 B) 75 minutes 600,000 C) 3 hours, 50,000 D) 3 

hours, 100,000 E) 3 hours, 150,000 F) 30 minutes, 200,000.   
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The 2nd trial incubated the same pH sensor formulation for a period of 3 hours and seeded 

three pH sensors at cell densities of 50,000, 100,000, and 150,000 cells/mL, respectively.  Again, 

this showed excellent cell attachment as well as adequate pH sensor visualization at a cell 

seeding density of 150,000 cells/mL.  Unfortunately, no change in fluorescence intensity was 

observed even with the extended incubation time.  It was thought that a longer incubation time 

might allow metabolites from the cells to diffuse through the polymer layers and thus affect the 

fluorescent molecules.  (Figure 3.11) 

The last trial used a pH sensor composed of a single PAH-FITC layer printed onto a glass 

slide.  This printing was accomplished by adjusting the PAH-FITC solution to pH 10 in order to 

produce adherence of PAH-FITC to the PDMS stamp which was subsequently printed onto the 

slide.  The cell seeding density for this trial was 200,000 cells/mL incubated for a period of 30 

minutes.  The shorter time period proved that cell attachment indeed still occurred while 200,000 

cells/mL seemed to be a more suitable cell density than the previously tested 150,000 cells/mL.  

Again, no visible fluorescence change occurred as it was hoped that some type of change would 

occur since the cells would seemingly be in direct contact with the FITC molecules. (Figure 

3.11)  

Once the desired density of 200,000 cells/mL was determined, the Single Layer PAH-

FITC and 9 Layer pH Sensor with a Double Layer of PAH-FITC formulations were again used 

in evaluating pHe.   

Sensor Testing using 200,000 cells/mL on Single Layer of PAH-FITC:   In this assay, a 

single layer of PAH-FITC was used as the pH sensor.  However, the sensor was developed in 

two ways.  The first method for development used the previously described method of adjusting 

the pH of PAH-FITC to pH 10.  This effectively makes the solution more hydrophobic and 
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therefore allows for binding to a PDMS stamp.  The second method involves the use of plasma 

treatment to make the PDMS stamp more hydrophilic.  This then allows the PAH-FITC 

molecules to bind to the stamp so they can subsequently be printed.   

Using the first method with the PAH-FITC (pH 10) solution, the first trial was performed 

with K562 cells cultured in RPMI-1640.  The cells were incubated for a total of 60 minutes but 

were imaged at the 30 minute and 60 minute time points.  From Figure 3.12A, it can be seen that 

there was indeed a slight fluorescence change that correlates with where the cells were located 

on the stripes.  This can be seen from both sets tri-panels in images A through C and D through F 

of Figure 3.12A.  There appears to be circular bright spots that seemingly indicate pHe change.  

But, two issues arise that lead one to pause concerning these results.  One, cells are known to 

autofluoresce and thus can interfere with accurate readings.  Second, with K562, one would 

expect cancerous cells to exhibit a pHe lower than the pH of RPMI-1640 which is pH 8.2 at room 

temperature. (“r7130dat.pdf” 2017)  Simply put, one would expect darker regions where cells 

were located rather than brighter regions near the cells.  Thus, it can be safely determined that 

the cells were simply autofluorescing as cells are known to do in fluorescence microscopy. (Xiao 

et al. 2010)   

Figure 3.12B shows analysis between cell bounded regions and non-bounded regions 

from these micrographs.  Quantitative data taken using Image J suggests that a significant 

difference occurred in fluorescence intensity between these two regions.  This analysis was 

performed by selecting an FITC striped region in the FITC micrograph where cells were known 

to be bound when compared to the other images in the set.  This was done for nine regions 

throughout the image.  Regions where a fluorescence change appeared to occur were given 

priority in analysis.  Subsequently, nine regions without any cell in the area were analyzed.  In 
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the bar graph of Figure 3.12B, the two regions are simply labeled as with cell and without cell.  

This data was then analyzed using a T-Test as both culture conditions show a significant 

difference of *p<0.05.  The pHe surrounding the cells was not attempted to be measured as the 

noted fluorescence intensity changes were to be a mechanism of autofluorescence as previously 

stated.  This assumption will be confirmed later in this chapter.   

 

 
Figure 3.12.  K562 Seeded Single Layer PAH-FITC (pH 10).  These single layer pH sensors 

were prepared using pH adjusted PAH-FITC.  A) The micrographs are arranged as sets of three.  

The first image is the fluorescence image followed by the brightfield image and the merged 

image, respectively.  In this trial, cell seeding density is 200,000 cells/mL.  The following 

information refers to the image settings and trial conditions.  Images A-C: 100x Image, 30 

Minute Culture in RPMI-1640, 8 Intensity, 100ms, 300 Gain; Images D-F: 40x Image, 60 

Minute Culture in RPMI-1640, 8 Intensity, 100ms, 300 Gain.  B) Analysis between cell bounded 
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Figure 3.12 continued. regions and regions without cells for the respective culture conditions.  

Results indicated a significant difference of *p<0.05 between these two regions.   

 

 
The second method for developing a single layer pH sensor used plasma treatment as 

previously described.  In this trial, the cells were incubated over the top of the pH sensor for a 

period of 30 minutes and were cultured in RPMI-1640.  Figure 3.13A shows increased 

fluorescence intensity in areas where the cells were located for this pH sensor formulation.  

Again, this was simply due to autofluorescence.  Additionally, Figure 3.13B confirms that a 

fluorescence intensity change of note did in fact occur, **p<0.01.  This analysis was performed 

in the same manner as previously described.  Again, the assumption of autofluorescence will be 

confirmed later. 

 

 
Figure 3.13.  K562 Seeded Single Layer Plasma Treated PAH-FITC.  A) This single layer 

pH sensor was prepared using a plasma treated stamp soaked in unmodified PAH-FITC.  The 

micrographs are arranged as sets of three.  The first image is the fluorescence image followed by 

the brightfield image and the merged image, respectively.  In this trial, cell seeding density is 
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Figure 3.13 continued.  200,000 cells/mL.  The following information refers to the image 

settings and trial conditions.  Images A-C: 100x Image, 30 Minute Culture in RPMI-1640, 8 

Intensity, 100ms, 100 Gain.  B) Bar graph showing analysis between cell bounded regions and 

regions without any cells for the respective culture conditions.  Results indicated a significant 

difference of **p<0.01 between these two regions.  

 

 

Sensor Testing using 200,000 cells/mL on 9 Layer, Double Layer PAH-FITC:  

 Like the sensor test performed on the single layer of PAH-FITC, the first trial on this 9 

Layer, Double Layer PAH-FITC used K562 cells cultured in RPMI-1640.  This trial was again 

incubated for a period of 60 minutes and imaged at both 30 minutes and 60 minutes.  Both tri-

panels (A-C and D-F) in Figure 3.14A do not show any noticeable fluorescence change.  It was 

hoped that dull spots would be observed as a result of the pHe of the cells.  FITC striped regions 

with bounded cells and regions without any cells were again analyzed.  Figure 3.14B shows that 

there was no significant difference observed between the two regions for both trials.  This was to 

be expected as no visual fluorescence could be seen from the micrographs. 

3.1.10. HeLa Cell Seeding Assays 

Since there were no observed fluorescent changes using K562 cells as the probe, it was 

decided to use an attachment cell line instead.  Generally, attachment cell lines are known to 

attach to the bottom of culture flasks instead of floating in suspension like the suspension cell 

line, K562.  Additionally, attachment cell lines exhibit cell spreading over time once attached.  It 

was hoped that attached and spread cells would emit larger amounts of metabolites to show a 

significant change in fluorescence intensity. It was determined that the ubiquitously used cell 

line, HeLa, would be an appropriate probe.  In the following section, various pH sensor 

formulations were evaluated for their efficacy in sensing pHe.  

Density and Culture Testing:  In this round of density testing, the same formulations used 

in the K562 study were selected, i.e. Nine Layer pH Sensor with a Double Layer of PAH-FITC 
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(PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH) from section 3.1.7 and 

Single Layer PAH-FITC formulations.   The same rationale for selection of these formulations 

from the K562 study applies in this instance as well.   

 

 
Figure 3.14.  K562 Seeded 9 Layer, Double Layer PAH-FITC.  This pH sensor uses the 

formulation, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH). A) The 

micrographs are arranged as sets of three.  The first image is the fluorescence image followed by 

the brightfield image and the merged image, respectively.  In this trial, cell seeding density is 

200,000 cells/mL.  The following information refers to the image settings and trial conditions.  

Images A-C: 100x Image, 30 Minute Culture in RPMI-1640, 32 Intensity, 70ms, 300 Gain; 

Images D-F: 40x Image, 60 Minute Culture in RPMI-1640, 8 Intensity, 100ms, 300 Gain; B) 

Bar graph showing analysis between cell bounded regions and non-bounded regions for the 

respective culture conditions.  Results indicated that no significant difference occurred between 

these two regions. 
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Density and culture tests were again undertaken to determine an appropriate cell seeding density 

per 400 microliters.  These were also performed to determine the correct time needed for 

appropriate attachment and cell spreading.  (Webb, Hlady, and Tresco 2000)  The same logic for 

low and high density seeding as in the K562 assay was taken into consideration.  Throughout 

these sets of tests, HeLa cells were cultured in DMEM media. 

In using the Nine Layer pH Sensor with a Double Layer of PAH-FITC, results showed 

that a cell seeding density of 150,000 cells/mL was a suitable density.  In observing results from 

the first trial, 250,000 cells/mL cultured for a period of 1 hour, did not show adequate separation 

between cells.  The HeLa cells, although attached to the sensor, appeared to be too tightly 

clumped together.  The cells also did not exhibit any type of cell spreading as a longer culture 

time was needed. (Figure 3.15A) In the second trial, a cell density of 150,000 cells/mL 

incubated at 6.5 hours showed a suitable density as well as burgeoning cell spreading.  One can 

also see that no visible fluorescence change occurred in either trial, with or without cell 

spreading.  It should be noted that any bright spots observed on the images in this micrograph 

panel were merely polymer aggregates contributing to increased fluorescence intensity in those 

localized regions.  The aggregates also do not correlate with cell location.  (Figure 3.15A) 

Quantitatively, it was confirmed that no fluorescence intensity change occurred as seen in Figure 

3.15B as no significant difference occurred between the two regions, bounded cell region and 

without cell region.  This was analyzed using the same method as described in the K562 assays.   

Single layer PAH-FITC pH sensors were also tested using both methods of creation as 

described in the K562 density test section.  In the first two trials, the pH adjusted PAH-FITC 

sensor was utilized.  The first trial seeded the HeLa cells at a density of 250,000 cells/mL and 

incubated the cells over the top of the sensor for a period of 1 hour.  The second trial seeded the 
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HeLa cells at a density of 150,000 cells/mL and incubated the cells for a period of 6.5 hours.  As 

expected, the results were similar in comparison to the Nine Layer pH Sensor with a Double 

Layer of PAH-FITC.  The cell density was suitable, cell spreading only occurred at 6.5 hours, 

and there was no effective visible fluorescence change observed.   

 

 
Figure 3.15.  HeLa Density Test on 9 Layer, Double Layer PAH-FITC.  This pH sensor uses 

the formulation: Nine Layer pH sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-

FITC/PSS/PAH). A) The micrographs are arranged as sets of three.  The first image is the 

fluorescence image followed by the brightfield image and the merged image, respectively.  The 

following information refers to the image settings and trial conditions.  Images A-C: 250,000 

cells/mL, 1 Hour Culture in DMEM, 100x Image, 32 Intensity, 100ms, 300 Gain; Images D-F: 

150,000 cells/mL, 6.5 Hour Culture in DMEM, 100x Image, 8 Intensity, 100ms, 300 Gain.  B) 

Bar graph showing analysis between cell bounded regions and non-bounded regions for the 

respective culture conditions.  Results indicated that no significant difference occurred between 

these two regions. 
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In the last trial, the single layer PAH-FITC pH sensor was developed using the plasma 

treatment method.  This trial was performed using 250,000 cells/mL and incubated for an hour.  

This trial showed no difference in fluorescence intensity versus the pH adjusted PAH-FITC pH 

sensor either.  (Figure 3.16A) Image J analysis between cell bounded regions and regions 

without any cell in the area revealed that no fluorescence intensity change occurred.  No 

significant difference, NS, was observed when using a T-Test.  (Figure 3.16B) 

Cell Viability and Location Testing using 150,000 cells/mL with 5 ug/mL Hoechst 33342:  

 

HeLa cells were not a routine cell line with which this lab works.  Therefore, the viability 

of the cell line was needed to be confirmed using the fluorescent dye Hoechst 33342.  This dye is 

used extensively in staining the DNA and nuclei of live cells only. (Chazotte 2011) 

 

 
Figure 3.16.  HeLa Density Test on Single Layer PAH-FITC.  These single layer pH sensors 

were prepared using two methods, pH adjusted PAH-FITC and a plasma treated stamp soaked in 

unmodified PAH-FITC.  The first two sets (A-C and D-F) created sensors with pH adjusted 

PAH-FITC.  The last set (G-I) utilized the plasma treated stamp soaked in unmodified PAH-

FITC.  A) In general, the micrographs are arranged as sets of three.  The first image is the 

fluorescence image followed by the brightfield image and the merged image, respectively.  The 

following information refers to the image settings and trial conditions.  Images A-C: 250,000 

cells/mL, 1 Hour Culture in DMEM, 100x Image, 32 Intensity, 100ms, 300 Gain; Images D-F: 
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Figure 3.16 continued.  150,000 cells/mL, 6.5 Hour Culture in DMEM, 100x Image, 32 

Intensity, 100ms, 300 Gain; Images G-I: 250,000 cells/mL, 100x Image, 1 Hour Culture in 

DMEM, 8 Intensity, 100ms, 300 Gain.  B) Bar graph showing analysis between cell bounded 

regions and non-bounded regions for the respective culture and layer conditions.  Results 

indicated that no significant difference occurred between these two regions in any trial. 

 

Hoechst 33342 then is a useful probe in determining whether cultures are healthy and thriving as 

well as locating the nuclei within a cell.  For these trials, the cells were prepared normally like 

the previous sensor tests.  The tests only varied with the addition of Hoechst 33342 to the 

cultures.  5 ug/mL of Hoechst 33342 was only added at the final 10 minutes of the testing period 

and allowed to incubate.  The 10 minute incubation allowed the dye to penetrate the nuclei and 

DNA of the cell producing nuclei visualization.  Of note, the dye does not strongly bind to the 

DNA or nuclei so it therefore has the possibility of leeching over time which may contribute to a 

reduction in intensity.  The two pH sensor formulations used in this assay were Five Layer pH 

sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH) from section 3.1.2 and Nine Layer pH Sensor 

with a Double Layer of PAH-FITC (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-

FITC/PSS/PAH) from section 3.1.7.  These pH sensors were incubated with a cell density of 

150,000 cells/mL for periods of 24.5 hours and 23 hours, respectively.  The culture time was 

increased significantly compared to the previous density trials as it was attempted to both see if a 

fluorescence intensity change occurred as well as see the effects of extended culture time on the 

pH sensors.  It was clearly seen that the HeLa cells were viable and alive.  In both micrographs 

from Figure 3.17A and Figure 3.18A, panel C shows the UV filter image.  The blue 

fluorescence from this micrograph clearly lines up with the location of the HeLa cells which can 

also be seen in the merged image from panel A.  In Figure 3.17A, a fluorescence intensity 

change can be seen at the location of cell bounded regions whereas no change occurred in Figure 

3.18A.  These results were confirmed showing that a significant difference of *p<0.05 occurred 
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between the cell bound region and region without cells for the Five Layer pH Sensor and no 

significant difference, NS, was observed for the Nine Layer pH Sensor.  (Figure 3.17B and 

Figure 3.18B)  

 

 

Figure 3.17.  Hoechst Stained HeLa Seeded on 5 Layer, Single Layer PAH-FITC.  This trial 

was performed using a Five Layer pH sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH).  HeLa 

cells were seeded at a cell density of 150,000 cells/mL, cultured in DMEM for 24.5 hours, and 

stained with 5 ug/mL of Hoechst 33342.  A) In general, the micrographs are arranged as a set of 

four.  Image A is the merged image made from the following three where image B contains the 

FITC fluorescence image, image C the Hoechst 33342 image, and image D the brightfield image.  

FITC and brightfield were imaged at 100x, 8 Intensity, 100ms, 300 Gain.  Hoechst 33342 was 

imaged at 100x, 8 Intensity, 100ms, 300 Gain.  B) Bar graph showing analysis between cell 

bounded regions and regions without any cells for the respective culture conditions.  Results 

indicated a significant difference of **p<0.01 between these two regions. 

 

 

Sensor Testing using 150,000 cells/mL on 5L, Single Layer of PAH-FITC:  

Lastly, the Five Layer pH Sensor formulation (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH) 

from section 3.1.2 as seen in the previous Hoechst stained was chosen due to its ease of 

production and reduced assembly time owing to a minimum of polymer layers.  This pH sensor 

formulation was tested over two time points at 6 and 24.5 hours with a cell seeding density of 
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150,000 cells/mL.  Although this pH sensor did not show good statistical significance, it was a 

suitable sensor since the goal had changed from attempting to determine the pHe of a cancerous 

cell, into simply just attempting to detect any type of fluorescence change other than 

autofluorescence.  As seen in Figure 3.19A with images A through C, this trial again did not 

show a fluorescence change of note.  The second trial at 24.5 hours in also did not show much of 

a change in fluorescence but did exhibit increased cell spreading comparatively. (Figure 3.19A)  

These visual results were confirmed by Image J analysis as both time points showed no 

significant difference, NS, between the regions with and without cells.  (Figure 3.19B) 

 

 
Figure 3.18.  Hoechst Stained HeLa Seeded on 9 Layer, Double Layer PAH-FITC.  This 

trial was performed using the Nine Layer pH sensor, (PAH (pH 10)/PSS/PAH-

FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH).  HeLa cells were seeded at a cell density of 150,000 

cells/mL, cultured in DMEM for 23 hours, and stained with 5 ug/mL of Hoechst 33342.  A) In 

general, the micrographs are arranged as a set of four.  Image A is the merged image made from 

the following three where image B contains the FITC fluorescence image, image C the Hoechst 

33342 image, and image D the brightfield image.  FITC and brightfield were imaged at 100x, 32 

Intensity, 100ms, 300 Gain.  Hoechst 33342 was imaged at 100x, 8 Intensity, 100ms, 300 Gain. 

B) Bar graph showing analysis between cell bounded regions and non-bounded regions for the 

respective culture and layer conditions.  Results indicated that no significant difference occurred 

between these two regions in any trial. 
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3.1.11 Autofluorescence Analysis 

 As previously described autofluorescence was observed in multiple assays.  The 

following assays with the associated culture conditions were evaluated: K562 Seeded Single 

Layer PAH-FITC (pH 10) at 200,000 cells/mL and both 30 Minutes and 60 Minutes; K562 

Seeded Single Layer PAH-FITC Plasma Treated at 200,000 cells/mL and 30 Minutes; Hoechst 

Stained HeLa on 5 Layer, Single Layer PAH-FITC at 150,000 cells/mL and 6 hours.   

 

 
Figure 3.19.  HeLa Seeded 5 Layer, Single Layer PAH-FITC.  This trial was performed using 

the Five Layer pH sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH).  HeLa cells were seeded at 

a cell density of 150,000 cells/mL and cultured in DMEM.  A) In general, the micrographs are 

arranged as sets of three.  The first image is the fluorescence image followed by the brightfield 

image and the merged image, respectively.  The following information refers to the image 

settings and trial conditions.  Images A-C: 6 Hour Culture, 100x Image, 32 Intensity, 100ms, 300 
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Figure 3.19 continued.  Gain; Images D-F: 24 Hour Culture, 100x Image, 32 Intensity, 100ms, 

300 Gain. B) Bar graph showing analysis between cell bounded regions and non-bounded 

regions for the respective culture and layer conditions.  Results indicated that no significant 

difference occurred between these two regions in any trial. 

 

 

In order to confirm that this was indeed autofluorescence as assumed, quantitative analysis of 

these regions was needed.  Data was found by analyzing the non-fluorescent striped regions 

otherwise known as the background regions.  This region had previously been measured in the 

pH sensor validation studies as a means to account for the fluorescence from the bare glass slide.   

By subtracting the fluorescence intensity of this region from the fluorescence intensity of the 

fluorescent striped region, the fluorescence intensity of the fluorescent molecule could be 

isolated.  In this analysis, only the background region was measured to eliminate any noise that 

would result from the FITC striped regions.  Also, knowing that the cells were larger than the 

striped regions, it would be easy to isolate any autofluorescence that did not occur on the 

fluorescent striped region when cells were bound.  These cells would then extend into the 

background striped region.  Therefore, two distinct regions could be evaluated, a pure 

background not covered by cells and a region where autofluorescence occurred on the 

background.  It should be noted in Image J analysis that nine data points were taken for each 

region.    

As expected, there were significant differences between the two analyzed regions denoted 

as Background and Background Plus Autofluorescence in Figure 3.20.  All trials experienced a 

significant difference at **p<0.01 except for K562 Seeded Single Layer PAH-FITC (pH 10) at 

200,000 cells/mL and 30 Minutes which showed a significant difference at *p<0.05.  These 

results confirm that any fluorescence intensity change seen was simply due to autofluorescence 

from the cells. 
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3.1.12. pH Sensor Sterilization 

The disadvantage of the LbL method for building polymeric microstructures pertains to 

its relative inability to maintain sterile conditions while being developed.  A printed and 

developed sterile microstructure would then require that the solutions maintain sterility, the 

implements and tools maintain sterility, and even the glass substrate and plasma treatment 

maintain sterility.  This complexity necessitated a post-production sterility step.  Sterilization 

steps also complicated the matter as these methods often use harsh environments which may 

damage the fragile microstructures.  However, the sterilization methods available pertained to 

autoclave sterilization and ultraviolet sterilization.  In these trials, the autoclave sterilization 

cycle utilized a 20 minute sterilization cycle where temperatures reached 121°C.   

 

Autofluorescence Analysis 

 

 
Figure 3.20.  Autofluorescence Analysis.  These results show autofluorescence analysis of two 

distinct regions on the associated micrographs, Background Plus Fluorescence and Background.  

The letter designations for the Cell Seeding Assay Type are as follows: A) K562 Seeded Single 

Layer PAH-FITC (pH 10) at 200,000 cells/mL and 30 Minutes; B) K562 Seeded Single Layer 

PAH-FITC (pH 10) at 200,000 cells/mL and 60 Minutes; C) K562 Seeded Single Layer PAH- 

** 

** 

** 

* 
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Figure 3.20 continued.  FITC Plasma Treated at 200,000 cells/mL and 30 Minutes; D) Hoechst 

Stained HeLa on 5 Layer, Single Layer PAH-FITC at 150,000 cells/mL and 6 hours. 
 

In ultraviolet sterilization, the pH sensor was placed under the ultraviolet lamps that were 

contained within the laboratory’s Biological Safety Cabinet for a period of 10 minutes.  Using 

the Five Layer pH sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH) it can be seen that in both 

instances, the sterilization significantly reduced the fluorescence of the FITC within the pH 

sensor.  (Figure 3.21 and Figure 3.22) Autoclave sterilization affected fluorescence as FITC was 

sensitive to the extreme heat that autoclaves use to destroy any hazardous or biological material.  

Ultraviolet sterilization affected fluorescence because FITC is sensitive to ultraviolet light.  

(Hermanson 2013)  It seemed that neither of these methods would be effective methods for 

sterilizing these pH sensors and that other methods must be investigated.   

 

 
Figure 3.21.  Autoclave Sterilization.  Micrographs showing before and after images of Five 

Layer pH sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH) that have been sterilized using 

autoclave sterilization with a 20 minute sterilization cycle reaching 121°C.  Micrographs were 

imaged at 100x, 32 Intensity, 100ms, 300 gain. 

 

 



82 

 
Figure 3.22.  Ultraviolet Sterilization.  Micrographs showing before and after images of Five 

Layer pH sensor, (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH) that have been sterilized using 

sterilization.  The pH sensor was placed under ultraviolet lamps within a Biological Safety 

Cabinet for a period of 10 minutes.  Micrographs were imaged at 40x, 4 Intensity, 100ms, 300 

gain. 

 

3.2 Discussion 

3.2.1. pH Sensor Validation Analysis  

There were many challenges in creating statistically significant sensors.  Of course, in 

section 3.1.1 which tested RITC for pH insensitivity, it was desired to have averaged relative 

intensities that didn’t show any statistical differences, NS, between any of the pH values.  

However, in the formulations described in sections 3.1.2 to sections 3.1.8, it can be clearly seen 

that none of the formulations were able to maintain significant differences between each and 

every pH value.  Since the readable pH range of FITC is only between pH 5 and pH 8, these 

were the only pH ranges tested. (Geisow 1984)  As FITC has been tested and validated 

extensively, it was thought that results would show a consistent increase of fluorescence intensity 

as proven.  Obtaining enough data points for statistical significance would then reveal a standard 

curve which could reliably allow for accurate predictions of pHe from cancerous cells.  A cursory 
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glance at the averaged relative intensity values and standard deviations in Table 3.1 then give 

clues regarding the lack of significance differences.  For every pH sensor formulation listed, 

standard deviations were fairly large when compared to the average.  This made standard curve 

development particularly difficult as relative intensity averages varied from one trial to the next.  

The various formulations were created in an effort to improve sensitivity while also allowing for 

statistical significance.  Interestingly, it was observed that an increase in the number of 

observations or trials, n, yielded better statistical results.  From sections 3.1.6 and 3.1.7, both 

Nine Layer pH Sensors experienced very significant differences, **p<0.01, between pH values 

of pH 6 and pH 7 as well as between pH 7 and pH 8.  In section 3.1.6, the pH 7 and pH 8 trials 

had n=14 observations and in section 3.1.7, all the pH values had n>6 observations.  In the other 

pH sensor formulations, n was never greater than 5 as significant differences were not often seen.  

A positive correlation can then be seen between the increase of observations and an increase in 

significant differences. (Figure 3.7B and Figure 3.8B) 

The variations within each pH sensor formulation unfortunately cannot exactly be 

determined, but there may be several reasons that contribute to this observed phenomena.  The 

development process for pH sensors is an inherently random process.  The backbone of the pH 

sensor development came from the Layer by Layer (LbL) deposition process.  And this LbL 

relies on the diffusion of polymers to the surface of a substrate causing attachment to the surface, 

which occurs through varies types of interactions such as hydrophobic/hydrophilic binding, 

covalent bonding, and electrostatic attraction.  In this case, polymers diffused to the surface of a 

Polydimethylsiloxane (PDMS) stamp textured with 7 um wide stripes edge to edge. (Gates et al. 

2005)  Polymer molecules then attach in regions without any type of direction which leads to 

uneven distribution throughout the surface of the substrate, only directed by repulsion and 
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attraction between adjacent polymers.  As one can imagine, this then has a compounding effect 

since subsequent layers are built upon the previous layer.  Uneven distribution could then lead to 

holes as well as densely populated regions.  Hence, the PAH-FITC layer has a higher probability 

of defects.   

  Another source of error and inconsistency pertained to the microcontact printing phase 

of the pH sensor.  Following deposition, as previously described, the LbL developed polymer 

microstructure was then placed in contact with a plasma treated glass slide.  This glass slide was 

then negatively charged in order to accept the oppositely charged top layer of the polymer 

microstructure.  Once contacted for a short period of time, the stamp was then carefully removed 

from the glass slide leaving behind the polymer microstructure.  This step sometimes leads to 

incomplete transfer of the microstructure to the glass slide.  Incomplete transfer exhibited itself 

as missing stripes as shown or even as faded areas.   

 The fluorescent dye, FITC, may have been a source of error as well.  FITC is soluble in 

organic solvents such as ethanol, anhydrous dimethyl sulfoxide (DMSO), and 2-ethoxyethanol.  

It is also soluble in water but at extremely low concentrations as it tends to clump and not mix 

well.  It is advised that stock solutions of FITC be created using organic solvents since FITC 

decomposes in water.  However, in this study, the polymers used were only water soluble.  The 

PAH-FITC complexed solution then was water based contributing to FITC degradation.  The 

solution was also stored at room temperature and not at near freezing temperatures as advised.  

However, the solution was stored in a dark area and wrapped in aluminum foil to avoid UV 

pollution since FITC is sensitive to light.  With these factors in mind, it was observed throughout 

a given study period that the intensity of the pH sensor stripes diminished over time.  Image J 

analysis showed that the images without buffer added had reduced intensity readings with each 
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new set of prints.  This trend could be seen as for each pH sensor formulation it was imperative 

that the image settings be kept uniform throughout the entirety of the evaluation.  This allowed 

for an accurate and equivalent comparison between individual trials for that specific formulation.  

But, image settings were not uniform when comparing the pH sensor formulations which negated 

the ability to have direct comparisons of raw data.   

 It was for these reasons that average relative intensity was chosen as the measure for 

creating the standard curve.  Average relative intensity was defined as the ratio of the average of 

the stripe intensity before buffer was added divided by the average of the stripe intensity after 

buffer was added.  This required that images be taken before the study began and at the 

prescribed time point.  Average values were found as three images were taken in representative 

areas on the pH sensor and for each individual image, the average was found as three separate 

stripes were analyzed for intensity.  In this way, relative intensity eliminated the variations that 

occurred in LbL deposition and microcontact printing as the pH sensor was only compared to 

itself.    

  As explained previously, the various formulations of pH sensors were created in an 

effort to increase sensitivity.  Layer numbers were increased, fluorescence layers were added, 

and different fluorescence dyes were used.  In both Five Layer pH Sensors, there was no 

significant difference, NS, observed between adjacent pH values.  (Figure 3.1B and Figure 

3.3B)  In the case of the sensor containing the single PAH-RITC layer, this was to be expected.  

However, the average relative intensities were expected to be more closely grouped as RITC was 

expected to be pH insensitive.  This finding can be attributed to the variation that occurs within 

the pH sensor development process.  The Five Layer pH Sensor containing a single layer PAH-

FITC showed a very significant difference, **p<0.01, between pH 5 to pH 8 but no significant 
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different between adjacent pH values.  One then concludes that this was not a sensitive pH 

sensor.   

 The next three sensor formulations were created in response to this insensitivity.  In 

adding a second fluorescence layer, it was desired to harness the Fluorescence Resonace Energy 

Transfer (FRET) process.  FRET utilizes the emission energy from an already excited 

fluorophore to excite another nearby fluorophore, a donor-acceptor relationship.  FRET is 

distance and wavelength dependent.  In terms of distance, this process is accurate from .1 nm to 

10 nm with the greatest accuracy occurring from 3 nm to 6 nm.  The wavelength dependence 

occurs when the maximum emission wavelength of the first fluorophore occurs close to the 

maximum excitation wavelength of the second fluorophore.  Maximum energy transfer occurs 

when these two wavelengths line up.  Therefore, by adding another fluorescence layer in close 

proximity, it was thought that sensitivity may increase due to increased fluorescence intensity or 

increased control due to FRET. (Sekar and Periasamy 2003) 

In the three pH sensor formulations containing seven layers, it can be shown that a slight 

increase in sensitivity was observed in both the pH sensor formulation from section 3.1.3 and 

section 3.1.4.  The pH sensor formulation from section 3.1.3 contained two layers of PAH-FITC 

separated by PSS for a formulation of (PAH (pH 10)/PSS/PAH-FITC/PSS/PAH-

FITC/PSS/PAH).  The pH sensor formulation from section 3.1.4 contained one layer of PAH-

FITC and one layer of PAH-RITC separated by PSS for a formulation of (PAH (pH 

10)/PSS/PAH-FITC/PSS/PAH-RITC/PSS/PAH).  In these formulations, a significant difference, 

*p<0.05, was observed between pH 6 and pH 7 with a very significant difference, **p<0.01, 

observed between pH 5 and pH 8. (Figure 3.4B and Figure 3.5B)  The results, unfortunately, 

only show a slight increase in sensitivity but still not at the level needed to definitively sense 
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pHe.  It should be noted that both of these formulations subjectively increased the fluorescence 

intensity of the stripes as compared to the Five Layer pH Sensor formulations.  For the reasons 

previously mentioned, it would be difficult to compare the raw data as image settings varied and 

fluorescence dye degradation occurred.  In the third pH sensor formulation from section 3.1.5 

with the formula, (PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-FITC/PSS/PAH), there was no 

significant difference observed when comparing any pH value. (Figure 3.6B)  Therefore, this 

sensor could not be considered an effective sensor.  

It can safely be assumed that the FRET process occurred with the Seven Layer pH Sensor 

formula from section 3.1.4 with PAH-FITC as the first fluorescence layer deposited and the 

PAH-RITC layer on top.  Knowing that the average thickness of individually deposited layers 

was ~2 nm for both PAH and PSS, one can assume that the fluorescence layers were within a 

proper distance for FRET to occur.  The emission and excitation wavelengths also overlapped for 

this process to occur as well with FITC at 495 nm and 520 nm and RITC at 540 nm and 573 nm 

for the emission and excitation wavelengths, respectively.  Conversely, the pH sensor from 

section 3.1.5 with the formula, (PAH (pH 10)/PSS/PAH-RITC/PSS/PAH-FITC/PSS/PAH), 

exhibited slight quenching as the PAH-RITC was the first layer that was excited.  The 

subsequent PAH-FITC layer, however, did not have an excitation wavelength that fell within the 

PAH-RITC emission bandwidth.  Since it is also known that photons are emitted in the same 

direction in which the fluorophore is excited, logically the photons were emitted towards the 

PAH-FITC layers. (Lichtman and Conchello 2005)  As no subsequent excitation occurred 

because of the lack of overlap in wavelengths, some photons were reflected or blocked from 

reaching the outer surface.  Also, in using the blue light filter (excitation wavelengths: 465-

495nm ) to excite all of the pH sensors, PAH-RITC was minimally excited as this filter’s 
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excitation wavelength was not near the maximum excitation wavelength of 540 nm for RITC.  

Simultaneously, the PAH-RITC blocked some of the light to reach the PAH-FITC layer which 

contributed to diminished excitation as well.   Lastly and somewhat counterintuitively, the Seven 

Layer pH Sensor with two layers of PAH-FITC most likely exhibited some type of self 

quenching.  Even though this pH sensor formulation subjectively had the most fluorescence 

intensity of the three pH sensor formulations, the sheer density of FITC molecules within close 

proximity of each other is known to have this effect. (Hermanson 2013)  No FRET was at play 

here.   

The next two pH sensor formulations utilized nine layers of polymer.  One Nine Layer 

pH Sensor incorporated a third PAH-FITC layer as the other used only two fluorescent layers 

separated by PSS/PAH/PSS.  Both of these formulations experienced very significant 

differences, **p<0.01, from pH 6 to pH 7, pH 7 to pH 8, and from pH 5 to pH 8.  The Nine 

Layer pH Sensor from section 3.1.6 with three layers of PAH-FITC (PAH (pH 10)/PSS/PAH-

FITC/PSS/PAH-FITC/PSS/PAH-FITC/PSS/PAH) showed better pH sensitivity than the previous 

formulations.  This was to be expected as the more FITC molecules available, the more sensitive 

to pH the sensor would be.  Again, this would also result in some self quenching but that would 

be mitigated by the increased fluorescence intensity observed from a larger density of 

fluorophores.  The other Nine Layer pH Sensor from section 3.1.7 with the formula, (PAH (pH 

10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH), also showed better sensitivity 

compared to previous formulations.  This sensitivity was a product of the increased distance 

between fluorescent layers, ~6 nm.  With the increased path length, fluorescence quenching did 

not occur at the same rate as the Seven Layer pH Sensor with two PAH-FITC layers.  These two 
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pH sensors, according to statistical analysis, performed the best out of any of the formulations 

tested.  This can be attributed to the greater number of observations performed. 

The last formulation was the Crosshatch pH Sensor from section 3.1.8.  For this pH 

sensor, two stamps were printed so that the first stamp produced stripes horizontally and the 

second stamp printed the stripes vertically.  The first stamp contained a layer of PAH-RITC and 

the second stamp contained a layer of PAH-FITC.  This allowed for the presence of three 

measurable regions for fluorescence intensity, a region with FITC, a region with RITC, and a 

region with both.  As expected the RITC region did not show any sort of trend with an increase 

in pH value.  Both the FITC and Crosshatch regions showed positive trends with an increase in 

pH value.  Additionally, significant differences for FITC and the Crosshatch region were only 

seen between pH 7 and pH 8 at *p<0.05 and **p<0.01 respectively, as well as between pH 5 and 

pH 8 at **p<0.01 for both.  Unfortunately for this pH sensor, this crosshatch structure did not 

produce any increase in sensitivity.  The crosshatch region from this sensor can be considered the 

same as the Seven Layer pH Sensor from section 3.1.5 with the PAH-RITC layer first and the 

PAH-FITC layer second.  And so, the same explanation holds in regards to fluorescence intensity 

and sensitivity.  The other two regions, although they have been tested previously have utility as 

a ratiometric fluorescence. (Wencel, Abel, and McDonagh 2014)  The idea with printing two 

individual regions with these two fluorescent dyes was to use the PAH-RITC region as a baseline 

comparison to the fluorescence intensity from the PAH-FITC region.  Since RITC is a pH 

insensitive dye, the fluorescence intensity value would theoretically always be the same.  

Unfortunately, the FITC fluorescence intensity readings from images before buffer was added 

were not consistent.  As described before, this led to the use of a relative intensity reading.  
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It should be noted that the use of the soaking device described in the Materials and 

Methods section 2.2.10, greatly increased the throughput and production of the pH sensors.  The 

limiting factor in this entire study was the amount of time needed to produce these pH sensors.  

Before the soaking apparatus was constructed, stamps had to be placed extremely carefully by 

hand into test tubes with forceps.  These test tubes had the ability to only hold four stamps at a 

time so that the stamps could be adequately spaced and stand up so that the face of the stamp was 

not touching anything.  Once the stamps had soaked for the appropriate amount of time, they 

were removed and rinsed one by one and then placed carefully again into the next test tube for 

the next soaking step.  This, as one can imagine, was extremely labor intensive, and required lots 

of time, care and effort to develop the pH sensors.  The construction of the soaking apparatus 

essentially scaled up this process so that more pH sensors could be made in a shorter amount of 

time.  Before the soaking apparatus, four pH sensors were able to be made in a period of 2 to 3 

hours.  With the soaking apparatus, 15 pH sensors were able to made in that same time frame or 

less because individual stamps did not have to be as carefully removed or individually rinsed.  

The soaking apparatus allowed a quick transfer as the whole apparatus could simply be picked 

up, rinsed, and placed into the next solution.   

3.2.2. Cell Seeding Analysis and UV Sterilization 

 Results indicated that none of the pH sensors performed as expected in sensing pHe.  

Furthermore, both cell lines used, K562 and HeLa, did not show any difference in sensing pHe.  

This lack of sensing ability can simply be attributed to the pH sensors and their previously shown 

difficulties with developing statistically significant differences.  Now, the two Nine Layer pH 

sensors showed great significant differences, **p<0.01, in the pH range from pH 6 to pH 8.  But, 

this again did not prove to be a factor in sensing the pHe.  It seemed that the FITC simply was 
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not sensitive enough to detect slight pHe changes.  The FITC could only detect the influence of 

the bulk fluid and not the pH from a microenvironment such as that surrounding a cell.  This 

finding was illustrated in figure B of Figure 3.12 through Figure 3.19.  To complicate matters, 

the cell probes autofluoresced as well.  It was shown that significant differences existed when 

analyzing the autofluorescence found on background striped region.  This significant difference 

proved that the increased fluorescence intensity was due to the cells as the background region 

was expected to be consistent in fluorescence intensity.   

Previous works, however, have proven FITC as a suitable fluorophore which leads one to 

believe that the pH sensor microstructure must have influenced the outcomes and affected 

diffusion to the pH sensitive, PAH-FITC layer.  It was possible that the microcontact printing 

process has produced flawed prints and defects.  Additionally, the distance from cell to 

fluorescent layer may be too far for any sensing to occur.  In other research using FITC as a pH 

sensitive probe, the probe was often directly anchored to the area of interest.  (Anderson et al. 

2016; Ke et al. 2014; Loja et al. 2013)  This distance was mitigated through the use of pH 

sensors with only a single layer of the PAH-FITC polymer.  As shown in Figure 3.12 and 

Figure 3.13 for K562, these single layer pH sensors were yet not an effective means of sensing 

pHe.  The same phenomena can be seen with HeLa cells.  In these trials, again it was possible 

that the polymer matrix prevented adequate diffusion of the metabolites excreted from the cells.  

In developing polymer layers, salt concentrations in the polymer solutions play an important 

role.  In previous research, Cohen and Turnbull showed that greater diffusion occurs in films 

developed without NaCl. (Cohen and Turnbull 1959)  This can be applied to the polymer layers 

developed in this study as the polymer layers were developed with a 1% (w/v) salt concentration.  



92 

A lower salt concentration may have possibly allowed for greater diffusion and thus increased 

access to the FITC fluorescent dye.   

 Lastly, in attempting pH sensor sterilization, it was desired that sterile conditions be 

maintained since the ultimate goal of this study was to culture and incubate cells over the top of 

the pH sensor.  As shown, neither method used, autoclaving or UV sterilization, were an 

appropriate method as they damaged the fluorescent layer. (Figure 3.21 and Figure 3.22)  A 

damaged fluorescent layer would obviously reduce the pH sensing properties of the pH sensor 

and would thus be counterproductive.  It seemed that chemical sterilization might be the most 

suitable option.  However, consideration must be taken to not damage the fluorescent dye.  The 

chemical sterilization options are as follows: aldehydes, halogens, quaternary compounds, 

phenols, acids/alkalis, heavy metals, and alcohols. (“Disinfectants and Sterilization Methods” 

2017)  Interestingly, glutaraldehyde and 70% alcohol may be the most sensible option as these 

are widely available.  Glutaraldehyde has actually been shown to be useful in microcontact 

printing applications involving biocompatible polymers. (Xia et al. 2015)  Alcohol is also useful 

as it is commonly used in microbiological and cell culture applications for disinfection.  The 

other chemicals such as halogens, quaternary compounds, phenols, heavy metals, and strong 

acids and bases have a chance at disturbing and dissolving the polymer microstructure.   
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 CHAPTER 4 

CONCLUSION 

 In conclusion, results from pH sensor validation indicated that both Nine Layer pH 

Sensor formulations had the greatest statistical significance between pH values.  These prints 

only had very significant differences, **p<0.01, between pH 6 and pH 7, pH 7 and pH 8, and not 

between pH 5 and pH 6.  But, they were still useful as cells are known to exhibit extracellular 

pH’s between the ranges of pH 6 and pH 8.   

 In all cell seeding assays, it was observed that none of the pH sensor formulations tested 

exhibited any meaningful fluorescence intensity changes both visually and with Image J analysis.  

Any fluorescence intensity changes were found to be indicative of autofluorescence produced by 

the cells themselves.  This was validated through Image J analysis of the background stripe 

region.  Significant differences in this region of at least *p<0.05, were found for each assay that 

displayed autofluorescence.  These cell seeding results, although intriguing, need further 

validation, however, as they are still somewhat preliminary.   

 Future work, firstly, would center around removing the autofluorescence of the cells that 

was observed in previous trials.  It is possible that the use of different excitation filters would be 

able to eliminate this problem.  This would then reduce the possibility of autofluorescence 

affecting the fluorescence intensity readings from the striped regions.  Future work would also 

center around optimizing the print quality of the pH sensors as this seemed to be a detriment to 

obtaining consistent, accurate results.  Print quality affected the results significantly as the use of 

the Relative Intensity value was not optimal. A design of experiment where fluorescence 

intensity before the addition of pH buffer is known and trusted would be preferable.  One 

parameter that may be beneficial to look into is the NaCl concentration within the polymer 
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solutions.  This concentration affects LbL deposition as well as diffusion rates of molecules 

through the layers.  In no salt polymer solutions, diffusion had been shown to increase versus 

polymer solutions with salt.  Secondly, the type of fluorescent dye may need to be changed.  

Although, FITC and RITC both work well within the LbL application since they are easily 

conjugated to the amine group on PAH polymers. Other more sensitive dyes may not be 

adequate for the LbL process.   Additionally, techniques which bind the fluorescent molecule 

directly to the cell have shown significant results.  It would be useful to investigate the effect of 

this process on the measurement of pHe using the microcontact printing and LbL techniques.   
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APPENDIX A 

 

SUPPLEMENTARY MATERIALS 

A.1. PAH-FITC Calculations 

 

This calculation explains the rationale used to determine how the correct amounts of 

FITC and PAH were obtained.  It was desired to create a 2000:1 ratio of FITC amine groups to 1 

PAH molecule using the FITC stock solution where 0.003 g of FITC was dissolved into 75.0 mL 

DI H2O.  To make the required 2000:1 ratio, 65.0 mL of FITC solution, 1.25 g of PAH polymer, 

and 60.0 mL DI H2O were added together.  This calculation was found by first determining the 

number of amine groups in PAH.  One can consider that there is one amine group per repeating 

unit on an FITC molecule.  The Mw of PAH is 93.55452 Da without repeating units while the 

average Mw with repeating units is 160,000.0 Da.  By dividing these two numbers, one can find 

the number of repeating units in a PAH molecule and thus the number of amine groups.  The 

number of repeating units is 1710.23 amine groups/mol.   

93.55452 Da
160,000.0 Da = 1710.23 ����� �� !"# 

� $  

The number of amine groups in a molecule of PAH was then determined based on 1.25 g of 

PAH.  

1.25g
&160,000.0 g

mole+
= 0.0000078125 � $�# -./ 

Multiplying the moles of PAH with the amine groups per mole yields the following number of 

amine groups needed in the PAH polymer used. 

0.0000078125 moles PAH ∗ 1710.23 amine groups
mol = 0.01336 ����� �� !"# 
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The previously found number was then divided by 2000 to get the desired 2000:1 ratio in order 

to determine the needed moles of FITC.  

0.01336 amine groups
2000 = 0.00000668 � $�#  9 :;<= ���>�> 

This number was then converted to g of FITC needed using FITC’s Mw. 

0.00000668 ∗ 389.38 g
mole =  0.0026010 ����#  9 :;<= ���>�> 

Then using this grams of FITC needed number, a relation to determine the amount of stock 

solution needed was used.  In this equation x is the variable of interest. 

?0.0026010 grams of FITC neededF
?x mL FITC Stock SolutionF = ?0.003 g of FITC usedF

?75.0 mL WaterF ,

x = 65.0 �N :;<= OP �Q O $!P� � 

Since it was desired to create a 1% weight per volume PAH polymer solution, the total volume 

of solution needed to be 125.0 mL.  Therefore, the 65.0 mL of FITC Stock Solution was diluted 

with 60.0 mL of DI H2O with 1.25 g PAH polymer dissolved.   

A.2. PAH-RITC Calculations 

 

This calculation explains the rationale used to determine how the correct amounts of 

RITC and PAH were obtained.  It was desired to create a 2000:1 ratio of RITC amine groups to 1 

PAH molecule using the RITC stock solution where 0.001 g of RITC was dissolved into 1.0 mL 

DI H2O.  To make the required 2000:1 ratio, 0.283 mL of RITC solution, 0.1 g of PAH polymer, 

and 9.717 mL DI H2O were added together.  This calculation was found by first determining the 

number of amine groups in PAH.  One can consider that there is one amine group per repeating 

unit on an RITC molecule.  The Mw of PAH is 93.55452 Da without repeating units while the 

average Mw with repeating units is 160,000.0 Da.  By dividing these two numbers, one can find 
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the number of repeating units in a PAH molecule and thus the number of amine groups.  The 

number of repeating units is 1710.23 amine groups/mol.   

93.55452 Da
160,000.0 Da = 1710.23 ����� �� !"# 

� $  

The number of amine groups in a molecule of PAH was then determined based on 0.1 g of PAH.  

0.1 g
&160,000.0 g

mole+
= 0.000000625 � $�# -./ 

Multiplying the moles of PAH with the amine groups per mole yields the following number of 

amine groups needed in the PAH polymer used. 

0.000000625 moles PAH ∗ 1710.23 amine groups
mol = 0.00106889 ����� �� !"# 

The previously found number was then divided by 2000 to get the desired 2000:1 ratio in order 

to determine the needed moles of FITC.  

0.00106889 amine groups
2000 = 0.000000534 � $�#  9 R;<= ���>�> 

This number was then converted to g of RITC needed using RITC’s Mw. 

0.00000668 ∗ 531.10 g
mole =  0.000283 ����#  9 R;<= ���>�> 

Then using this grams of RITC needed number, a relation to determine the amount of stock 

solution needed was used.  In this equation x is the variable of interest. 

?0.000283 grams of FITC neededF
?x mL FITC Stock SolutionF = ?0.001 g of FITC usedF

?1.0 mL WaterF ,

x = 0.283 �N R;<= OP �Q O $!P� � 

Since it was desired to create a 1% weight per volume PAH polymer solution, the total volume 

of solution needed to be 10.0 mL.  Therefore, the 0.283 mL of RITC Stock Solution was diluted 

with 9.717 mL of DI H2O with 0.1 g PAH polymer dissolved.   
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A.3. Excel Calculations 

 In calculating the relative intensity values, it is important to reiterate the procedure for 

analyzing images using Image J.  For each image, three readings were taken on three separate, 

individual fluorescent stripes of the pH sensor.  Then three readings were taken on three 

separate, individual background areas, areas without a fluorescent stripe.  This was done to 

account for any fluorescence that may have resulted from the glass slide.  In this way, the 

fluorescence intensity from the stripes was isolated to fluorescence directly from the dye.  It 

should be noted that the intensity readings from Image J were copied and pasted directly into an 

excel sheet containing formulas which automatically calculated the relative intensities given the 

raw data.  In Table A.1 rows 2 through 7 labeled Before Buffer_1 illustrate the calculation 

process.  Rows 2 through 4 were readings from FITC striped regions as rows 5 through 7 were 

from background regions.  The relevant information from these rows resided in column D 

labeled Relative Intensity Value.  From the first three rows, 2 through 4, of column D the FITC 

average was found and calculated in column I, row 2 and labeled Stripe Averages.  The average 

of the background fluorescence from the last three rows, 5 through 7, of this image were 

calculated in column I, row 5.  The same calculations were then performed for Before Buffer_2 

and Before Buffer_3.  Next, the average of each stripe type was found from these three images 

and calculated in column L.  The average of the FITC striped regions was calculated in column 

L, row 2 labeled as Average of 3 Pictures as the average of the background region was calculated 

in column L, row 4.  The difference of these two regions was taken and calculated in column N, 

row 2 and labeled Difference in Averages.   This Difference in Averages number was used as the 

basis for calculation of the Relative Intensity value.  In column P, row 2 this Relative Intensity 

value was referred to as Percentage of Before Buffer since the subsequent readings were less 
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intense and the final calculation was in fact a percentage.  This number is 1 since this Difference 

in Averages was divided by itself. 

 

Table A.1. Image J Before Buffer Added Excel Calculations. 

 

 
 

 

 Table A.2 then describes the subsequent calculations for images that were taken at the 5 

minute time point after buffer was added.  The averages were found from the raw data in the 

same way as averages were found from the two distinct regions, FITC striped region and  

 

Table A.2. Image J After Buffer Added Excel Calculations.  

background region for each individual image.  From column I, the averages from the three 
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images for the FITC striped regions and background regions were then averaged.  The difference 

was then taken from these two averages and calculated in column N labeled Difference in 

Averages.  This Difference in Averages number was then divided by the Differences in Averages 

number found from the Before Buffer Added calculations.  This resulted in a percentage which 

was termed the Relative Intensity.  For each pH value at least three trials were performed.  From 

these trials averages, standard deviations, and T-Test results were determined.    
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A.4. Histogram Method Analysis 

In order to address concerns regarding the method used to obtain the previous results, it 

was decided that a different approach would be evaluated for effectiveness.  This new approach 

termed the Histogram Method was designed to address concerns that the previous data 

acquisition method did not fully capture the all of the information from the sample image.  To 

recap, the previous method analyzed one pH sensor at one pH value by taking three 

representative images around the sensor for both before buffer was added and after buffer was 

added.  This resulted in 6 total images for one pH sensor, three before buffer added and three 

after buffer added.  In analyzing each individual sample image, three representative fluorescent 

regions and three representative background regions were selected for intensity value readings.  

Therefore, the before buffer added image set contained nine fluorescent region readings and nine 

background region readings.  The same was true for the after buffer added image set.  The values 

from each region were then averaged.  The background region average was then subtracted from 

fluorescent region average in order to isolate fluorescence only from the fluorescent molecule.  

Once the final intensity values were obtained for both the before buffer added image set and the 

after buffer added image set, the after buffer added intensity value was divided by the before 

buffer added image value.  This resulted in what was termed a relative intensity value or the ratio 

of the two values.  This calculation can be simplified in the following equation:   

R�$�P�S� ;�P��#�PT = UVUW
UXVUW

X   , 

where I=averaged fluorescent value from the after buffer added data set, Ib=averaged background 

value from the after buffer added data set, I'=averaged fluorescent value from the before buffer 

added data set, and I'b=averaged background value from the before buffer added data set.  It 

should be noted that this relative intensity value was created since the intensity readings from the 
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before buffer added images were not consistent.  There seemed to be quite a bit of variation 

when analyzing sample to sample.  This was to be expected as the fluorescent molecule, FITC, 

breaks down in aqueous solutions.  Since FITC was conjugated with the water-soluble PAH, 

FITC was being stored in aqueous solution.  Over time, some photobleaching did occur as well 

as it was not possible to keep the PAH-FITC solution in complete darkness throughout the study.  

(Hermanson 2013) 

  The new histogram method approach utilized the ability of the analysis software, Image 

J, to create histograms to show the distribution of the intensity values from the selected regions.  

In analyzing a region that had both the background region and fluorescent stripe selected, one 

could see two characteristic peaks from the histogram that directly related to these two regions, 

respectively. (Figure A.1)   

 

 
Figure A.1. Histogram Evaluation of Selected Regions.  A) Micrograph of 9 Layer pH Sensor, 

PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH, showing the selected region 

containing both the fluorescent stripe and background region.  B) Histogram showing the readout 

of the values from the selected region in A.  The first peak at an intensity value of ~1000 is 

characteristic of the background region.  The second peak at an intensity value of ~6000 is 

characteristic of the fluorescent region.   
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It was then assumed that the local maxima of these peaks were then the average intensity values 

of each region.  Expanding this idea further, a histogram readout was obtained from analyzing 

each individual image in its entirety without selecting specific regions.  This improvement 

allowed for a more accurate representation of the average intensity values  obtained from each 

image whereas the previous method would have only analyzed a portion of the image and 

ignored other valuable information.  Example histogram readouts from a 9 Layer pH Sensor, 

PAH (pH 10)/PSS/PAH-FITC/PSS/ PAH/PSS/PAH-FITC/PSS/PAH, before buffer was added 

and after buffer was added can be seen respectively in Figure A.2 and Figure A.3.   

 

 
Figure A.2. Histogram Before Buffer Added.  A) Micrograph of 9 Layer pH Sensor, PAH (pH 

10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH when imaged before buffer was added 

before adding pH 7 buffer.  B) Histogram showing the readout of the intensity values with the 

first peak characteristic of the background region at an intensity value of ~1000.  The second 

peak is characteristic of the fluorescent region at an intensity value of ~5200.   

 

 

The histogram method was performed for all of the images obtained from testing the 9 

Layer pH Sensor formulation, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-

FITC/PSS/PAH.  This sensor formulation was selected for analysis as it contained the most data 

points and also showed the best results using the previous method of analysis.  For this pH sensor 
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formulation, the number of observations at each pH value was as follows: at pH 5, n=15; at pH 6, 

n=12; at pH 7, n=12; at pH 8, n=6.  It should be noted that the number of observations vary since 

time was limited in completing this study.     

 

 
Figure A.3. Histogram After Buffer Added.  A) Micrograph of 9 Layer pH Sensor, PAH (pH 

10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH, when imaged after pH 7 buffer was 

added.  B) Histogram showing the readout of the intensity values with the first peak 

characteristic of the background region at an intensity value of ~800.  The second peak is 

characteristic of the fluorescent region at an intensity value of ~2300.   

 

 

For each observation, a total of six images was taken where three images were from the before 

buffer added set and three images were from the after buffer added set.  Once the average 

intensity values were found from each image, the relative intensity value of each observation was 

found in much the same way as previously described.   

R�$�P�S� ;�P��#�PT = UVUW
UXVUW

X    

The averaged fluorescent values from the three images before buffer was added is denoted by I.  

The averaged background values from the three images before buffer was added is denoted by Ib.  

The averaged fluorescent values from the three images after buffer was added is denoted by I'.  

The averaged background values from the three images after buffer was added is denoted by I'b.  
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The relative intensity values obtained from this analysis can be seen in Figure A.4 as distribution 

plots.  Figure A.4A shows the distribution of the data points at each pH value as Figure A.4B 

shows a box and whisker plot.   

  In comparing the data obtained from both methods, histogram method and the previous 

method, Table A.3 shows the relative intensities at each pH value of each method side-by-side.  

In comparing the two tables, it is easy to see that the values at each pH value between the two 

methods do not vary much.  In fact, the averages and standard deviations for each column at the 

bottom of each table show that there is not much of a difference.  This will be confirmed later 

through the use of a T-Test.   

 

 
Figure A.4. Data Distribution Figures.  Analysis from all the observations for the 9 Layer pH 

Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH. A) Plot showing 

the distribution of the relative intensity data at each pH value.  B) Box and whisker plot of the 

relative intensity data showing how the data is distributed.  The center line of each box shows the 

median of the data.  The “x” denotes the mean value.  The outside edges of the box show the 25th 

quartile and the 75th quartile, respectively.  The whiskers denote the spread of the data. 

 

 

 The next step in understanding the data obtained from the histogram method was to 

determine the type of distribution that the data exhibited.  Although the Central Limit Theorem 

states that a random sampling of data taken from a population with replacement with a known 



106 

mean and known standard deviation from a sufficiently large population will produce a normal 

distribution of the sample means.  This assumption needed to be confirmed however, especially 

since this theorem does not hold absolutely true for sample sizes at less than n=30.  (“Central 

Limit Theorem” 2017)  Therefore, it was desired to use the non-parametric Kolmogorov-

Smirnov Test for Goodness-of-Fit to a normal distribution.  This test was advantageous as it did 

not require that a sample population be n=50 or greater like the Chi-Squared Goodness-of-Fit 

Test.  (“Plant and Soil Sciences eLibrary” 2017) 

 

Table A.3. Relative Intensity Raw Data Comparing Both Methods.  This figure shows the 

relative intensity results for each pH value from the two different methods, histogram method 

and the previous method.  These results are listed in ascending order from top to bottom.   

 
 

 

 The Kolmogorov-Smirnov Goodness-of-Fit Test (K-S) works by comparing a 

hypothesized distribution function F(x), to the observed distribution function, S(x), from the 

data.  The hypothesized distribution function, F(x) can then be created by fitting the data to any 



107 

distribution type, and this case, a normal distribution.  Quantitatively, the K-S Test can determine 

if the hypothesized distribution is a good fit by taking the absolute value of the difference 

between these two values.  Then from these differences between the two distribution functions, a 

max difference value is found.  This max difference value is then compared to a critical value 

where the null hypothesis is accepted if the max difference value is below the critical value.  The 

critical value is equal to =1.358/SQRT(n) for 5% significance where n is equal to the number of 

observations in the sample population.  Lastly, the null hypothesis is that the hypothesized 

distribution type is indeed the distribution type for the sample population and in this case, a 

normal distribution.  (“1.3.5.16. Kolmogorov-Smirnov Goodness-of-Fit Test” 2017)   

In evaluating the relative intensity data from the histogram method, each pH value set 

was analyzed for normality one at a time.  Figure A.5A, Figure A.6A, Figure A.7A, and Figure 

A.8A show the calculations for the K-S Test in table form with the S(x) and F(x) of each pH 

value from pH 5 up to pH 8, respectively.  Figure A.5B, Figure A.6B, Figure A.7B, and Figure 

A.8B show a QQ plot for visual confirmation that the data fits a normal distribution.   

 

 
Figure A.5. Tests for Normal Distribution at pH 5.  A) An excel table showing the 

calculations performed in the K-S Test.  The absolute values of the differences of the S(x) values 

and F(x) values were found in the Difference column.  The largest number was then found in the 
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Figure A.5 continued. Difference column and denoted Max Value.  Comparing the Max 

Value=0.175 to the Critical Value=0.350, the null hypothesis was accepted.  This data set was 

confirmed to be normally distributed.  B) A QQ plot showing that the z-scores obtained from the 

experimental values were normally distributed.  The connected blue data points closely follow 

the normally distributed black line.    

 

The normal distribution was denoted by a black diagonal line as the z-score of the experimental 

data was denoted by the connected blue data points.  It was easy to see that the data follows the 

normal distribution line closely.  (“David E. Brown – BYU–Idaho” 2017) 

 

 
Figure A.6. Tests for Normal Distribution at pH 6.  A) An excel table showing the 

calculations performed in the K-S Test.  The absolute values of the differences of the S(x) values 

and F(x) values were found in the Difference column.  The largest number was then found in the 

Difference column and denoted Max Value.  Comparing the Max Value=0.124 to the Critical 

Value=0.392, the null hypothesis was accepted.  This data set was confirmed to be normally 

distributed.  B) A QQ plot showing that the z-scores obtained from the experimental values were 

normally distributed.  The connected blue data points closely follow the normally distributed 

black line.    

 

 

Once the data sets were confirmed to be normally distributed, the T-Test: Two-Sample 

Assuming Unequal Variances was able to be used since T-Tests are allowed to be used under the 

assumption of normality.  (“I.07 Normal.pdf” 2017)  This T-Test was then used in the same way 

as the previous method to compare the adjacent pH values, i.e. pH 5 to pH 6, and test for 

significant differences.  In this testing, the significance levels were set at α<0.05 and α<0.01 for 
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great significance which correlated to p-values of *p<0.05 and **p<0.01, respectively.  When 

using the T-Test: Two-Sample Assuming Unequal Variances on the results from both the 

histogram method and the previous method, there is no change in significant differences 

according to the significance levels set when comparing the two.  However, the p values do 

change as the histogram method has higher p values comparatively.  This can be seen in both 

Figure A.9 and Figure A.10.   

 

 
Figure A.7. Tests for Normal Distribution at pH 7.  A) An excel table showing the 

calculations performed in the K-S Test.  The absolute values of the differences of the S(x) values 

and F(x) values were found in the Difference column.  The largest number was then found in the 

Difference column and denoted Max Value.  Comparing the Max Value=0.170 to the Critical 

Value=0.392, the null hypothesis was accepted.  This data set was confirmed to be normally 

distributed.  B) A QQ plot showing that the z-scores obtained from the experimental values were 

normally distributed.  The connected blue data points closely follow the normally distributed 

black line. 

 

 

Lastly, as previously mentioned the two methods were directly compared by comparing 

the same pH value set such as the pH 5 set from the Histogram Method to the pH 5 set from the 

Previous Method.  To compare, a T-Test: Two-Sample Assuming Unequal Variances was again 

used.  However, it should be noted that the Previous Method results were not verified to be 

normally distributed.  This was simply assumed in order to use a T-Test since the Histogram 
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Method produced normally distributed results and the two method’s results were quite similar.  

Again, this can be seen in Table A.3.   T-Test analysis showed that no significant difference 

occurred in comparing the two methods.  The two tailed probabilities for each pH value 

comparing the two methods was as follows: at pH 5, p=0.511; at pH 6, p=0.724; at pH 7, 

p=0.326; at pH 8, p=0.875.  One can then conclude that these values come from the sample set 

and therefore the methods are comparable.   

 

 
Figure A.8. Tests for Normal Distribution at pH 8.  A) An excel table showing the 

calculations performed in the K-S Test.  The absolute values of the differences of the S(x) values 

and F(x) values were found in the Difference column.  The largest number was then found in the 

Difference column and denoted Max Value.  Comparing the Max Value=0.160 to the Critical 

Value=0.554, the null hypothesis was accepted.  This data set was confirmed to be normally 

distributed.  B) A QQ plot showing that the z-scores obtained from the experimental values were 

normally distributed.  The connected blue data points closely follow the normally distributed  

black line. 
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Figure A.9. Statistical Data from Histogram Method.  Statistical analysis of 9 Layer pH 

Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH using the Histogram 

Method.  The T-Test: Two-Sample Assuming Unequal Variances was used to analyze the 

adjacent pH values for significant differences, where the significance levels were set at α<0.05 

and α<0.01 with p-values at *p<0.05 and **p<0.01, respectively.  NS denotes no significance 

found as the probabilities were also included for clarity.  The shaded blue bars denote the 

Relative Intensity means for each pH Value. 

 

 

 
Figure A.10. Statistical Data from Previous Method.  Statistical analysis of 9 Layer pH 

Sensor, PAH (pH 10)/PSS/PAH-FITC/PSS/PAH/PSS/PAH-FITC/PSS/PAH using the Previous 
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Figure A.10 continued. Method.  The T-Test: Two-Sample Assuming Unequal Variances was 

used to analyze the  adjacent pH values for significant differences, where the significance levels 

were set at α<0.05 and α<0.01 with p-values at *p<0.05 and **p<0.01, respectively.  NS denotes 

no significance found as the probabilities were also included for clarity.  The shaded blue bars 

denote the Relative Intensity means for each pH Value. 
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