
i 

 

 

THE EFFECTS OF PERFLUOROOCTANOIC ACID, PERFLUOROBUTANESULFONIC 

ACID, AND PERFLUOROOCTANESULFONIC ACID ON MODEL BIOLOGICAL 

MEMBRANES AND MONOLAYERS 

by 

 

Tess Noelle Sobolewski 

 

 

 

 

 

 

A  dissertation submitted in partial fulfillment 

of the requirements for the degree 

 

of 

 

Doctor of Philosophy 

 

in 

 

Chemistry 

 

 

 

MONTANA STATE UNIVERSITY 

Bozeman, Montana 

 

 

 

May 2025



 

 

 

 

 

 

 

©COPYRIGHT 

by 

Tess Noelle Sobolewski 

2025 

All Rights Reserved



ii 

 

 

DEDICATION 

This dissertation is dedicated to my parents, grandmother, wife, colleagues, and friends. 

Your constant support has been instrumental in shaping me into the chemist I am today. To my 

grandmother, thank you for diligently sending me over five hundred PFAS articles during my 

time at MSU, keeping me informed about the global impact of PFAS on various communities. To 

my parents, thank you for being present at every key moment of my PhD journey and for your 

steadfast support throughout my life. And to my wife, thank you for listening to every practice 

talk, helping me navigate challenges, and for your unwavering encouragement. Your love and 

support have meant the world to me. 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

 

ACKNOWLEDGEMENTS 

I would like to express my deepest gratitude to Dr. Rob Walker and the Walker Research 

Group for their unwavering support throughout the course of my research. In particular, I would 

like to thank Rhys Trousdale for his invaluable collaboration in data collection and analysis, 

which formed the foundation for several of the manuscripts included in this dissertation. 

I am also deeply grateful to my committee members—Dr. Erik Grumstrup, Dr. Nick 

Stadie, Dr. Martin Mosquera, and Dr. Mari Eggers—for their thoughtful guidance and 

encouragement throughout my four years at Montana State University. Their expertise and 

feedback have been critical in shaping the direction of my work. 

A special thank you goes to Dr. Doreen Brown for her continuous support and mentorship 

throughout my graduate studies. Her advice and assistance have been indispensable as I 

navigated the challenges of the program. 

This research was made possible by the generous funding provided by the National 

Science Foundation through the EPSCoR Cooperative Agreement OIA-1757351. Additionally, I 

would like to acknowledge the Montana Water Center (MWC) for its support, which was made 

possible through base funding from the U.S. Geological Survey (USGS) Water Research Act, 

section 104b. 

Chapter 5 of this dissertation, which focuses on the outreach component examining 

private wells across rural Montana counties, was supported by the United States Geological 

Survey and the Montana Water Center. I would like to thank Kelly Smalling and Paul Bradley for 

their mentorship and guidance throughout this process. 

  



iv 

 

 

TABLE OF CONTENTS 

1. INTRODUCTION .............................................................................................................. 1 

1.1 Motivation ..................................................................................................................... 2 
1.1.1 Poly and Perfluoroalkyl Substances............................................................... 2 
1.1.2 Health Effects and Bioaccumulation of PFAS ............................................... 4 
1.1.3 PFAS Drinking Water Standards .................................................................... 5 
1.1.4 Model Biomembranes and Monolayers ......................................................... 6 
1.1.5 Cooperative Adsorption and the Air-Water Interface................................... 10 
1.1.6 Hypotheses ....................................................................................................11 

1.2 Methods and Techniques ............................................................................................. 12 
1.2.1 Differential Scanning Calorimetry ............................................................... 12 
1.2.2 Dynamic Light Scattering ............................................................................ 14 
1.2.3 Surface Activity and Micelle Formation ...................................................... 15 
1.2.4 Langmuir Surface Pressure – Area Isotherms .............................................. 19 
1.2.5 Vibrational Sum Frequency Generation (VSFG) ......................................... 23 

1.3 Thesis Organization .................................................................................................... 29 
Chapter 2: .............................................................................................................. 29 
Chapter 3: .............................................................................................................. 29 
Chapter 4: .............................................................................................................. 30 
Chapter 5: .............................................................................................................. 30 
Chapter 6: .............................................................................................................. 31 

2. AGGREGATION NOT MICELLIZATION: PERFLUOROOCTANOIC 

ACID, PERFLUOROBUTANESULFONIC ACID, AND POTASSIUM 

PERFLUOROOCTANESULFONATE BEHAVIOR IN AQUEOUS 

SOLUTION....................................................................................................................... 32 

Contribution of Authors and Co-Authors ......................................................................... 32 
Manuscript Information .................................................................................................... 33 
2.0 Abstract ....................................................................................................................... 34 
2.1 Introduction ................................................................................................................. 35 
2.2 Experimental Materials and Methods ......................................................................... 37 

2.2.1 Materials ...................................................................................................... 37 
2.2.2 Sample Preparation. ..................................................................................... 38 

2.2.2.1 Preparation of Variable pH Solutions: .......................................... 38 
2.2.2.2 Preparation of pH 8 Solutions:  ..................................................... 39 

2.2.3 Experimental Techniques ............................................................................. 40 
2.2.3.1 Surface Tensiometry: .................................................................... 40 
2.2.3.2 Conductivity:................................................................................. 40 
2.2.3.3 Dynamic Light Scattering: ............................................................ 41 
2.2.3.4 Cryo-EM: ...................................................................................... 42 

2.3 Results and Discussion ............................................................................................... 42 



v 

 

 

TABLE OF CONTENTS CONTINUED 

 

2.3.1 Surface Tension. ........................................................................................... 42 
2.3.2 Dynamic Light Scattering. ........................................................................... 48 
2.3.3 Cryo-EM. ..................................................................................................... 51 
2.3.4 Impact and Consequences. ........................................................................... 57 

2.4 Conclusions ................................................................................................................. 61 

3. NANOMOLAR PFOA CONCENTRATIONS AFFECT LIPID 

MEMBRANE STRUCTURE: CONSEQUENCES FOR 

BIOCONCENTRATION MECHANISMS ...................................................................... 63 

Contribution of Authors and Co-Authors ......................................................................... 63 
Manuscript Information .................................................................................................... 64 
3.0 Abstract ....................................................................................................................... 65 
3.1 Introduction ................................................................................................................. 65 
3.2 Experimental Materials and Methods. ........................................................................ 70 

3.2.1 Materials. ..................................................................................................... 70 
3.2.2 Processing .................................................................................................... 71 

3.2.2.1 Vesicle Preparation. ...................................................................... 71 
3.2.3 Methods........................................................................................................ 71 

3.2.3.1 Differential Scanning Calorimetry. ............................................... 71 
3.2.3.2 Dynamic Light Scattering. ............................................................ 72 
3.2.3.3 Cryo-Electron Microscopy............................................................ 72 
3.2.3.4 Time-Correlated Single Photon Counting. .................................... 73 

3.3 Results ......................................................................................................................... 74 
3.3.1 Differential Scanning Calorimetry. .............................................................. 74 
3.3.2 Dynamic Light Scattering ............................................................................ 77 
3.3.3 Cryo-EM ...................................................................................................... 80 
3.3.4 PFOA Effects on Secondary Solute Partitioning ......................................... 83 

4. PFOA COOPERATIVE ADSORPTION TO DPPC MONOLAYERS AND 

ORDERING OF INTERFACIAL WATER ....................................................................... 90 

Contribution of Authors and Co-Authors ......................................................................... 90 
Manuscript Information .................................................................................................... 91 
4.0 Abstract ....................................................................................................................... 92 
4.1 Introduction ................................................................................................................. 92 
4.2 Experimental Materials and Methods ......................................................................... 95 

4.2.1 Materials and Sample Preparation ............................................................... 95 
4.2.2 Vibrational Sum Frequency Generation (VSFG) ......................................... 96 
4.2.3 Langmuir Area-Pressure Isotherms.............................................................. 98 

4.3 Results ......................................................................................................................... 99 
4.3.1 VSFG CH Region Results ........................................................................... 99 



vi 

 

 

TABLE OF CONTENTS CONTINUED 

 

4.3.2 VSFG OH Region Results ......................................................................... 103 
4.3.3 Langmuir Area-Pressure Isotherms.............................................................110 

4.4 Conclusion .................................................................................................................113 

5. CUMULATIVE RISK ASSESSMENT: PER- AND 

POLYFLUOROALKYL SUBSTANCES (PFAS) IN MONTANA RURAL 

AND DEVELOPING PRIVATE WELLS .......................................................................115 

Contribution of Authors and Co-Authors ........................................................................115 
Manuscript Information ...................................................................................................117 
5.0 Abstract ......................................................................................................................118 
5.1 Introduction ................................................................................................................119 
5.2 Experimental Materials and Methods ....................................................................... 122 

5.2.1 Sample Collection and Participant Instructions ......................................... 122 
5.2.2 Analytical Methods and Quality Assurance ............................................... 123 
5.2.3 Cumulative Risk Assessments ................................................................... 125 

5.3 Results and Discussion ............................................................................................. 127 
5.3.1 PFAS Detected in Private Well Samples .................................................... 127 
5.3.2 PFAS Detection by Property Size .............................................................. 132 
5.3.3 PFAS Detection by Well Depth.................................................................. 134 
5.3.4 Cumulative Risk Assessment ..................................................................... 135 

5.4 Conclusions ............................................................................................................... 138 

6. CONCLUSION AND FUTURE DIRECTIONS ............................................................ 139 

6.1 Summary of Research ............................................................................................... 139 
6.2 Future Directions ...................................................................................................... 141 

6.2.1 Accurate Modeling of Membranes and Surfactant .................................... 142 
6.2.1.1 Cell Membranes. ......................................................................... 142 
6.2.1.2 Lung Surfactant. .......................................................................... 142 

6.2.2 Coexistence of PFAS ................................................................................. 143 

CUMULATIVE REFERENCES CITED .............................................................................. 145 

APPENDICES ...................................................................................................................... 173 

A. SUPPORTING INFORMATION FOR CHAPTER 2......................................... 174 

B. SUPPORTING INFORMATION FOR CHAPTER 3......................................... 187 

C. SUPPORTING INFORMATION FOR CHAPTER 4......................................... 192 

D. SUPPORTING INFORMATION FOR CHAPTER 5......................................... 201 



vii 

 

 

LIST OF TABLES 

Table                Page 

1. Table 1.1. EPA Maximum Contaminant Levels (MCL) for 6 PFAS and 

mixtures............................................................................................................................... 6 

2. Table 2.1. Parts per trillion (ppt) conversion to nanomolar (nM) 

concentrations ................................................................................................................... 39 

3. Table 2.2.  Terminal surface excess concentrations, max (molecules/cm2), 

bulk concentration when max is reached (mM), and pH in variable pH 

solutions when max is reached.  All data are reported for T = 20˚C ................................ 45 

4. Table 2.3. Predicted CMCs of PFOA and PFBS from surface tension data of 

both pH environments and conductivity measurements.  All predictions 

based on measurements performed at 20˚C. ..................................................................... 48 

5. Table 2.4. PFOA, PFBS, and KPFOS aggregate diameters and estimated 

number of monomers in aggregate. .................................................................................. 50 

6. Table 2.5. PFOA, PFBS, and KPFOS aggregate diameter (nm) in 1 mM, pH 

8.0 aqueous solution.  In all experiments solution temperature was raised 

from 10˚C to 60˚C and then cooled back to 10˚C in 10˚ increments.  Data for 

PFBS and PFOS equivalent that shown for PFOA in Figure 5 are included in 

Supporting Information. .................................................................................................... 56 

7. Table 2.6. CMC values reported for PFOA, PFOS, and PFBS using different 

methods. ............................................................................................................................ 58 

8. Table 3.1. PFOA concentrations in units of molarity and ppb/ppt (by mass) ................... 70 

9. Table 3.2. Average enthalpies of DPPC in the PFOA containing solutions. 

Tgel-LC  = 40.4-40.5 ˚C for all PFOA concentrations.  T (FWHM) = 0.2˚C. 

Hgel-LC values are the averages of ≥ 9 measurements and uncertainties are 

reported to one standard deviation. ................................................................................... 76 

10. Table 3.3. DPPC vesicle diameters (d) from the top panel of Figure 2 and 

size distributions () at room temperature.  Uncertainties in diameter (d) are 

±4 nm and in FWHM () are ±8 nm except for the pure DPPC vesicle 

solutions where uncertainties in d2 and 2 are ±2 and ±4 nm, respectively.  

Uncertainties reflect one standard deviation calculated from 9 

measurements. ................................................................................................................... 79 



viii 

 

 

                                             LIST OF TABLES CONTINUED 

Table                Page 

11. Table 3.4. Temperature dependent changes of DPPC vesicles in the absence 

of PFOA and in 100 nM PFOA solutions, d2 and 2 refer to vesicle sizes.  d1 

and 1 refer to the niosome-like structures induced by PFOA. ........................................ 80 

12. Table 3.5. Lifetimes and amplitudes data from fitting TCSPC decay traces of 

C152 in DPPC vesicle solutions at 10, 50 and 70°C.  Shown are results from 

both PFOA-free and 100 nM PFOA solutions. Lifetimes are reported in 

nanoseconds and the amplitudes are normalized.  Lifetime precision is ± 0.1 

ns; amplitude precision is ± 0.05. ..................................................................................... 88 

13. Table 4.1. The r+/d+ ratio for DPPC in the presence of PFOA in the -CH 

range, 3200 cm-1 Integrated Intensity1/2, 3450 cm-1 Integrated Intensity1/2, 

and Sum of 3200 cm-1 and 3450 cm-1 in the -OH range. Trials were run in 

triplicate. ......................................................................................................................... 102 

14. Table 5.1. The most conservative benchmark for each compound. ................................ 126 

15. Table A-1. Surface coverages () for PFAS at variable pH and pH 8 buffer 

environment. The pH for variable pH experiments is expressed in the 

parentheses. The terminal surface coverages are noted in bold. ..................................... 175 

16. Table A-2. Particle size (nm) as temperature increases from 10 to 60 degrees 

before being cooled back down for PFAS of varying pH at 1 mM 

concentrations. ................................................................................................................ 183 

17. Table A-3. Particle size (nm) for SDS and sodium octanoate were subjected 

to temperature dependent studies from 10C to 60C and back down in 10C 

increments. ...................................................................................................................... 185 

18. Table B-1. DSC enthalpy values for DPPC prepared in the presence of 

octanoic acid. .................................................................................................................. 190 

19. Table C-1. PFOA only, No DPPC (OH range) ................................................................ 193 

20. Table C-2. 40 Å2/molecule DPPC with PFOA (OH range) ............................................ 193 

21. Table C-3. 55 Å2/molecule DPPC with PFOA (OH range) ............................................ 193 

22. Table C-4. 40 Å2/molecule DPPC with PFOA (CH Range) ........................................... 194 



ix 

 

 

                                            LIST OF TABLES CONTINUED 

Table                Page 

23. Table C-5. 55 Å2/molecule DPPC with PFOA (CH range)............................................. 194 

24. Table C-6. CH Range SDS 55 Å2/molecule DPPC ......................................................... 195 

25. Table C-7. CH Range SDS 40 Å2/molecule DPPC ......................................................... 196 

26. Table C-8.  40 Å2/molecule DPPC with SDS (OH range) Single Trial .......................... 196 

27. Table C-9. 55 Å2/molecule DPPC with SDS (OH range) Single Trial ........................... 197 

28. Table C-10. SDS Only, No DPPC (OH range) Single Trial ............................................ 198 

29. Table C-11. Peak intensities at (A) 3200 cm-1, (B) 3450 cm-1, (C) sum of both 

peaks at 3200 cm-1 and 3450cm-1 showing an increasing trend with 

increasing concentration of SDS. .................................................................................... 200 

30. Table D-1. Method detection limits for individual PFAS measured by two 

different USGS methods. Method one is USGS 9660 (see Kolpin et al., 2021) 

for details and method two is USGS 9662. Detection limits are reported as 

ng/L for both methods. NA means the compound was not analyzed as part of 

the original method (9660). Six PFAS in red italic font are regulated under 

the Safe Drinking Water Act (SDWA) National Primary Drinking Water 

Regulations. .................................................................................................................... 203 

31. Table D-2. Summary of PFAS detected and the range of concentrations found 

in the 59 samples across the three counties. Data was obtained from Method-

2....................................................................................................................................... 205 

32. Table D-3. Individual Toxicity Quotients (TQs) and the TQ for each site, 

based on six of the PFAS detected using the human-health based benchmarks 

in Table 2. * indicates exceedance of benchmark level (1.0) and ** indicates 

the exceedance of precautionary screening level of concern (0.1), 

respectively. .................................................................................................................... 206 



x 

 

 

LIST OF FIGURES 

Figure                Page 

1. Figure 1.1. Chemical structures of the three PFAS examined in this work.  

Perfluorooctanoic acid (PFOA) and perfluorobutane-sulfonic acid (PFBS), 

and perfluorooctane sulfonic acid (PFOS) was purchased and used as a 

potassium salt (KPFOS). ..................................................................................................... 3 

2. Figure 1.2. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) ................................... 8 

3. Figure 1.3. DSC endothermic pretransition and gel to liquid-crystalline 

transition of pure DPPC. ................................................................................................... 13 

4. Figure 1.4. DLS experimental design in which a laser light scatters within a 

solution. Fluctuations in the Brownian motion are then sent to the detector 

which then analyzes the diffusion coefficient to determine a hydrodynamic 

radius. ................................................................................................................................ 15 

5. Figure 1.5. Determination of CMC of the surfactant sodium dodecyl sulfate 

(SDS) from surface pressure vs. concentration plot (left). Determination of 

the limiting surface excess coverage for SDS from surface pressure vs. 

ln[concentration] plot (right). The dashed line in the plot on the right showing 

slope of steepest ascent. .................................................................................................... 17 

6. Figure 1.6. Determination of CMC of the surfactant sodium dodecyl sulfate 

(SDS) from conductivity vs. concentration plot. .............................................................. 19 

7. Figure 1.7. Langmuir expansion and compression schematic and stearic acid 

isotherm............................................................................................................................. 22 

8. Figure 1.8. DPPC Langmuir compression isotherm with phases labeled. ........................ 23 

9. Figure 1.9. Walker Research Group VSFG schematic and energy level 

diagram. ............................................................................................................................ 25 

10. Figure 1.10. (A) Loosely packed Pure 55 Å2/molecule DPPC deposited on a 

Millipore subphase. (B) Tightly packed Pure 40 Å2/molecule DPPC 

deposited on a Millipore subphase. ................................................................................... 28 

11. Figure 2.1. Chemical structures of the three PFAS examined in this work.  

Perfluorooctanoic acid (PFOA) and perfluorobutane-sulfonic acid (PFBS) 

were used in their protonated forms.  Perfluorooctane sulfonic acid (PFOS) 

was purchased and used as a potassium salt (KPFOS). .................................................... 36 



xi 

 

 

LIST OF FIGURES CONTINUED 

Figure                Page 

12. Figure 2.2.(a) Surface pressure as a function of bulk solution concentrations of PFOA, 

PFBS, and KPFOS (mM) in both low pH and pH 8 environments. (b) Surface 

pressure plotted against ln[conc] to calculate the terminal surface coverages 

as described in Equations 1-3. .......................................................................................... 44 

13. Figure 2.3. Conductivities of PFOA, PFBS, and KPFOS solutions in variable 

pH and pH 8.0 solutions.  Concentrations range from 1 nM PFAS up to 4 

mM PFAS. Note that the conductivity of the KPFOS, pH 8.0 solution is 

controlled by small additions of NaOH.  The small amount of NaOH required 

raises the KPFOS pH 8.0 solution conductivity to 69.9 S/cm in contrast to 

the ~1000 S/cm conductivity for the PFOA and PFBS solutions buffered to 

pH = 8.0. ........................................................................................................................... 47 

14. Figure 2.4. Dynamic light scattering traces from solutions of PFOA, PFBS, 

and KPFOS as a function of concentration in pH 8.0 solutions.  Sample 

temperature was held constant at 20 C. ........................................................................... 49 

15. Figure 2.5.  Cryo-EM images of an 8 mM PFOA sample (pH = 8.0).  (A) 

Survey image of the entire EM grid showing the 2 m pores.  Of interest is 

the gray area inside of the white dashed box.  Scale bar in 5A is 1 m.  (B) 

An expanded image of part of the area shown in the white dashed box in (A).  

Objects in panel (B) range in size from ~15 nm to ~110 nm in diameter.  The 

scale bar in 5B is 50 nm. ................................................................................................... 52 

16. Figure 2.6. DLS traces showing the temperature dependent behavior of 

PFOA aggregates in a 1 mM, pH 8.0 solution. In this experiment solution 

temperature was raised from 10˚C to 60˚C and then cooled back to 10˚C in 

10˚ increments. .................................................................................................................. 54 

17. Figure 2.7.  Temperature dependent aggregate diameters for PFOA, PFBS, 

and PFOS in 1 mM, pH 8.0 solutions.  In these experiments, solution 

temperature was raised from 10˚C to 60˚C and then cooled back to 10˚C in 

10˚ increments.  Error bars represent the 1 sigma standard deviation of 9 

measurements. ................................................................................................................... 55 

 

 



xii 

 

 

LIST OF FIGURES CONTINUED 

Figure                Page 

18.  Figure 3.1. (A) Differential scanning calorimetry isotherms of pure DPPC 

and DPPC with increasing [PFOA] ranging from 0.1 nM to 10 M. 

Isotherms have been offset vertically for clarity. (B) Average enthalpies of 

the gel-liquid crystalline transition as a function of [PFOA]. The inset shows 

an expanded view of H for [PFOA] ≤ 100 nM.  At a concentration of 10 

M, the peak shows noticeable broadening. Note that the calculated enthalpy 

for pure DPPC vesicles is assigned an arbitrarily low PFOA concentration of 

10-5 nM to place it on scale. .............................................................................................. 75 

19. Figure 3.2. (top) Dynamic light scattering from DPPC vesicle solutions 

containing 0 nM, 1 nM, 100 nM, and 1 M PFOA.  (middle) DPPC vesicle 

size as a function of temperature in the absence of PFOA. (bottom) 

DPPC/PFOA solutions at 25˚C, heated to 50˚C, and then returned to 25˚C. ................... 78 

20. Figure 3.3. Representative cryo-EM images of DPPC vesicles prepared in a 

10 mM carbonate buffer solution. A) DPPC vesicle prepared in the absence 

of PFOA.  B and C both show images of DPPC vesicles prepared in the 

presence of 100 nM PFOA. Representative niosomes are indicated with the 

short red arrows.  Medium white arrows show multilamellar structures in 

vesicles formed in PFOA solutions.  The long black arrows show faceted 

vesicles. ............................................................................................................................. 81 

21. Figure 3.4. TCSPC traces of DPPC vesicle solutions containing 6 M C152 

and 100 nM PFOA as a function of temperature. The multiexponential decay 

visibly changes with temperature.  Data are fit to three independent lifetimes 

as described. ...................................................................................................................... 85 

22. Figure 3.5. A plot of the 3 lifetimes of C152 as a function of temperature 

from 10-70-10 ˚C. The dotted lines show the lifetime behavior of C152 in a 

solution of DPPC vesicles without PFOA. The solid lines show lifetimes of 

C152 in a solution of DPPC vesicles and 100 nM PFOA. The 2nd lifetime of 

C152 shows the largest change in lifetime when PFOA is present, an effect 

attributed to PFOA-enabled hydration of the bilayer below Tgel-LC. ................................. 86 

23. Figure 3.6. A plot of the relative amplitudes of each C152 fluorescence 

lifetime as a function of temperature.  The dotted lines show amplitudes for 

C152 in pure DPPC vesicle solutions and the symbols show lifetime 

amplitudes for C152 in DPPC vesicle/100 nM PFOA solutions. ..................................... 87 



xiii 

 

 

                                      LIST OF FIGURES CONTINUED 

Figure                Page 

24. Figure 4.1. DPPC and PFOA structures ............................................................................ 96 

25. Figure 4.2. (A) 55 Å2/molecule DPPC with increasing concentrations of 

PFOA in the CH region. A shift of ~ 5 cm-1 is seen. (B) 40 Å2/molecule 

DPPC with increasing concentrations of PFOA in the CH region. A shift of 

~ 5 cm-1 is observed. ...................................................................................................... 101 

26. Figure 4.3. The r+/d+ ratio for DPPC in the presence of PFOA. Error bars 

represent standard deviations from ≥ 3 independent measurements. ............................. 103 

27. Figure 4.4. (A) PFOA surface activity in OH stretching region. (B) 55 

Å2/molecule DPPC in the presence of PFOA showing interfacial water signal 

with growing intensity for the disordered H2O. (C) 40 Å2/molecule DPPC in 

the presence of PFOA showing interfacial water signal with growing 

intensity for the disordered H2O. .................................................................................... 106 

28. Figure 4.5. Integrated intensities1/2 at (A) 3200 cm-1, (B) 3450 cm-1, (C) sum 

of both peaks at 3200 cm-1 and 3450 cm-1 as functions of PFOA 

concentration. (D) A comparison between total VSFG intensity1/2 vs. PFOA 

concentration and the interfacial Debye length created by charged surfactant 

adsorption to the water/air interface. .............................................................................. 109 

29. Figure 4.6. Langmuir compression isotherm of DPPC on a Millipore 

subphase and varying concentrations of PFOA with vertical lines indicating 

the of 40 and 55 Å2/molecule DPPC coverages used in the VSFG 

measurements. ..................................................................................................................112 

30. Figure 4.7. Compressibility of DPPC isotherms with 0 – 100 M PFOA 

subphases. ........................................................................................................................113 

31. Figure 1. Geographic distribution of four Montana towns (Whitehall, 

Sheridan, Ennis, and Bozeman) within three counties (Jefferson, Madison, 

and Gallatin), detailing the number of wells tested, the number (and %) of 

wells with detectable PFAS concentrations, the number (and %) of wells with 

∑ TQ > 1.0, and the number of wells with 1-7 PFAS compounds detected. .................. 127 

 

 



xiv 

 

 

                                      LIST OF FIGURES CONTINUED 

Figure                Page 

32. Figure 5.2. Count of wells by number of PFAS detected across the study area. 

The X axis is the number of PFAS detected per well (1-7) and the Y axis is 

the number of wells with that PFAS detections. This figure represents the 

prevalence of multiple PFAS in wells, for a total of 31 positive detections. 

28 wells were found to have zero detected PFAS. .......................................................... 131 

33. Figure 5.3. Range, mean and median concentrations for positive detections 

as a function of concentration (ng/L) using Method-2. The circle represents 

the mean concentration, the triangle the median, and the line extends to the 

minimum and maximum concentration of each analyte detected. Detection 

limits can be found in the Appendix D. .......................................................................... 132 

34. Figure 5.4. Property size vs. PFAS compounds detected. For the categories 

along the X axis, n is the number of wells of that property size, and median 

is the median number of PFAS compounds detected for that size category. .................. 134 

35. Figure 5.5. (A) Well depth vs. PFAS detected with high confidence well 

depth (B) Well depth vs. PFAS detected with at least medium confidence 

well depth data added. *High confidence indicates that a well log with a 

depth was identified, was clearly linked to the well, and confirmed by the 

participant A well depth was categorized as high confidence (A) when a well 

log was identified with the depth specified, the log was clearly linked to the 

well and the linkage was confirmed by the participant. A well depth was 

categorized as medium (B) when a well log was identified that appeared 

clearly linked to the well, but the participant was not able to be contacted to 

confirm the linkage OR if the participant provided the well depth and 

indicated it was not an estimate, but a well log could not be located. ............................ 135 

36. Figure 5.6. Human-health benchmark cumulative toxicity quotient (ΣTQ) for 

six PFAS (PFOA, PFOS, PFHxS, PFBS, PFHxA, and PFBA), for each of 22 

wells with PFAS detections. Red triangles ( ) are the sum of individual TQs 

across sites with PFAS detections. The red line at 1.0 represents the threshold 

at which risk can be assumed. The orange dashed line at 0.1 indicates a 

precautionary screening threshold. Nine other sites had detectable PFAS 

concentrations but negligible ΣTQ (i.e., ΣTQ <0.00001) and are not included 

in the plot. ....................................................................................................................... 136 

 



xv 

 

 

                                     LIST OF FIGURES CONTINUED 

Figure                Page 

37. Figure A-1. Surface tension of SDS on left (CMC 8.3 mM) and sodium 

octanoate on right(CMC 380 mM). Both surfactants have concentrations in 

the millimolar range while PFAS are found much lower in the micromolar 

range. ............................................................................................................................... 175 

38. Figure A-2. Conductivity measurements of SDS showing a drastic change of 

slope after CMC is reached. ............................................................................................ 176 

39. Figure A-3. Concentration dependence of PFOA, PFBS, and KPFOS on 

particle size (nm) at variable pH. .................................................................................... 176 

40. Figure A-4. Average particle size of PFOA, PFBS, and KPFOS nanodroplets 

as a function of concentration for samples with varying pH (made in 

Millipore) ........................................................................................................................ 177 

41. Figure A-5. 1 mM solutions of PFBS at pH 8 subjected to temperature 

dependent studies from 10C to 60C and back down in 10C increments. 

The particle size reduces to micellar size before disappearing at 60C and 

then returns upon cooling the solution back down. ........................................................ 178 

42. Figure A-6. 1 mM solutions of KPFOS at pH 8 subjected to temperature 

dependent studies from 10C to 60C and back down in 10C increments. .................. 179 

43. Figure A-7. 1 mM solutions of PFOA at pH 3.3 subjected to temperature 

dependent studies from 10C to 60C and back down in 10C increments. .................. 180 

44. Figure A-8. 1 mM solutions of PFBS at pH 3.5 subjected to temperature 

dependent studies from 10C to 60C and back down in 10C increments. .................. 181 

45. Figure A-9. 1 mM solutions of KPFOS at pH 5.0 subjected to temperature 

dependent studies from 10C to 60C and back down in 10C increments. .................. 182 

46. Figure A-10. Average particle size as a function of temperature for 1mM 

PFOA (pH 3.3), 1mM PFBS (3.5), and 1mM KPFOS (pH 5.0) as a function 

of temperature. Samples are heated from 10 to 60 degrees before being 

cooled back to 10 degrees. .............................................................................................. 183 

47. Figure A-11. Sodium dodecyl sulfate (SDS) particle size as a function of 

temperature for a 10 mM SDS solution. Samples are heated from 10 to 60 

degrees before being cooled back to 10 degrees. ............................................................ 184 



xvi 

 

 

                                    LIST OF FIGURES CONTINUED 

Figure                Page 

48. Figure A-12. Sodium octanoate particle size as a function of temperature in 

a 380 mM solution. Samples are heated from 10 to 60 degrees before being 

cooled back to 10 degrees. .............................................................................................. 184 

49. Figure A-13. A Cryo-EM image of a frozen 12 mM SDS solution with the 

black arrows designating SDS micelles. The micelle images range in size 

from 5 – 9 nm. The scale bar in the lower right corner of the image is 25 nm.

......................................................................................................................................... 186 

50. Figure B-1. Cryo-EM Images of DPPC vesicles prepared in pure buffer 

solutions containing no PFOA. These images can be compared directly to 

those in Figure 4 of the manuscript. These images are provided to 

demonstrate DPPC vesicle preparation generally leads to large unilamellar 

vesicles. Scale bars are 50 nm......................................................................................... 188 

51. Figure B-2. Cryo-EM Images of DPPC vesicles prepared in solutions 

containing 100 nM PFOA. These images can be compared directly to those 

in Figure 5 of the manuscript. These images are provided to demonstrate 

generally that 100 nM PFOA introduces significant structural changes in 

DPPC vesicles. Scale bars are 50 nm.............................................................................. 188 

52. Figure B-3. Zoomed in image of a DPPC vesicle prepared in pure buffer 

solution. The scale bar is 6 nm and is chosen to span the bilayer width......................... 189 

53. Figure B-4. DSC traces for DPPC prepared in the presence of octanoic acid.

......................................................................................................................................... 190 

54. Figure A-5. DLS traces for DPPC prepared in the presence of octanoic acid 

at room temperature, heated to 50C and then cooled back to room 

temperature. .................................................................................................................... 191 

55. Figure C-1. (A) 55 Å2/molecule DPPC with SDS (B) 40 Å2/molecule DPPC 

and SDS deposited into the subphase (CH stretching region). ....................................... 195 

56. Figure C-2. The r+/d+ ratio for DPPC in the presence of SDS ........................................ 196 

57. Figure C-3. 40 and 55 Å2/molecule DPPC with SDS deposited into the 

subphase (OH stretching region). ................................................................................... 197 

 



xvii 

 

 

LIST OF FIGURES CONTINUED 

Figure                Page 

58. Figure C-4. OH region SDS surface activity leads to the formation of 

interfacial water signal. ................................................................................................... 198 

59. Figure C-5. OH 3200 cm-1 ice like water to OH 3450 cm-1 water like water 

ratio with no DPPC in solution, 40 Å2/molecule DPPC, and 55 Å2/molecule 

DPPC............................................................................................................................... 198 

60. Figure C-6. Peak intensities at (A) 3200 cm-1, (B) 3450 cm-1, (C) sum of both 

peaks at 3200 cm-1 and 3450cm-1 showing an increasing trend with 

increasing concentration of SDS. .................................................................................... 199 

  



xviii 

 

 

GLOSSARY or NOMENCLATURE 

PFOA:  Perfluorooctanoic Acid 

PFBS:   Perfluorobutanesulfonic Acid 

KPFOS:  Potassium Perfluorooctanesulfonic Acid  

DPPC:  1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

SDS:    Sodium Dodecyl Sulfate 

DSC:   Differential Scanning Calorimetry 

DLS:   Dynamic Light Scattering 

VSFG:  Vibrational Sum Frequency Generation 

 

 

 

  



xix 

 

 

ABSTRACT 

Poly- and perfluoroalkyl substances (PFAS) are synthetic chemicals used in industrial 

and consumer products for their water, grease, and stain-resistant properties. Despite their 

widespread use, PFAS persist in the environment for decades and pose significant public health 

threats. This dissertation investigates the surface and bulk solution behavior of legacy PFAS and 

PFAS effects on lipid bilayers and monolayers.  

Surface tension, conductivity, and dynamic light scattering (DLS) were used to examine 

the behavior of perfluorooctanoic acid (PFOA), perfluorobutanesulfonic acid (PFBS), and 

perfluorooctanesulfonic acid (PFOS). Results showed that surface activity is pH-dependent.  

Furthermore, these surfactants form aggregates in solution rather than micelles. These aggregates 

continue to grow with increasing solute concentration in contrast to traditional surfactant 

behavior. Cryo-EM images confirm a broad distribution of aggregates in solution. 

Differential scanning calorimetry (DSC) and DLS studies examining the effects of PFOA 

on DPPC lipid bilayers showed that sub-micromolar PFOA concentrations lowered the gel-liquid 

crystalline transition enthalpy without affecting transition temperature. DLS measurements also 

revealed the formation of smaller objects resembling niosomes. Again, cryo-EM images 

confirmed multilamellar vesicle and niosome formation. 

Vibrational sum frequency generation (VSFG) and Langmuir isotherms quantified the 

effects of PFOA on DPPC monolayers adsorbed to the air-water interface. PFOA had minimal 

impact on lipid structure in tightly packed monolayers but significantly affected moderately 

packed films.  Furthermore, data from the -OH stretching region demonstrated that PFOA 

adsorption to moderately and tightly packed films created a charged surface whose electric 

double layer that oriented interfacial water molecules.   Langmuir isotherms showed that PFOA 

shifted the transition surface area and decreased collapse pressure, indicating PFOA interacts 

with DPPC monolayers without disrupting the lipid film's integrity. 

The final chapter details efforts to identify PFAS concentrations in private wells in rural 

Montana.  Shallow wells and smaller properties had higher PFAS levels, with elevated health 

risks in a quarter of the tested wells. These findings highlight the importance of using advanced 

methods to assess PFAS contamination and associated health risks in drinking water. 
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INTRODUCTION 

Poly and perfluoroalkyl substances (PFAS) are anthropogenic compounds consisting of 

chains of carbon atoms with fluorine atoms attached. PFAS are found throughout the 

environment, due to their widespread use and persistence. Legacy and currently produced PFAS 

pose serious health risks, such as hormone disruption, immune system damage, and increased 

cancer risks. Because of these dangers, governments and health agencies have set and continue to 

update drinking water standards to protect public health by limiting PFAS levels in water 

supplies. Understanding how PFAS interact with biological materials is necessary for identifying 

their harmful effects, as these interactions influence how these chemicals are absorbed, 

transported, and retained in living organisms. Work described in this dissertation addresses PFAS 

behaviors in model biological systems using a variety of independent methods including 

differential scanning calorimetry, dynamic light scattering, surface tensiometry, conductivity, 

Langmuir pressure-area isotherms, and vibrational sum frequency generation.  Findings from 

these studies show that legacy PFAS a) form aggregates rather than micelles in aqueous 

solutions; b) fluidize lipid bilayers and promote secondary solute bioconcentration; and c) 

cooperatively adsorbs to lipid monolayers at the air-water interface.  

This chapter begins by motivating studies of PFAS/lipid interactions by considering the 

significance of PFAS/lipid interactions. This section addresses key health and environmental 

concerns. The section then explores how PFAS interact with biological lipid films at the 

molecular level, influencing structure, dynamics, and function. Understanding these interactions 

provides insight into PFAS bioaccumulation mechanisms and health risks.  After considering the 

outstanding scientific questions of how PFAS interact with lipids, subsequent sections describe 
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the methods used in this research.  These sections describe the operating principles of techniques 

such as DSC, DLS, surface tension measurements, and VSFG, incorporating representative 

model system data where applicable. The section concludes with a summary of key findings 

from each experimental study presented in Chapters 2–5. 

1.1 Motivation  

1.1.1 Poly and Perfluoroalkyl Substances 

 To be considered a member of the PFAS family, only one carbon atom must be fully 

fluorinated, while one adjacent carbon atom must be at least partially fluorinated. This broad 

definition encompasses more than ten thousand compounds. Carbon-fluorine bonds are some of 

the shortest and strongest bonds in nature, and they are resistant to chemical and biological 

destruction. Called “forever chemicals” because of their environmental persistence and long half-

lives,1 PFAS have been manufactured since the 1940s to be used in oil- and water-resistant non-

stick products that are present in almost every household around the world. From non-stick 

cookware, water-repellent clothing,2 cleaning products, petroleum firefighting foams,3 and food 

packaging,4 measurable amounts of PFAS can be found in the blood of 99% of all people.5 

Furthermore, PFAS in consumer products leads to PFAS leakage into municipal waste landfills 

creating another source of transport into the environment. To determine PFAS presence in food 

products and the environment, methods such as LC-MS/MS have been used, however the 

development of low-cost and more accessible methods has been of recent focus.  

 Both perfluorooctanoic Acid (PFOA, C8HF15O2) and perfluorooctane sulfonic acid 

(PFOS, C8HF17O3S) are no longer commercially manufactured in the United States and are 

deemed “legacy” PFAS. Newer, alternative compounds such as perfluorobutanesulfonic acid 
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(PFBS, C4HF9O3S) and other GenX (example C6O2F11OH) chemicals have been used as 

replacements. Despite the United States no longer producing PFOA and PFOS in manufacturing, 

both are still being used in manufacturing processes in other countries and can be present in 

imported consumer goods. Moreover, PFOA and PFOS, mass-produced until 2015, will remain 

in the environment for decades. 

 

Figure 1.1. Chemical structures of the three PFAS examined in this work.  Perfluorooctanoic acid 

(PFOA) and perfluorobutane-sulfonic acid (PFBS), and perfluorooctane sulfonic acid (PFOS) 

was purchased and used as a potassium salt (KPFOS).  
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 PFAS threaten both ecosystem and human health as they are mobile in soil, groundwater, 

and surface water.6-13 Recent reports have even noted risks posed by airborne PFAS transport.14, 

15 PFAS compounds do not break down easily even when subjected to environmental 

degradation processes, leading to compounds persisting in the environment for decades and 

causing extensive global environmental contamination. Estimated to be present in nearly 45% of 

tap water sources, even in rural community drinking water, PFAS have infiltrated waters 

assumed to be untouched from commercial activity.8, 9 Because PFAS persist in the air, water, 

and soil, significant research has focused on PFAS bioaccumulation in humans and wildlife. 

Watersheds impacted by PFAS contamination have found high PFAS levels in wildlife including 

freshwater fish across the United States,16, 17 aquatic food webs,18-21 and cattle and livestock 

serum.22, 23 However, the mechanisms responsible for bioaccumulation in both humans and 

wildlife remain largely unexplored.24    

1.1.2 Health Effects and Bioaccumulation of PFAS 

 PFAS bioaccumulation is a major concern for individual and community health, as these 

chemicals do not break down easily and can build up in organisms over time. PFAS enter the 

food chain through contaminated water, soil, and food, accumulating in fish, wildlife, and 

humans. Once in the body, PFAS can persist for years, concentrating in organs such as the liver, 

kidneys, and blood.6, 25, 26 As a result, growing global concerns have led to stricter regulations 

aimed at reducing PFAS content in water, food, and consumer products. Virtually all Americans 

have at least one PFAS compound in blood serum at detectable levels.27 This statistic has raised 

concerns about adverse health effects due to PFAS’s linkages to various cancers,28-30 reduced 

vaccine response,31, 32 high cholesterol,33, 34 and thyroid disease.35 Reduced vaccine response has 
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been observed for both the tetanus vaccine as well as the diphtheria vaccine in children ages 5-12 

years old with elevated PFOA and PFOS concentrations in their blood.36, 37 Further, studies have 

correlated elevated PFOS levels with decreased vaccine responses for the Rubella vaccine.38, 39 

High cholesterol linked with PFOA has been observed in adults ages 18-80 years old.40-42 The 

increase in serum liver enzymes indicative of liver damage in adults above the age of 18 has 

been correlated with higher PFOA concentrations.43, 44 

PFOA has been designated a carcinogen while PFOS has been listed as a potential 

carcinogen. Children are particularly vulnerable to PFAS exposure. PFAS in children are 

believed to result in developmental delays, low birth weights, and disruption to growth and 

behavior.45, 46 Some long and short chain PFAS have been linked with human developmental 

effects, reduced antibody counts,47 and several types of cancers. PFAS are also documented in 

many human plasma samples showing that contaminants can be transferred to children before 

and after birth from the mother.48 

1.1.3 PFAS Drinking Water Standards 

 Health concerns associated with PFAS contamination have spurred efforts to establish 

stringent drinking water limits. Regulatory agencies and scientific communities are working 

together to set safer thresholds, improve water treatment technologies, and raise public 

awareness to protect individuals and communities from the harmful effects of PFAS exposure. 

Due to PFAS persistence and bioaccumulation potential, governmental officials have attempted 

to reduce the output of PFAS released including both PFOA and PFOS. Prior to its current 

standing regulation, the U.S. Environmental Protection Agency (EPA) issued non-enforceable 

health advisories for PFOA and PFOS in drinking water in 2016, recommending a combined 
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limit of 70 parts per trillion (ppt). This guideline was not a legal limit but served as a reference 

for public health protection. As the research for health effects and environmental persistence has 

grown, the recommended limits have tightened and become enforceable.  

In the Spring of 2024 under the Safe Drinking Water Act, the EPA established legally 

enforceable drinking water limits for six PFAS commonly found in drinking water: PFOA, 

PFOS, PFHxS, PFNA, HFPO-DA, and PFAS mixtures with PFHxS, PFNA, HFPO-DA, and 

PFBS. PFOA and PFOS set final maximum contaminant levels (MCLs) of 4.0 ppt or ng/L.49-51 

PFHxS, PFNA, and HFPO-DA have set MCLs of 10 ppt.9, 52 Mixtures of PFHxS, PFNA, HFPO-

DA, and PFBS are set to be under a hazardous index unit of 1. Further, the EPA also set MCLGs 

which are the maximum contaminant level goals.  For PFOA and PFOS, MCLGs are set to 0 ppt. 

MCLGs are health-based and non-enforceable concentration goals for compounds.52, 53  

Table 1.1. EPA Maximum Contaminant Levels (MCL) for 6 PFAS and mixtures 

Compound Final MCL (enforceable) Final MCLG (health goal) 

PFOA 4.0 ppt 0 ppt 

PFOS 4.0 ppt 0 ppt 

PFHxS 10 ppt 10 ppt 

PFNA 10 ppt 10 ppt 

HFPO-DA 10 ppt 10 ppt 

Mixtures 1 (unitless) Hazardous 

Index 

1 (unitless) Hazardous 

Index 

 

 The parts per trillion (ppt) is in the sub-nanomolar concentration range for PFOA, PFOS, 

and PFBS.  

1.1.4 Model Biomembranes and Monolayers 

 PFAS bioaccumulation is strongly influenced by interactions with cellular components, 

particularly lipids, biological membranes, and lipid films. Due to their amphiphilic nature, PFAS 
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can embed themselves in lipid bilayers, disrupting membrane structure and function. Lipids play 

a critical role in understanding the contaminant partitioning behavior in biological and 

environmental systems. Understanding these interactions is essential for modeling 

bioaccumulation mechanisms and predicting the environmental and health impacts of PFAS 

exposure. Lipid monolayers formed at air-water interfaces, for example, serve as valuable 

models for studying the effects of PFAS on pulmonary surfactant. Due to their hydrophobic 

fluorinated tails and hydrophilic functional groups, PFAS molecules can insert themselves into 

lipid monolayers, disrupting their organization and two-dimensional phase behavior. Specifically, 

PFAS can alter lipid monolayer packing density, fluidity, and surface pressure and provide 

insight into how PFAS contaminants affect pulmonary surfactant behavior.  

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is a common model 

biomembrane.54-56 DPPC is a sixteen-carbon chain lipid with phosphocholine head group and is 

the primary component of lung surfactant, coating the walls of alveoli and enabling lung 

expansion and compression. DPPC is also a component of eukaryotic cells. In aqueous solution, 

DPPC spontaneously forms lipid bilayers. If these solutions are sonicated and extruded through 

porous filters, these bilayer structures form vesicles. Vesicles can be thought of as model cells. 

They consist of a spherical lipid bilayer surrounding an aqueous interior. Vesicle bilayers 

comprised of lipids having saturated acyl chains are characterized by a gel-liquid crystalline 

phase transition temperature (Tgel-LC) that describes the bilayer melting temperature. In the gel 

state, the saturated acyl chains are rigid and primarily in all-trans conformations. Above Tgel-LC 

the acyl chains are more disordered and decoupled from each other in the bilayer. Tgel-LC for 

DPPC has been reported to be between 40 and 41˚C.57-59 Above Tgel-LC, membrane permeability 
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increases allowing the lipid bilayer to become hydrated and enabling aqueous phase solutes to 

more easily accumulate in the bilayer. 

 

Figure 1.2. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

 

One mechanism responsible for PFAS bioaccumulation occurs through partitioning into 

cellular membranes, although the molecular details of PFAS partitioning remain unclear.24, 60 

Low PFAS concentrations are difficult to quantify, and their effects on biological materials are 

not well understood. Predictive models of PFAS affinity for biomembranes are limited by 

uncertainty, particularly with log P and log D values. Here, Log P represents the logarithm of the 

partition coefficient (P), which describes how a compound distributes itself between two 

immiscible phases, typically octanol and water. This empirical scale is a measure of a 

compound's lipophilicity and is defined as log 𝑃 =  (
[𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑]𝑜𝑐𝑡𝑎𝑛𝑜𝑙

[𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑]𝑤𝑎𝑡𝑒𝑟
).  A higher Log P value 

indicates greater lipophilicity, meaning the compound prefers to dissolve in lipids rather than in 

water. Log D is the logarithm of the distribution coefficient (D), which considers both the 

partitioning of a compound between octanol and water and its ionization state at a given pH. The 

LogD scale accounts for both ionized and non-ionized forms of the compound, making it more 

relevant for ionizable solutes. Log D is defined similarly to log P however in the denominator 

ionized species are included with water.  

According to publicly available data compiled by ADC/Laboratories, the protonated form 

of PFOA is predicted to have a log P value of ~7.7.61 In contrast, when PFOA is deprotonated at 
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a biologically relevant pH of 7.4, its predicted log D value is 1.8.61 (Note: The log D scale takes 

into account the pH of the solution when modeling solute partitioning.) Nonetheless, both the 

log P and log D values suggest that PFOA is inherently lipophilic regardless of its charge 

state.  Despite the uncertainty from prediction models, all models show PFOA is likely to 

partition into lipid membranes similarly to other alkyl surfactants.  

While lipid vesicles serve as model systems to examine cellular function and membrane 

dynamics, monolayers, composed of a single lipid layer at an air-water interface, are often used 

to interpret other biological systems including lung surfactant. In the case of monolayers, 

ordering within the film depends upon surface coverage as well as temperature. Even with 

expanded surface coverages, DPPC monolayers can attract solutes in bulk solution to the surface 

through cooperative adsorption mechanisms. Lung surfactant is a heterogeneous mixture 

comprised mostly of saturated DPPC with small amounts of surfactant associated proteins. 

DPPC monolayers help reduce the surface tension of the lungs and allow alveoli to expand and 

contract during breathing.  Lung surfactant prevents alveoli from collapse during exhalation and 

minimizes the amount of work required to expand the alveoli during inhalation.62 While PFAS 

compounds are known to induce impaired lung function, inflammation in lung cells, and 

potential links to asthma,63 little to no mechanistic information is known about how PFAS 

inhalation affects lung surfactant expansion and compression. For the studies discussed in this 

thesis the control of lipid composition and PFAS concentration enable us to study how specific 

properties of the air-water interface change with the inclusion of PFAS.  
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1.1.5 Cooperative Adsorption and the Air-Water Interface 

 The air-water interface is a critical boundary where various physical processes and 

reactions occur, including adsorption. In the context of this dissertation, cooperative adsorption 

at the air-water interface describes a phenomenon where the presence of one species at the 

surface increases the likelihood of a second species adsorbing to the surface from bulk solution, 

resulting a higher surface coverage than would be predicted in the absence of surface 

modification.  This definition of cooperative adsorption has been used to describe surface 

concentrations in different liquid interface systems,64-66 but other fields define cooperative 

adsorption differently.  For example, cooperative adsorption of gas phase particles to solid 

surface refers to adsorbate-adsorbate and/or adsorbate-substrate interactions enhancing additional 

particle adsorption to nearby sites.348-349    

In the case of DPPC, cooperative adsorption occurs when highly soluble solutes in 

solution adsorb to the air-water interface due to changes in interfacial properties created by the 

adsorbed lipid monolayer.  Our lab has recently examined cooperative adsorption of saccharides 

and disaccharides to air water interfaces covered with DPPC monolayers.64-66 Research 

employed vibrational sum frequency generation (VSFG) spectroscopy and surface tension 

measurements to investigate how water-soluble saccharides affect the structure and organization 

of DPPC lipid monolayers at the air-water interface. Complementary differential scanning 

calorimetry (DSC) experiments were conducted to assess the impact of these saccharides on the 

phase behavior of DPPC vesicles. The findings revealed that both glucosamine and glucuronic 

acid enhance the organization of compressed DPPC monolayers, irrespective of the saccharide's 

charge. 
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The current work in our lab considers if PFOA monomers in bulk aqueous solution 

cooperatively adsorb to water-air interfaces modified by insoluble DPPC monolayers adsorbed to 

the aqueous/air interface. The work is motivated by a need to identify and understand how PFOA 

specifically, and PFAS in general affect the monolayer properties of this lipid that comprises 

90% of human lung surfactant.   

1.1.6 Hypotheses 

 Given concerns about PFAS compounds’ persistence in the environment, impacts on 

human health, and the knowledge gaps surrounding PFOA, PFOS, and PFBS behavior in 

biological materials, work described in this dissertation addresses the following hypotheses:   

1. Perfluorooctanoic acid (PFOA) at submicromolar concentrations fluidizes lipid 

bilayers and promotes secondary solute partitioning.  

2. Perfluorinated compounds such as perfluorooctanoic acid (PFOA), 

perfluorobutanesulfonic acid (PFBS), and the potassium salt of 

perfluorooctanesulfonic acid (KPFOS) will not form micelles as traditional surfactants 

do due to their fluorous nature. The highly stable and hydrophobic fluorinated carbon 

chains in these molecules reduce intermolecular interactions with water, leading to 

non-conventional aggregation patterns or an absence of micelle formation typical of 

hydrocarbon-based surfactants. 

3. Perfluorooctanoic acid (PFOA) cooperatively adsorbs to DPPC at the air-water 

interface and induces a charged double water layer observed in the OH stretching 

region using vibrational sum frequency generation.  
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A final part of this dissertation describes exploratory research that investigated the presence of 

PFAS in rural groundwater sources of southern Montana, where contamination from traditional 

industrial sources should, in principle, be minimal or absent. 

1.2 Methods and Techniques 

 This dissertation examines legacy PFAS behavior focusing on their surface and bulk 

solution interactions, as well as the impact of PFOA on DPPC membrane properties and 

monolayers at the air-water interface. Techniques employed in this research include differential 

scanning calorimetry (DSC) to study thermal properties, dynamic light scattering (DLS) to 

analyze particle size distributions, and surface tensiometry for interfacial properties, and 

conductivity measurements for CMC determination. Additionally, Langmuir area-pressure 

isotherms provide insight into monolayer behavior, and vibrational sum frequency generation 

(VSFG) spectroscopy provides molecular-level information on interfacial interactions. 

1.2.1 Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) is a thermal technique used to study phase 

transitions a compound undergoes and is commonly used to study biomembranes.55, 57, 59, 67-69 As 

a reference and the sample cell are heated simultaneously,  the difference in heat flow required to 

keep the sample and reference cell at the same temperature is measured (Equation 1.1).68 Thus, 

DSC enables both crystalline and melting transitions to be measured. Previously mentioned, 

DPPC  has a s main gel to liquid-crystalline transition that occurs shown in Figure 3.59, 70-72 The 

transition corresponds to the melting of the acyl chains present in the DPPC structure. The gel-

to-liquid crystalline transition of DPPC is an exothermic process. 
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Heat flow =
𝑞𝑃

𝑇⁄   (1.1) 

∆𝐻 = 𝑞𝑃 (1.2) 

 

Figure 1.3. DSC endothermic pretransition and gel to liquid-crystalline transition of pure DPPC. 

Characterization studies examining the phase transition of DPPC are taken on a TA 

Instruments Discovery Q2000 DSC with 0.1 C precision and accuracy across its operational 

range. The transition temperature indicates the temperature at which a lipid membrane undergoes 

a phase transition (from gel to liquid crystalline phase). Changes in Tm suggest alterations in 

membrane packing and fluidity due to PFAS interactions. Enthalpy values represent the energy 

required for the phase transition the energy required for the phase transition and can be used to 

examine membrane permeability and lipid-lipid cohesion forces (Equation 1.2). Upon integrating 

the transition peak area of pure DPPC, the gel-liquid crystalline transition enthalpy measures 

44 J/g, consistent with literature reports.70, 73, 74 Further examination of how PFAS effect the gel-

liquid crystalline transition enthalpy will be examined in Chapter 2.  
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1.2.2 Dynamic Light Scattering  

Dynamic light scattering (DLS), also known as photon correlation spectroscopy, is a 

powerful technique used for measuring particle size for particles as small as 0.3 nm. In a DLS 

experiment, a monochromatic beam of light impinges on a solution containing macromolecules 

that scattering light in all directions. The DLS instrument used for studies described in the 

following chapters operated with a 633 nm laser.   Light scattering depends on particle size and 

shape. A photon detector records the scattered light at a fixed angle, and the scattered light is 

analyzed by the time averaged intensity fluctuations to determine the speed at which particles 

diffuse. The diffusion constant can then be calculated.75 The size of the particle d(H) (where H 

refers to the hydrodynamic diameter) is calculated from the translational diffusion coefficient (D) 

using the Stokes-Einstein equation (Equation 1.3). DLS assumes a spherical particle shape thus 

giving a hydrodynamic diameter d(H).76  

𝑑(H)=
𝑘𝑇

3𝜋𝜂𝐷
            (1.3) 

 A Malvern Zetasizer Pro Red from Malvern Instruments was used to conduct experiments 

of PFAS solutions of varying concentration across a temperature gradient. Additional 

experiments were conducted to investigate the impact of PFOA on DPPC vesicle size. The 

Zetasizer Pro uses a non-invasive back scattering method with a scattering angle of 173° to 

measure particle sizes ranging from 0.3 nm to 10 µm of solutions placed in polystyrene cuvettes. 

The ZS Xplorer software version 1.30 automatically determines the size once parameters 

including the cell type, refractive index, concentration, temperature, and time for equilibration 

for each sample are entered. 
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Figure 1.4. DLS experimental design in which a laser light scatters within a solution. 

Fluctuations in the Brownian motion are then sent to the detector which then analyzes the 

diffusion coefficient to determine a hydrodynamic radius.   

1.2.3 Surface Activity and Micelle Formation 

Legacy PFAS are surfactants characterized by both hydrophobic and hydrophilic regions, 

enabling them to reduce a system’s overall free energy by adsorbing to interfaces. In aqueous 

solutions, their surface activity is evident by monomer adsorption to the air-water interface. As 

the surface becomes saturated limiting further adsorption bulk structures such as micelles or 

other aggregated phases begin to form in solution. 

 Surface tension measurements were used to study PFAS surface activity. Pure water has 

a surface tension (𝛾0) of 72.8 mN/m at 20°C.77, 78 For compounds that are soluble in water, a 

decrease in the surface tension of the air-water interface is expected as surfactants form 

monolayers. At the interface, the hydrophilic heads remain solvated in with the water while the 

hydrophobic tails extend out of the water into the air. As surfactant molecules accumulate at the 
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interface, more water molecules are pushed into the bulk solution creating more hydrogen 

bonding opportunities.  

 Surface tension measurements described in this dissertation used a Wilhelmy plate and a 

NIMA PS4 pressure sensor. To test the surface activity of PFOA, the surface tension of PFOA 

solutions are measured (𝛾) as a function of PFOA concentration. Surface tension data are then 

converted into surface pressure (Π), where Π is defined as the difference between the surface 

tension of the neat subphase (Millipore water) and the surface tension of the subphase containing 

PFOA as shown in Equation 1.4 below. As more surfactants adsorb to the interface,  decreases 

and Π increases. Surface pressure vs. concentration data for surfactant solutions are frequently 

analyzed using a Gibbs isotherm to determine surface excess coverage.79  When surface pressure 

is plotted against the natural log of the concentration, the slope of steepest descent can be used to 

calculate the Gibbs surface excess as it relates to the concentration of surfactant molecules at the 

air-water interface (Equation 1.5).  

 Π = 𝛾0 − 𝛾  (1.4) 

                    Γ = n/A = terminal surface coverage   (1.5) 

Γ = −
1

RT
(

∂γ

∂C
)T (1.6) 

              
𝑑𝛱

𝑑𝑙𝑛(𝑐𝑜𝑛𝑐)
=

𝑛

𝐴
× 𝑘𝑇      (1.7) 

In Equation 1.6 and 2.7 Γ is the surface excess at the air-water interface, R is the 

universal gas constant (8.314 J/mol K), T is the temperature (K), γ is the surface tension (mN/m), 

and lnC is the natural log of the bulk concentration. This equation can then be rearranged as 
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shown in Equation 1.7. In Equation 1.7 n is the number of molecules, A is the area each molecule 

occupies at the surface, k is Boltzmann’s constant, T is the temperature (K), and 
𝑑𝛱

𝑑𝑙𝑛(𝑐𝑜𝑛𝑐)
 is the 

slope of steepest ascent from the plot of surface pressure versus the natural log of concentration.  

For soluble surfactants such as sodium dodecyl sulfate (SDS) or dodecyl trimethyl ammonium 

chloride (DTAC), limiting surface excess coverages are ~45-50 Å2/molecule or 

~2 x 1014 molecules/cm.2,79  

 

Figure 1.5. Determination of CMC of the surfactant sodium dodecyl sulfate (SDS) from surface 

pressure vs. concentration plot (left). Determination of the limiting surface excess coverage for 

SDS from surface pressure vs. ln[concentration] plot (right). The dashed line in the plot on the 

right showing slope of steepest ascent. 

 

The Critical Micelle Concentration (CMC) is the concentration of a surfactant in a 

solution at which monomers saturate the interface, and excess surfactant molecules begin to form 

micelles in the bulk solution. Below the CMC, surfactants exist as individual monomers in 

solution. Once the CMC is reached and the surface becomes fully saturated, additional surfactant 

molecules aggregate to minimize free energy, often forming micelles. The CMC is a fundamental 
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property of surfactants, indicating the transition between monomer-dominated and micelle-

dominated behavior in solution. Two common methods used to calculate CMCs are surface 

pressure and conductivity measurements.80 Equation 1.7 shows that slope of a graph plotting 

surface pressure vs. the natural log of surfactant concentration reports surfactant surface excess 

concentration. The terminal surface coverage is determined by the slope of steepest ascent.  A 

leveling off of the slope is traditionally associated with micelle formation, and the intersection 

between a line extrapolated from the steepest ascent and the high concentration asymptotic limit 

is used to denote the surfactant’s CMC.  

CMCs are also determined independently via conductivity by measuring the electrical 

conductivity of a surfactant solution as a function of its concentration. Solution phase 

conductivity arises from the movement of charged species (ions) under the influence of an 

applied electric field. In surfactant solutions, conductivity is primarily due to dissociated ionic 

surfactant molecules (such as sodium dodecyl sulfate, SDS) and their counter ions, as well as the 

mobility of free ions in water, including any added electrolytes. Below the CMC, conductivity 

increases linearly with increasing surfactant concentration because the ionic surfactant molecules 

contribute to charge conduction. As the concentration approaches the CMC, the slope of this 

relationship changes due to the micelle formation. As micelles form, the effective number of free 

ions in solution decreases. The CMC is identified where the plot of conductivity vs. surfactant 

concentration shows a discontinuous change in slope. 
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Figure 1.6. Determination of CMC of the surfactant sodium dodecyl sulfate (SDS) from 

conductivity vs. concentration plot.  

Data in Figure 1.6 show that for solutions of the common surfactant sodium dodecyl 

sulfate (SDS), the surface pressure rises steeply at low concentrations before rising steeply and 

eventually leveling off. The slope of steepest ascent and the asymptotic limit are determined and 

report an SDS CMC of 7 mM in slightly lower than literature, although fluctuations in 

temperature and pH could account for this. For conductivity vs. concentration plots, the CMC is 

determined from the intersection of the low concentration and high concentration linear regimes. 

Typical surfactants such as SDS or DTAC form micelles of consistent sizing under 5 nm 

(Appendix A). Chapter 2 describes the surface tension behavior of PFOA, PFBS, and KPFOS.  

All three PFAS show behavior consistent with micelle formation, but complementary DLS 

measurements and Cryo-EM images show clearly that these solutes form aggregates in solution 

that grow with concentration rather than well-defined micelles.  

1.2.4 Langmuir Surface Pressure – Area Isotherms 
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Langmuir monolayers are films comprised of insoluble surfactants constrained to 

aqueous interfaces.  Most lipids – including DPPC – form Langmuir monolayers at the air-water 

interface, and these systems are commonly used as models of biological films including lung 

surfactant.65, 66, 81-83 Surface tension measurements using a Langmuir trough are commonly used 

to measure the two-dimensional phase behavior of these films as a function of available surface 

area.  In effect, these experiments serve as the two-dimensional analog of three-dimensional 

pressure-volume measurements.   

The Langmuir trough is commonly employed to investigate surface properties, such as 

surface pressure, molecular packing, and interactions of surfactant molecules, lipids, and other 

films. The trough consists of a shallow, rectangular reservoir filled with 250 mL of solution and 

equipped with movable barriers that can compress or expand the film, allowing the user to 

control the area available for the monolayer. In a typical Langmuir experiment, the trough is 

filled with Millipore water. An insoluble surfactant is dissolved in a spreading solvent, such as 

chloroform. This solution is carefully deposited onto the clean water surface, where the solvent 

evaporates, leaving behind a monolayer of surfactant molecules. Initially, the barriers of the 

trough are fully expanded, providing ample space for the monolayer. After the solvent has 

evaporated, the barriers are gradually moved towards each other compressing the monolayer.  

Compression speed is a variable in these measurements and must be considered when 

analyzing results.  When barriers are compressed rapidly, the monolayer may be  trapped in a 

metastable state leading to the non-equilibrium configurations and other artifacts. On the other 

hand, when the barriers are compressed slowly, the system is always in  a reversible equilibrium, 

and the resulting Langmuir isotherm shows well-defined 2-dimensional phase behavior. 
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As an example of the type of insights that come from Langmuir trough measurements, 

Figure 1.7 shows an isothermal compression of a stearic acid monolayer adsorbed to the 

air/water (pH = 6) interface.  Stearic acid (C18H36O2) is a saturated fatty acid composed of a long 

hydrocarbon chain and a carboxyl group. Its structure features a straight alkyl chain with 16 

methylene (CH₂) units and a terminal methyl (CH₃) group, making it non-polar and hydrophobic. 

At one end, the molecule has a polar, hydrophilic carboxyl group (COOH), capable of forming 

hydrogen bonds with water. This amphipathic nature allows stearic acid to interact with both 

polar and non-polar substances functioning as emulsifying agent in various applications.79, 84  

Stearic acid’s adsorption isothermal compression shows 2-dimension phase transitions 

that are readily identified. At very low surface concentrations, the stearic acid molecules are 

sparsely distributed across the surface and described as a two-dimensional gas.  With further 

compression, the molecules pack more tightly, and their hydrocarbon chains start to align more 

vertically while maintaining flexibility. Stronger intermolecular interactions, such as Van der 

Waals forces, develop. The surface pressure increases more steeply with shrinking area and 

describes a two-dimensional liquid.  When the molecules are packed closely together, surface 

pressure rises almost vertically with small changes in area and the monolayer is described as a 

two dimensional solid with the molecules tightly packed.  The acyl chains are in all-trans 

conformations and directed along the surface normal.  Further compression leads to monolayer 

collapse.   
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Figure 1.7. Langmuir expansion and compression schematic and stearic acid isotherm. 

The two-dimensional surface behavior of DPPC monolayers is slightly more complicated 

than that of stearic acid.  At low surface coverages, molecules are in a two-dimensional gaseous 

(G) phase where the tails are randomly oriented and are in contact with the surface. Upon 

compression the monolayer passes through a liquid-expanded (LE) phase where the hydrophobic 

tails of the lipid begin to adopt upright orientations. Further compression of the monolayer 

creates a liquid-condensed (LC) phase where the chains become more ordered. There is a liquid 

expanded-liquid condensed (LC-LE) coexistence phase which is seen as a plateau midway 

through the isotherm.85, 86  DPPC collapses as when the surface pressure approaches 72 mN/m 

(or ~0 mN/m surface tension.). 
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Figure 1.8. DPPC Langmuir compression isotherm with phases labeled. 

1.2.5 Vibrational Sum Frequency Generation (VSFG)  

VSFG is a surface specific, second order nonlinear optical technique that measures 

vibrational spectra of molecules at interfaces. While surface tension measurements including 

those using the Langmuir are useful in identifying thermodynamic behaviors at interfaces, these 

data do not directly measure properties related to molecular structure and organization. To 

determine how PFOA changes the structure and organization of DPPC monolayers adsorbed to 

the air-water interface, vibrational sum frequency generation (VSFG) is used to characterize 

DPPC chain conformation and organization in Langmuir films. Additionally, VSFG data also 

reported on water organization in the surface double layer formed when PFOA adsorbs to DPPC 

monolayers.  
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In VSFG two light beams at different frequencies (a fixed visible 800 nm and a tunable 

IR) are aligned spatially and temporally on the surface. The two beams couple through the 

second order susceptibility tensor and create a nonlinear polarization that has a frequency equal 

to the sum of the two input frequencies (Equation 1.8). The VSFG set up in our lab is equipped 

with a Coherent Libra Ti:sapphire laser with an 85-femtosecond pulse width and a 1 kHz 

repetition rate that produces the 800 nm visible light. A beam splitter reflects 80% of the light 

into the Coherent OPerA Solo amplifier that generates the IR light while the other 20% of the 

light is shaped to a resolution in the submicron region. Both the visible and IR light beams 

change polarization using waveplates.  

𝜔𝑠𝑢𝑚 = 𝜔𝐼𝑅 + 𝜔𝑉𝑖𝑠  (1.8) 
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Figure 1.9. Walker Research Group VSFG schematic and energy level diagram.  

 VSFG is both surface and molecularly specific and can be described semi-quantitatively 

using Equations 1.9 - 1.12.  Light incident on a surface induces a polarization that can be 

described as a power series expansion (Equation 1.9) in terms of the strengths of the incident 

fields. 

𝑃 = 𝑃(0) + 𝑃(1) + 𝑃(2) + ⋯  (1.9) 
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The intensity of the sum frequency light is the magnitude squared of the 2nd order 

polarizability (P(2)) or, equivalently, the magnitude squared of the second order susceptibility 

((2)) and the intensity of both the visible and infrared pulses (Equation 1.10): 

𝐼𝑆𝐹𝐺 = |𝑃(2)|
2

= |𝜒(2)|
2

𝐼𝑣𝑖𝑠𝐼𝐼𝑅  (1.10) 

(2) is a third rank tensor whose elements must change sign upon inversion (Equation 1.11): 

𝜒(2)(𝑥, 𝑦, 𝑧) = −𝜒(2)(𝑥, 𝑦, 𝑧)  (1.11) 

The only way this condition can be met in isotropic media is for all elements of (2) to be zero.  

Interfaces, however, lack inversion symmetry so (2) can take on nonzero values and VSFG 

becomes symmetry allowed. This condition makes VSFG surface specific. Each element in the 

(2) tensor has resonant and nonresonant contributions. The resonant portion results from the 

vibrational modes, while the nonresonant portion results from the electronic responses. The 

resonant term of (2) is described by a Lorentzian function and depends on the sum of all 

contributing vibrational resonances, where Aq, the amplitude term, is a product of the IR and 

Raman transition dipole moments (Equation 1.12). 

𝜒𝑟𝑒𝑠
(2)

= ∑
𝐴𝑞

𝜔−𝜔𝐼𝑅+𝑖Γ𝑞
𝑞   (1.12) 

By examining the surface of the air-liquid interface with different polarization 

combinations, the relative orientation of molecules at the surface can be determined. The three 

polarization combinations most relevant for my proposed research are SSP (SsumSvisPIR), SPS 
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(SsumPvisSIR), and PPP (PsumPvisPIR). The SSP combination selects vibrations having their IR 

transition moment projected along the surface normal; The SPS combination probes vibrational 

modes with IR transition moments parallel to the surface; and the PPP combination samples all 

non-zero elements of the (2) tensor. All VSFG experiments will be performed with lipid 

monolayers having varying surface coverages and compositions. More specifically a loosely 

packed lipid monolayer of DPPC (55 Å2/molecule) and a tightly packed lipid monolayer of 

DPPC (40 Å2/molecule). By examining both loosely and tightly packed DPPC in the presence of 

PFOA, we will be able to examine microscopic changes occurring at the surface effecting the 

orientation of DPPC.  

The Walker Research Group’s VSFG set up is optimized to measure spectra in the CH 

and OH stretching regions of the spectrum (2700-3500 cm-1). The DPPC vibrational spectrum is 

denoted with “r” and “d” where “r” represents the methyl group of DPPC, and “d” represents the 

methylene groups. The “+” and “-“ symbols denote a symmetric and antisymmetric stretch, 

respectively. When measuring the effects of PFOA on DPPC monolayers, only -CH signals from 

the DPPC are measured given that PFOA contains only carbon-fluorine bonds.  In a VSFG 

spectrum centered on the -CH stretching region,  d+ at ~2850 cm-1 corresponds to a CH2 SS, r+ at 

~2880 cm-1 corresponds to a CH3 SS, and the peak at ~2955 cm-1 corresponds to a CH3 AS/Fermi 

resonant peak as the feature is an overlap of both.  

The r+ /d+ ratio of methyl to methylene intensities is a useful qualitative measure of 

conformational order in the DPPC monolayer because it reflects the arrangement of the lipid 

molecules within the monolayer. When the monolayer is highly ordered, the acyl chains tend to 

be more aligned, and the ratio of methyl to methylene intensities (r+/d+) will show higher methyl 
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group intensity relative to methylene. In a more disordered state, the conformation of the lipid 

tails becomes more fluid, which changes the distribution of intensities between the two types of 

groups. Thus, the r+/ d+ ratio gives insight into the degree of order or disorder in the lipid tails, 

providing a qualitative measure of conformational changes in the DPPC monolayer. 

 

Figure 1.10. (A) Loosely packed Pure 55 Å2/molecule DPPC deposited on a Millipore subphase. 

(B) Tightly packed Pure 40 Å2/molecule DPPC deposited on a Millipore subphase. 

 

To study changes in structure and orientation distribution of the interface with the 

addition of PFOA, studies will focus on loosely packed lipid films (55 Å2/molecule) and densely 

packed lipid films (40 Å2/molecule). In lower surface coverage (55 Å2/molecule) there is more 

surface area that is unoccupied by the lipid film so PFOA should have a more significant impact 

on the DPPC monolayer than for higher surface coverage (40 Å2/molecule). The VSFG 
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vibrational spectra allow us to deduce information about changes in lipid orientation in the 

monolayer with the addition of PFOA to the aqueous subphase. 

1.3 Thesis Organization 

Chapter 2:  

PFOA, PFBS, and KPFOS are shown to form large aggregate structures contrary to 

previous reports defining PFAS as micellar forming surfactants. DLS studies of PFOA, PFBS, 

and KPFOS in solutions of varying pH and temperature reveal aggregation behavior, not micelle 

formation. Surface tension data show surfactant-like properties, with PFOA forming tightly 

packed monolayers in mildly acidic solutions. Conductivity experiments indicate that micelle 

formation occurred at concentrations below 1 mM in pH 8.0 solutions, aligning with surface 

tension findings. Cryo-EM images confirm a broad distribution of aggregates, supporting the 

DLS results. 

Chapter 3:   

Nanomolar PFOA concentrations are shown to affect DPPC lipid membrane structures by  

fluidizing lipid bilayers. DSC findings show that PFOA alters DPPC vesicle bilayer properties by 

lowering the gel–liquid crystalline transition enthalpy. DLS results reveal that these PFOA 

concentrations lead to increased vesicle size and aggregation. Cryo-EM images confirm that 

PFOA changes the vesicle structure, inducing distortions in the bilayer and the formation of 

larger aggregates. These results highlight potential impacts on bioconcentration mechanisms of 

PFAS compounds. 
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Chapter 4:  

Studies focus on loosely packed lipid films (55 Å2/molecule) and tightly packed lipid 

films (40 Å2/molecule) using VSFG and Langmuir isotherms. At lower surface coverages, more 

interstitial space exists between the DPPC monomers allowing soluble surfactants to adsorb 

cooperatively to the surface and strongly impact DPPC organization and structure. In contrast, 

tightly packed DPPC monolayers have little interstitial space between monomers, although 

soluble surfactants can still adsorb to the lipid film driven by Coulomb interactions with the 

DPPC headgroups. Langmuir trough isotherms allow for information regarding the 

thermodynamic and structural properties at the air-water interface to be understood. VSFG and 

results indicate PFOA adsorbs cooperatively to DPPC monolayers at the air-water interface 

through the presence of interfacial water in the OH region and an increasing r+/d+ ratio.  

Chapter 5:  

 Exploratory research on 59 private wells in three developing southern Montana counties 

reveal 12 PFAS compounds are detected at low concentrations in 31 wells. Samples were tested 

under Method-1 (method detection limit(s) [MDL] range: 5 – 22.8 ng/L for 6 regulated PFAS) 

and Method-2 (MDL range: 0.2 – 1.0 ng/L for 6 regulated PFAS). Under the first method with 

higher detection limits no PFAS were detected in the studied wells; however, when the same 

samples were run under the second, lower detection limit method, 31 wells had PFAS 

compounds detected. A greater number of compounds were generally detected in shallower wells 

and on smaller property sizes, consistent with higher prevalence in younger (shallower) 

groundwater in areas with higher intensity land use. Potential human exposure risk assessments 

were analyzed and found to be driven by PFOA and PFOS.  
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Chapter 6:  

 Chapters 2-5 includes a summary of research described followed by discussion on further 

experiments that should be performed to continue this project.  
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CHAPTER TWO 

AGGREGATION NOT MICELLIZATION: 

PERFLUOROOCTANOIC ACID, 

PERFLUOROBUTANESULFONIC ACID, AND POTASSIUM 

PERFLUOROOCTANESULFONATE BEHAVIOR IN 

AQUEOUS SOLUTION 
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2.0 Abstract 

Surface tension, conductivity, and dynamic light scattering (DLS) measurements were 

used to examine the surface and bulk solution behaviors of three members of the PFAS family, 

perfluoro-octanoic acid (PFOA), perfluorobutane sulfonic acid (PFBS), and the potassium salt of 

perfluorooctane sulfonic acid (PFOS). Measurements were carried out in solutions having 

variable (acidic) pH and in solutions buffered to pH = 8.0. Surface tension data show traditional 

soluble surfactant behavior, and results illustrate that PFOA, PFBS, and PFOS surface activity 

depends sensitively on solution-phase pH. The tightly packed monolayers formed by PFOA in 

mildly acidic solutions imply that the surface pH of PFOA solutions is several units lower than 

bulk. Results from conductivity experiments generally show increasing conductivity with 

increasing bulk solution surfactant concentration. In pH = 8.0 solutions, changes in conductivity 

slope with surfactant concentration suggest the onset of micelle formation at concentrations  

< 1 mM, markedly lower than reported in literature. In general, apparent critical micelle 

concentrations (CMCs) determined from conductivity data agree with similar predictions made 

from surface tension results. DLS measurements show that at concentrations close to the 

predicted PFAS CMCs, objects with diameters ≤ 10nm start to form. However, unlike micelles, 

these objects continue to grow with increasing bulk solute concentration. These aggregates form 

structures having diameters of 50-150 nm. Aggregate size shrinks modestly as solution phase 

temperature increases, and this behavior is reversible. Cryo-EM images of PFOA solutions 

confirm a broad distribution of particles, supporting the DLS measurements. Findings reported in 

this work represent the first evidence that these three EPA-regulated PFAS surfactants form 

aggregates rather than micelles in solution. Findings also begin to reconcile differences in 
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reported surface behaviors that have led to CMC predictions in the literature varying by more 

than an order of magnitude.  

2.1 Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a class of anthropogenic contaminants 

threatening community and ecosystem health.10, 24, 87-89 Detected PFAS concentrations across 

surface waters globally and the health implications associated with PFAS exposure speak to the 

near universal risk posed by these ‘forever chemicals’ that have long been used in the textile, 

food-packaging, and firefighting industries.2, 90-93 Given their widespread use and their 

environmental persistence, PFAS are estimated to be present in 45% of tap water sources,9 even 

in remote rural community drinking water supplies.94 PFAS have even been detected in 

watersheds that were assumed to be pristine and not subject to contamination from commercial 

sources. For example, total combined PFAS levels as high as 12920 ppt have been measured in 

the Upper Missouri River,95 and studies assessing bioconcentration in fish from this watershed 

have reported PFAS concentrations as high as 88 ng/g (or 88000 ppt) with one PFAS molecule in 

particular, perfluoro-octane sulfonic acid or PFOS, being the primary constituent.96 Studies from 

these and other locations have reported PFAS bioconcentration factors ≥1000.20, 97, 98   

Detecting PFAS in ground and surface water has been a focal point of many recent 

studies as scientists, regulatory agencies, and policy makers consider environmental PFAS 

persistence and transport.9, 10, 87, 99-104 Related efforts have explored strategies for destroying 

PFAS and remediating contaminated landscapes.105-109 Despite this extensive research activity, 

however, surprisingly little is known about PFAS behavior in aqueous solution.  PFAS species 
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such as perfluoro-octanoic acid (PFOA), perfluorobutane sulfonic acid (PFBS), PFOS, and 

others have surfactant structures (Figure 3.1), but reports of PFAS surface activity and bulk 

solution properties vary widely in their findings. Reported critical micelle concentrations 

(CMCs) differ by as much as an order of magnitude in some cases,110-112 and the community’s 

understanding of PFAS behavior as a function aqueous phase pH and temperature remain 

incomplete. This knowledge gap must be redressed if proposed transport models and exposure 

estimates are to be experimentally tested and validated.113, 114 

 

Figure 2.1. Chemical structures of the three PFAS examined in this work.  Perfluorooctanoic acid 

(PFOA) and perfluorobutane-sulfonic acid (PFBS) were used in their protonated forms.  

Perfluorooctane sulfonic acid (PFOS) was purchased and used as a potassium salt (KPFOS).  

Previous work examining PFOA’s pH-dependent properties focused primarily on the 

solute’s deprotonated anionic form, with Armitage, et al. maintaining that PFOA exists almost 

exclusively in the anionic form at environmentally relevant pH and the partitioning and 
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degradation behavior of this anionic form can be reasonably estimated.115 This assumption is 

conditional, however, given that PFOA’s pKa changes as a function of concentration116 and 

knowing that surface pH across the air/water interface can vary by 3.0 units or more.115, 117 

Similar concerns are relevant for other PFAS surfactants including PFOS and PFBS.118-123 

Surface tension and conductivity experiments reported below characterize the 

amphiphilic and some bulk solution properties of PFOA, PFBS, and PFOS.  Data show that 

behaviors depend on bulk solution pH but generally conform to expectations from typical 

surfactants. Importantly, however, dynamic light scattering (DLS) data show that neither 

protonated nor deprotonated forms of these solutes show traditional micellar behavior, 

contradicting an extensive body of literature citing CMCs for a host of PFAS.110-112, 119, 124-

141   Instead, PFOA, PFBS, and PFOS appear to form aggregates in solution having diameters of 

~50-150 nm.  Aggregate size depends on both solute concentration and temperature.142-146,147, 148  

Taken together, these findings comprise the most extensive assessment to date of PFOA, PFOS, 

and PFBS behavior in aqueous solutions, and results have direct consequences for how PFAS 

persist, spread through, and accumulate in environmental systems.  

2.2 Experimental Materials and Methods 

2.2.1 Materials.  

Perfluorooctanoic acid (95% purity) was purchased from Sigma Aldrich (St. Louis, MO) 

and were used as received. Perfluorobutanesulfonic acid (98% purity) was purchased from 

ALFA Chemistry (Ronkonkoma, NY) and was used as received. The potassium salt of 

perfluorooctane sulfonic acid (96.4% purity) was purchased from LGC Standards (Manchester, 

UK) and used as received. For carbonate-based solutions, sodium bicarbonate was purchased 
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from Sigma-Aldrich (St. Louis, MO). All chemicals were used without further purification. 

Millipore water (resistivity of 18.2 MW) was used for all aqueous sample preparation.   

2.2.2 Sample Preparation.  

Samples were prepared under two separate conditions.  In the first, the PFAS solute was 

simply dissolved into solution to create a stock solution having  a concentration of 100 M or 1 

mM depending on the concentration range being sampled.  Higher concentration solutions were 

prepared directly.  Serial dilutions were made to create PFAS solutions having concentrations as 

low as 1 nM.  Stock solutions were made and diluted multiple times and independently to reduce 

the uncertainty in reported data.   

2.2.2.1 Preparation of Variable pH Solutions: This work examined PFAS behavior under 

a variety of conditions.  This broad-brush survey included PFAS in pure water (low ionic 

strength, initial pH ~5.8) and in buffered, pH = 8.0 solutions (50 mM carbonate/bicarbonate).  

The pure water experiments probed PFOA, PFBS, and PFOS behavior in aqueous solution in the 

absence of competing effects from other ions.  The pH = 8.0 experiments were carried out to 

ensure that the three PFAS surfactants were exclusively negatively charged.  We note that the 

most significant property changes were observed at PFOA, PFBS and PFOS concentrations ≤ 1 

mM, meaning that the buffered pH solutions effectively were at constant ionic strength.  Work 

described in this manuscript consider the properties of three different solutes at two different pH 

and at different temperatures.  Given the surprising findings from all three solutes, considerable 

work remains to characterize how solution phase ionic strength and dissolved ion specificity 

affect PFAS surfactant behavior. PFOA, PFBS, and PFOS were all prepared in Millipore water 

and the pH was tested using a Xplorer GLX pH probe. For the concentrations sampled, PFOA 
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had a pH range of 2-5, PFBS had a pH range of 3-5, and KPFOS had a pH range of 4-5. Given 

that PFAS concentrations are typically reported in terms of ppt/ppm for regulatory purposes, 

Table 2.1 notes how these units correspond to more traditional, molarity-based units for the three 

solutes studied in this work.   

Table 2.1. Parts per trillion (ppt) conversion to nanomolar (nM) concentrations  

PPT Concentrations  Concentration (nM)  

 PFOA PFBS  KPFOS 

1000 ppt  2.415 3.332 1.86 

100 ppt 0.242 0.333 0.19 

10 ppt 0.024 0.033 0.02 

4 ppt  0.009 0.013 0.007 

1 ppt  0.002 0.003 0.002 

No effort was made to control solution phase ionic strength in the variable pH solutions 

beyond controlling the amount of dissolved PFAS solute. 

2.2.2.2 Preparation of pH 8 Solutions:  PFOA and PFBS samples were made in 50 mM 

carbonate buffer (pH =8.0) for DLS measurements, while 10 mM carbonate buffer was used for 

surface tension and conductivity measurements. In general, buffer preparation required adding an 

appropriate amount of sodium bicarbonate (NaHCO3, ACS Reagent Grade, Sigma Aldrich) – 

0.05 moles or 0.01 moles for 50 mM or 10 mM, respectively – and then making small 

adjustments with a 1M NaOH solution to reach the desired pH. Different buffer concentrations 

were used to minimize the intrinsic effect of the buffer on the property being measured. Surface 

tension and conductivity measurements were made mostly with sub-mM PFAS solutions, so a 

10 mM carbonate buffer had adequate buffering capacity. DLS measurements were performed 

with solutions having PFAS concentrations as high as 8 mM thus motivating higher carbonate 

buffer concentrations.  



40 

 

2.2.3 Experimental Techniques  

2.2.3.1 Surface Tensiometry: Surface tension measurements were used to study PFOA, 

PFBS, and PFOS surface activity at the air-water interface. Surface tension measurements were 

performed using a NIMA PS4 pressure sensor and paper Wilhelmy plates purchased from Brown 

Waite Engineering (Oxfordshire, England) using methods previously described.64, 147, 149 Surface 

pressure was calculated as the difference between the surface tension of the neat subphase (𝛾0) 

Millipore water (72.8 mN/m at 20˚C)150, and the surface tension of the solution containing the 

surfactant (γ) (Equation 1).    

Π = 𝛾0 − 𝛾                    (2.1) 

Data were analyzed using the Gibbs adsorption equation to calculate the PFAS surface 

excess coverages (Equation 2) as a function of bulk phase solute concentration.79, 151 In both 

Equations 2 and 3, n is the number of molecules adsorbed to the surface and A is the sample 

area.    

 Π𝐴 = 𝑛 × 𝑘 × 𝑇 × ln (𝑐𝑜𝑛𝑐)                  (2.2) 

Equation 2 can be rearranged to determine surface excess concentration, :    

 Γ =
𝑛

𝐴
=

𝑑Π

𝑑𝑙𝑛(𝑐𝑜𝑛𝑐)
×

1

𝐾𝑇
                 (2.3) 

where 
𝑑Π

𝑑𝑙𝑛(𝑐𝑜𝑛𝑐)
 is the slope of steepest ascent, k is the Boltzmann constant, and T is the absolute 

temperature in Kelvin. 

2.2.3.2 Conductivity: Conductivity measurements were performed using a Mettler Toledo 

LE703 Sensor for FiveGO conductivity meter able to measure a range 10 S/cm to 200 mS/cm. 

Experiments used a LE703 IP67 probe suitable for aqueous samples having medium to high 

conductivities.  Tests using calibrated standards reported an accuracy of ±0.5%.  Conductivity 
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measurements were used to estimate putative CMCs for PFOA, PFBS, and KPFOS. Predictions 

based on conductivities were generally consistent with those from surface tension data.152 All 

measurements were performed at 20˚C. 

2.2.3.3 Dynamic Light Scattering: DLS measurements were performed using a Malvern 

Zetasizer Pro Red from Malvern Instruments Ltd. (Worcestershire, England). The Zetasizer 

measurements use a non-invasive back scattering method at a scattering angle of 173° to measure 

particle sizes ranging from 0.3nm to 10µm. Solutions were contained in polystyrene cuvettes, and 

measurements were performed in triplicate and then averaged. For temperature dependent 

experiments, the instrument was calibrated at the desired temperature for 60 seconds. Longer dwell 

times (up to 10 minutes) did not change results. Data were evaluated using L-curve analyses with 

automatic attenuation and the average particle size of the three trials is reported.  

Measurements were conducted using disposable 10x10 plastic cuvettes (DTS0012), 

where "10x10" refers to the cuvette's 10 mm path length, which is the standard distance the light 

travels through the sample. The cuvettes were made of polystyrene, and water was used as the 

dispersant. Advanced settings parameters were also selected. Parameters included selecting back 

scatter as the angle of detection, measuring at optimal position, automatic attenuation, and a 1 

second pause between repeat scans. Using the method builder tab, the size measurement is 

selected with scans run in triplicate providing both individual scan results and an average of the 

three trials. Most scans were run at 25.0 C and some experiments varied temperature from 0 – 

70 C. All scans were equilibrated for 60 seconds before optimization and were analyzed using 

L-curve analysis. L-curve analysis optimizes the distribution result to give the highest resolution 
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while reducing the background noise. This process is ideal for low scattering samples known to 

have particles of similar sizes rather than a broader distribution.  

2.2.3.4 Cryo-EM: Samples were frozen on Quantifoil 200 mesh R2/1 Cu grids. 4 μL of 

samples were deposited on the grid, blotted for 4 seconds at a blot force of 5. Frozen grids were 

then imaged on a Talos Arctica transmission electron microscope at 200 kV. Images were taken 

with a Gatan K3 camera using SerialEM. The overview of the total conglomeration was taken at 

1600x mag. Closer images were taken at 36 kx, -2 μm defocus, and 60 e-/a2 dose. SDS images 

were taken at a full exposure of 55e-/a2 total dose. 

2.3 Results and Discussion 

2.3.1 Surface Tension.  

Figure 2.2 illustrates the importance of controlling solution phase pH when interpreting 

surface activity results.  Focusing first on PFOA, data in Figure 2.2 show that surface pressure 

rises steeply with increasing PFOA concentration under both variable pH and pH 8.0 conditions. 

In the variable pH solutions, the surface pressure requires higher PFOA concentrations before it 

starts to rise and ultimately reaches a higher terminal surface pressure (51.6 mN/m). In contrast, 

surface pressure of the pH 8.0 PFOA solution begins rising immediately at the lowest bulk PFOA 

concentrations tested (≤ 1 nM) before leveling off at 44.5 mN/m at bulk PFOA concentrations of 

~1.5-2.0 mM. Analyzing these data using Eq. 3, we calculate terminal surface excess 

concentrations of 5.4 x 1014 /cm2 and 2.3 x 1014 /cm2 in the variable pH and pH 8.0 buffered PFOA 

solutions, respectively. These concentrations correspond to terminal areas per molecule of 19 

Å2/molecule (variable pH) and 44 Å2/molecule (pH 8.0). The former surface excess concentration 
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matches closely the values measured for tightly packed, neutral alkyl surfactants having similar 

chain lengths149 while the latter surface excess is comparable to those of similarly sized charged 

alkyl surfactants.153, 154  

PFBS surface activity also shows a strong dependence on solute charge state, with PFBS 

having a 30% higher terminal surface coverage in the variable pH solution (6.6 x 1013 cm-2) 

compared to the pH 8.0 solutions (5.0 x 1013 cm-2). KPFOS is the potassium salt of a weak 

conjugate base, and the solution pH has little effect on KPFOS surface activity or surface 

coverage. An important point to note is that KPFOS is much less soluble in aqueous solution (at 

any pH) and its isotherm does not converge to an asymptotic limit before reaching its solubility 

limit (approximately 1.0 mM). Despite this comparatively low solubility, KPFOS monolayers 

have surface excess concentrations comparable to those of PFOA in the pH 8 solutions.  
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Figure 2.2. (a) Surface pressure as a function of bulk solution PFAS (PFOA, PFBS, and KPFOS) 

(mM) in both low pH and pH 8 environments. (b) Surface pressure plotted against ln[conc] to 

calculate the terminal surface coverages as described in Equations 1-3.  

The isotherms in Figure 2.2 were analyzed using Equation 3, and surface pressures are 

plotted vs. the natural log of concentration in Figure 2.2b. Surface excess concentrations were 

calculated over a bulk concentration range spanning 7 orders of magnitude.  Terminal surface 

coverages for all three surfactants in variable pH and pH = 8.0 solutions are reported in Table 2.2 

and surface coverages at all concentrations are reported in Supporting Information.  We note that 



45 

 

solutions containing PFOA and KPFOS do not reach their terminal surface coverages until ~0.1 

– 1.0 mM.  In contrast, PFBS – the least surface active of the three PFAS studied – establishes a 

terminal surface coverage at much lower concentrations: ~1 M for the variable pH solutions 

and ~1 nM in pH 8 solutions. 

Table 2.2.  Terminal surface excess concentrations, max (molecules/cm2), bulk concentration 

when max is reached (mM), and pH in variable pH solutions when max is reached.  All data are 

reported for T = 20˚C 

 PFOA PFBS PFOS 

 Variable 

pH 

pH 8 Variable 

pH 

pH 8 Variable 

pH 

pH 8 

max 5.4E14 2.3E14 6.6E13 5.0E13 1.3E14 2.0E14 

Bulk conc. 

at max (mM) 

1 0.1 0.001 1E-6 1 1 

pH at max 3.3 – 4.5 – 5.0 – 

 

One additional observation from Figure 2.2 is that all three surfactants under both 

variable pH and pH 8 conditions show classic isotherm behavior with surface pressure rising 

steeply at lower surfactant concentrations and then leveling off.  In the case of PFOS, data can be 

fit to extrapolate to a presumed asymptotic limit. 

Isotherms such as those presented in Figure 2.2 are often analyzed to predict CMCs. The 

isotherms in Figure 2.2a predict CMCs for PFOA, PFBS, and PFOS of 200 M, 10 M, and 150 

M, respectively, in pH 8 solutions. (Table 2.3) Predicted CMCs for PFOA and PFBS in the 

variable pH solutions are considerably higher for PFOA (1.5 mM) and PFBS (100 M). The 

predicted PFOS CMC in the variable pH solution is comparable to the pH 8 system. We note the 

~10-5 – 10-4 M predicted CMC concentrations are much lower than the ~10-3 – 10-1 M CMC 
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concentrations observed for traditional alkyl surfactants having similar sizes. We believe our 

reported putative CMC estimates are accurate given control experiments carried out with both 

sodium dodecyl sulfate (SDS) and with sodium octanoate. (Data from control experiments using 

both SDS (CMC = 8.3 mM) and sodium octanoate (CMC = 380 mM) are presented in 

Supporting Information.) 

2.3.2 Conductivity.  

Given the surprisingly low predicted PFAS CMC concentrations, we sought an 

independent method for determining putative CMC concentrations for PFOA, PFBS, and PFOS.  

An alternative approach for determining a surfactant’s CMC is to measure solution phase 

conductivity as a function of solute concentration.147, 152, 155, 156 Figure 2.3 shows the conductivity 

of aqueous solutions as a function PFAS concentration. Experiments were again carried out 

under two different pH conditions: variable pH with the solute simply dissolved in Millipore 

water and pH 8.0 carbonate buffer solutions. The one exception to these sample preparations was 

PFOS in pH 8.0 solutions where pH was adjusted with NaOH. Conductivities for the different 

PFAS solutions are shown in Figure 2.3. 
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Figure 2.3. Conductivities of PFOA, PFBS, and KPFOS solutions in variable pH and pH 8.0 

solutions.  Concentrations range from 1 nM PFAS up to 4 mM PFAS. Note that the conductivity 

of the KPFOS, pH 8.0 solution is controlled by small additions of NaOH.  The small amount of 

NaOH required raises the KPFOS pH 8.0 solution conductivity to 69.9 S/cm in contrast to the 

~1000 S/cm conductivity for the PFOA and PFBS solutions buffered to pH = 8.0. 

Like the surface pressure isotherms in Figure 2.2a, surfactant CMCs inferred from 

conductivity data require finding the concentration where a steeply rising line defined by low 

concentration limit intersects the horizontal line defined by the solution’s high concentration 

asymptotic limit. Data in Figure 2.3 suggest that only PFOA and PFBS in the pH = 8 buffer have 

CMCs, based on the noticeable change in conductivity at ~0.1 mM. The other systems studied – 

PFOA, PFBS and PFOS with variable pH and PFOS in pH = 8 buffer – show conductivities that 

rise monotonically up to concentrations ≥ 4 mM. To ensure confidence in these measurements, 

we also performed conductivity measurements using SDS and determined a room temperature 

CMC for SDS of 8.3 mM, consistent with both literature and surface tension measurements 

performed in our own laboratory. (See Supporting Information.) 
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Table 2.3 summarizes the CMC values for PFOA, PFBS, and PFOS predicted by surface 

tension and conductivity data in Figures 3.2 and 3.3, respectively. 

Table 2.3. Predicted CMCs of PFOA and PFBS from surface tension data of both pH 

environments and conductivity measurements.  All predictions based on measurements 

performed at 20˚C. 

 

 

 

 

While we would expect these values to decrease with increasing ionic strength and 

depend on the identity of salts in solution, these experiments were beyond the scope of these 

studies and will be investigated further in future work. Previous studies have reported a wide 

range of CMC values for PFOA and for PFOS, and these findings are examined in the 

Discussion section below.110-112, 119, 124-141 Considerably less is known about PFBS surface 

activity and bulk solution behavior.  

2.3.2 Dynamic Light Scattering.  

DLS measurements were performed with PFOA, PFBS, and PFOS solutions having 

concentrations near and above the predicted CMC concentrations for both variable pH and pH 

8.0 conditions.  Data show that macromolecular structures with diameters ≤10 nm form in PFAS 

solutions at concentrations close to the predicted PFAS CMCs. However, unlike traditional 

surfactants whose micelle structure remains largely unchanged as surfactant concentration 

increases – the surfactants simply make more micelles  – structures formed from PFAS continue 

  

Predicted CMC from surface 

pressure data  

Predicted CMC from 

conductivity data 

  Variable pH  Controlled pH 8  Controlled pH 8  

PFOA  1.5 mM  200 M  100 M  

PFBS  100 M  10 M 10 M 

PFOS 100 M  150 M - 
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to grow in size as concentration increases.  In the following section, only results from the pH 8.0 

studies are described in detail.  When appropriate, comparisons are made with DLS 

measurements of PFOA, PFBS, and PFOS in the variable pH solutions. All data from DLS 

measurements from the variable pH solutions appear in Supporting Information.  

Figure 2.4 shows DLS traces from PFOA, PFBS and PFOS solutions as a function of 

bulk PFAS concentration. Numerical results from these traces are reported in Table 2.4. 

 

Figure 2.4. Dynamic light scattering traces from solutions of PFOA, PFBS, and KPFOS as a 

function of concentration in pH 8.0 solutions.  Sample temperature was held constant at 20 C. 
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Table 2.4. PFOA, PFBS, and KPFOS aggregate diameters and estimated number of monomers in 

aggregate. 

  PFOA PFBS PFOS 

Concentration 

(mM) 

Diameter 

(nm) 

# of 

Molecules 

Diameter 

(nm) 

# of 

Molecules 

Diameter 

(nm) 

# of 

Molecules 
0.01 - - 5 ± 3 3 x 102 - - 

0.1 - - 5 ± 2 3 x 102 58 ± 5  2 × 105 

0.25  9 ± 4 1.5 x 104  6 ± 3 4 × 102 85 ± 11 6 × 105 

0.5 50 ± 7 2 × 105 6 ± 4  4 × 102  116 ± 8 2 × 106 

1 79 ± 6 8 × 105 30 ± 11  5 × 104  129 ± 4 2 × 106 

4 97 ± 11 1 × 106 85 ± 15 1 × 106 - - 

8 116 ± 9 2 × 106 91 ± 19 1 × 106 - - 

 

Objects formed by PFAS can become very large having diameters >100 nm.  Object size 

depends on concentration with the diameter of PFOA objects increasing by more than an order of 

magnitude as the concentration rises from 200 M to 8 mM.  This behavior is not typical of 

traditional surfactants whose micelles have well defined sizes that vary only slightly with 

concentration.  Instead, the observations in Figure 2.4 and Table 2.4 suggest that PFOA, PFBS, 

and PFOS begin to self-assemble at concentrations approximately equal to CMCs inferred from 

surface tension and conductivity data, but self-assembly does not terminate in a well-defined, 

micellar structure.  Instead, the three PFAS surfactants appear to continue aggregating, forming 

increasingly larger structures in solution as concentration increases.  In addition to PFOA and 

PFBS showing this behavior, PFOS whose surface tension isotherms suggest a CMC in the ~100 

M range is forming structures with diameters ~50 nm, much larger than the micelles formed by 

surfactants such as SDS (3.5 nm) and sodium octanoate (2.5 nm).  (See Supporting 

Information.).  
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Using the solid-state PFAS densities as a zeroth order approximation and assuming a 

spherical shape for the detected PFAS aggregates, we estimate the number of monomers required 

to create the larger aggregates having sizes corresponding to the observed objects in solution to 

be on the order of ~105 to 106. These values are much larger than the estimated ~50-100 

monomers that comprise micelles formed by SDS, DTAC and other common alkyl surfactants.79 

157, 158 Not surprisingly, the number of monomers per object rise significantly (as r3) as bulk 

solution concentrations increase. While these estimates of monomer per object have large 

uncertainties, they further illustrate the non-micellar behavior of PFOA, PFBS, and PFOS. 

Second, the relevant concentrations where we observe the onset of self assembly are 

much lower than traditional surfactant CMC concentrations.  The CMC for SDS at room 

temperature is 8.3 mM.  Sodium octanoate’s CMC is almost 50x higher (380 mM).  In the 

different PFAS solutions, DLS data are showing objects forming in 10 – 200 M solutions, more 

than an order of magnitude lower than most CMCs and, as concentration increases, these objects 

behave less and less like micelles.  

Based on the disparities between data in Figure 4 and typical surfactant micelle 

behavior, we propose that PFOA, PFBS, and PFOS do not form micelles in solution but instead 

form aggregates lacking well defined, micellar organization.   

2.3.3 Cryo-EM.  

We independently confirmed the formation of large structures by recording Cryo-EM 

images from an 8 mM PFOA solution.  As a control, we also acquired Cryo-EM images from a 

12 mM SDS solution.  Figure 2.5a shows a wide-field image of a Cryo-EM grid.  Of note is the 

gray patch within the white box.  Expanding the field of view to focus on that specific region 



52 

 

(Figure 2.5b), we observe a dense collection of roughly circular objects measuring ~40 nm in 

diameter albeit with a broad distribution in sizes.   

 

Figure 2.5.  Cryo-EM images of an 8 mM PFOA sample (pH = 8.0).  (A) Survey image of the 

entire EM grid showing the 2 m pores.  Of interest is the gray area inside of the white dashed 

box.  Scale bar in 5A is 1 m.  (B) An expanded image of part of the area shown in the white 

dashed box in (A).  Objects in panel (B) range in size from ~15 nm to ~110 nm in diameter.  The 

scale bar in 5B is 50 nm.     

 

The Cryo-EM image in 2.5b shows clearly that PFOA does not form well defined 

structures in solution. Sample preparation may well perturb the specific sizes and shapes of these 
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aggregates relative to ambient conditions as the solutions are flash frozen and blotted. The 

structures and sizes of the PFOA aggregates stand in stark contrast to the Cryo-EM image of 

SDS that shows very weakly resolved features having diameters between 4 and 9 nm. The Cryo-

EM image from the SDS solution is shown in Supporting Information. While the sizes of the 

PFOA objects in the Cryo-EM images differ from those measured in the DLS measurements, the 

data show unequivocally that PFOA forms diverse structures in aqueous solutions and these 

structures do not resemble micelles. 

Further evidence of non-micellar behavior is observed when measuring the temperature 

dependence of aggregates. Figure 2.6 shows DLS traces from a 1 mM, pH 8.0 PFOA solution as 

the temperature is raised from 10˚C to 60˚C and then cooled back to 10˚C. (Equivalent data for 

PFBS and PFOS in pH 8.0 solutions are shown in Supporting Information.) Data in Figure 2.6 

show that PFOA aggregates shrink as solution temperature is raised.  At 60˚C, PFOA aggregates 

have a diameter (30 nm) that is ~4-fold smaller than at 10˚C. Similar effects are observed for 

PFBS and PFOS. In contrast, solutions containing SDS micelles show that micelle diameter 

shrinks only 25% from 3.4 nm to 2.6 nm as solution temperature increases from 10˚C to 60˚C. 

(See Supporting Information.) Results from all temperature dependent studies of PFAS aggregate 

behavior are summarized in Figure 2.7 and compiled in Table 2.5. 
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Figure 2.6. DLS traces showing the temperature dependent behavior of PFOA aggregates in a 

1 mM, pH 8.0 solution. In this experiment solution temperature was raised from 10˚C to 60˚C 

and then cooled back to 10˚C in 10˚ increments.   
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Figure 2.7.  Temperature dependent aggregate diameters for PFOA, PFBS, and PFOS in 1 mM, 

pH 8.0 solutions.  In these experiments, solution temperature was raised from 10˚C to 60˚C and 

then cooled back to 10˚C in 10˚ increments.  Error bars represent the 1 sigma standard deviation 

of 9 measurements. 

 

 

 

 

 

 

 

 

 

 



56 

 

Table 2.5. PFOA, PFBS, and KPFOS aggregate diameter (nm) in 1 mM, pH 8.0 aqueous 

solution.  In all experiments solution temperature was raised from 10˚C to 60˚C and then cooled 

back to 10˚C in 10˚ increments.  Data for PFBS and PFOS equivalent that shown for PFOA in 

Figure 5 are included in Supporting Information.   

    Particle Size (nm) 

  Temperature (ºC) PFOA PFBS KPFOS 

Heating  10 125 116  100  

20 77  58  90 

30 70  41  71 

40 47  23  54 

50 40  6  28 

60 30  8  14 

Cooling  60 30  8  13 

50 44  32  29 

40 61  39  37 

30 65  66  56 

20 90  85  67 

10 96  99  78 

 

The general temperature-dependent behaviors of all three PFAS solutes are consistent.  At 

lower temperatures, aggregates are larger than at higher temperatures.  However, unlike anionic 

alkyl surfactants that show reversible temperature-dependent recovery of structure, cooling PFAS 

solutions leads to smaller aggregates compared to starting conditions. The temperature dependent 

behavior shown by PFOA aggregates can be rationalized by considering PFOA’s presumed 

increased monomer solubility at higher temperatures.159 Higher monomer solubility at elevated 

temperatures necessarily shrinks aggregate size.  If the particles are aggregates – as opposed to 

well defined micellar structures – we would not necessarily expect particle size distributions in 

the cooled solutions to mirror those in solutions prior to heating. 
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Equivalent experiments carried out for PFOA, PFBS, and PFOS in variable pH solutions 

showed qualitatively similar behaviors – large aggregates whose sizes depended on bulk 

surfactant concentration and temperature – and results are included in Supporting Information. 

2.3.4 Impact and Consequences.  

 Understanding PFAS behavior in relevant environmental settings is critical for modeling 

PFAS fate and transport.  PFAS have a traditional surfactant structure: a hydrophobic chain and a 

water soluble charged headgroup.  Furthermore, methods used to infer the onset of micelle 

formation such as surface tension and conductivity make clear predictions for PFOA, PFBS, and 

PFOS CMCs. (Table 2.3). Knowing CMC values allows one to determine the concentration of 

monomers and micelles in solution, thereby enabling estimates of how solutes migrate through 

ground and surface water. Predicted PFAS CMCs are significantly lower than one expects for 

surfactants having 8 carbon chains (in the case of PFOA and PFOS), but this behavior might be 

justified by postulating that the perfluoro chain’s extreme hydrophobic character will lower a 

surfactant’s CMC relative to its related hydrogen alkyl equivalent.  Table 2.6 lists literature 

several reports citing CMC values for PFOA, PFOS, and/or PFBS.   
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Table 2.6. CMC values reported for PFOA, PFOS, and PFBS using different methods. 

PFAS  

Reported 

CMC  Method Reference  Notes 

PFOA 26.5 mM  Conductivity (23C) Dong, D., et. Al.112 A  

 26.5 mM  Surface tension (23C) Kancharla, et. Al.125  A  

 0.4 mM  Adsorption/LC-MS (25C) Lei, et. Al.110  G 

 14 mM  Surface tension (32C) Sorli, et. Al.127  A, B 

 38 mM  Dye titration  Arrington and Patterson111 A  

 30 mM Conductivity (25C)  De Lisi, et. Al.128  C 

 36 mM  Solubility (8C) Nakayama and Shinoda130 C  

 27 mM  Solubility (25.6C) Nakayama and Shinoda130 D  

 9 mM  Solubility (20C)  Nakayama and Shinoda130 E  

PFOS 7 mM  Surface tension (32C) Sorli, et. Al.127  B. D 

 9 mM  Dye titration  Kissi131 C  

 2.4 mM  QSPR modeling  Bhhatarai and Gramatica132 F  

PFBS 22 mM  Surface tension (32C) Sorli, et. Al.127  B, D 

*Notes: A: ammonium counterion; B: surfactants dissolved in DMSO and then diluted by water; 

C: sodium counterion; D: potassium counterion; E: hydrogen counterion; F: modeling program; 

G: no information on preparation of fluoroalkyl substance.  

 

The first observation that stands out in Table 2.6 is the wide range of concentrations 

reported for PFOA’s CMC (and, to a lesser extent, PFOS).  Reported PFOA CMCs vary by more 

than a factor of 50 and PFOS CMCs vary by at least a factor of 3.  Even allowing for variability 

introduced by different methods and different experiment temperatures and pH, these 

discrepancies are much greater than one would expect to observe for alkyl surfactants. The 

second observation is that the reported CMCs are higher than those deduced from data presented 

in Figures 2.2 and 2.3 and summarized in Table 2.3.  While we cannot account for this 

systematic difference, we do note that many of the studies cited in Table 2.6 did not explicitly 

control solution pH.111, 112, 125, 128, 130  
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In cases where solution phase pH was controlled, Lei, et al.110 reported that PFOA 

adsorption onto graphene oxide (GO) was significantly enhanced by doping the GO with 

polyethyleneimine (PEI). This enhancement was most pronounced at lower pH (pH < 5) where 

the PEI functional groups were almost exclusively protonated. By fitting PFOA adsorption data 

to different isotherm models, Lei, et al. concluded that the data were best described by a BET 

model that accommodates a combination of monolayer and multilayer adsorption leading to a 

PFOA CMC prediction of 0.4 mM. This result is the closest reported PFOA CMC to the 

sub-millimolar CMCs predicted by the pH 8.0 surface tension and conductivity measurements 

presented in Figures 2.2 and 2.3 and summarized in Table 2.3 above.  

Sorli, et al.127 studied PFOA, PFOS and PFBS interactions with lung surfactant using 

pendant drop surface tension measurements and a controlled pH = 7.0 buffered solution.  

Assuming that all PFAS were negatively charged, the authors attributed changes in lung 

surfactant function induced by the different PFAS to differences in PFAS chain length. From 

their data, the authors reported PFAS CMC values in the ~10-20 mM range.   

Bhhatarai and Gramatica132 carried out quantitative structure-property relationship 

(QSPR) analyses on a large set of compounds and emphasized the important role played by pH 

in controlling PFAS surfactant behavior. The authors used existing data to validate their models 

and predict CMC values for over 200 PFAS compounds. These authors, however, also noted the 

limited sample size of experimental CMC data available and called for more extensive 

experimental data that could be used to improve the predictive power of their QSPR models.    

An important point to note in all the above reports is that the onset of micellization was 

inferred from some other measurement, such as surface tension or conductivity. DLS measures 
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particle size directly, albeit with assumptions related to object shape and diffusivity. DLS data 

shown in Figures 2.4-2.6 and reported in Tables 2.4 and 2.5 do not support the premise that 

PFOA, PFBS, and PFOS form micelles in solution.  While the DLS measurements show the 

onset of self-assembly at concentrations approximately equal to the CMCs inferred from surface 

tension and conductivity data, the objects that form behave less like surfactants and more like 

aggregates given how the objects depend on both bulk PFAS concentration and system 

temperature.    

We note that several recent literature reports propose that PFAS might form aggregates at 

low concentrations.160-164 Based on results from solvated electron-driven PFAS reduction in 

aqueous solutions, Maza, et al. suggested that PFOA forms dimers and small aggregates at 

concentrations well below nominal reported CMCs. These authors based their claim on evidence 

that SDS dimerizes at concentrations below 1 mM.160 Bhattacharjee and Kaatze noted that 

spherically shaped micelles form above the CMC, but proposed that some amphiphile systems 

are also susceptible to ‘pre-CMC’ micelle formation, offering a second pathway to lowering the 

overall free energy of the system in addition to surfactant adsorption to surfaces.161 Hadgivanova 

and Diamant proposed that premicellar aggregation into metastable structures is possible below 

the CMC,162  but these authors, as well as Cui, et al., predict that the premicellar aggregate size 

should depend only weakly on concentration below CMC values.163 Cui, et al. also concluded 

that pre-micelles (or aggregates) exist above and below a surfactant’s CMC but the aggregates 

are smaller than micelles and will grow until they and micelles share approximately the same 

size. These predicted behaviors are inconsistent with the DLS data presented in Figure 2.4.  
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Only recently has the micelle/aggregate size distribution as a function of solute 

concentration been examined explicitly. Using Raman multivariate curve resolution (Raman-

MCR) spectroscopy and multi-aggregation chemical potential surface modeling, Ben-Amotz and 

de Oliveira identified low-order aggregates forming at concentrations below the CMC for 

surfactants including SDS, sodium octanoate and 1,2-hexane diol. Based on the Raman-MCR 

data and modeling, the authors calculated aggregation numbers on the order of 40-60 and 

determined the fraction of unbound and aggregated monomers as a function of solute 

concentration. The authors noted that they did not account for temperature dependence in their 

analyses, but anticipated that temperature will likely be a significant factor in the size and 

structure of surfactant micelles.164 One important outcome from the Ben-Amotz and de Oliveira 

findings is that surfactant aggregates are always smaller than the micelles themselves. Again, 

these findings are inconsistent with the DLS data reported in Figures 2.4 and 2.5 where the 

object size is much, much larger than any reported micelle structure formed by linear, alkyl 

surfactants.    

2.4 Conclusions 

With increasing attention focused on PFAS transport and fate in the environment, 

regulatory policy and remediation strategies must be based on accurate data describing PFAS 

behavior. The most important overall discovery presented in this manuscript is that three of the 

most common PFAS found in ground and surface water – PFOA, PFBS, and PFOS – appear to 

form aggregates in solution rather than traditional micellar structures that would be predicted 

from their surfactant structures. Surface tension and bulk solution conductivity measurements 

imply that these PFAS have CMCs ≤ 1mM, considerably lower than what has been reported in 
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previous accounts. Some of this discrepancy may be traced to a failure to control solution phase 

pH. Surface tension and bulk solution conductivity data, however, can only be used to infer 

CMC. DLS measurements measure micelle (or particulate) size in solution directly. DLS 

measurements performed with all three PFAS showed that these surfactants do, in fact, form 

structures in aqueous solution, but the structures are much larger than traditional micellar 

structures formed by surfactants such as SDS or sodium octanoate. PFAS structures observed 

using DLS are, for the most part, ≥50 nm in diameter, and structure size depends sensitively on 

bulk surfactant concentration.  (PFBS structures at ≤1 mM concentrations are smaller, 6 – 30 nm 

in dimeter.) Supporting these results are cryo-EM images of PFOA samples that show an array of 

shapes and sizes in solution. These structures also depend sensitively on solution phase 

temperature, with structures becoming smaller as sample temperatures are raised from ambient to 

70˚C. These behaviors stand in stark contrast to those of surfactants that form traditional 

micelles, leading us to propose that PFOA, PFBS and PFOS form unstructured aggregates in 

solution, although the origin for this tendency remains uncertain. Further studies exploring these 

behaviors as a function solution phase ionic strength as well as aggregate zeta potential promise 

to further clarify PFAS behavior across a wide range of environmentally relevant conditions. 

Taken in their entirety, results reported in this manuscript present a new paradigm for assessing 

the bulk solution behavior of this increasingly important class of regulated contaminants.  
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3.0 Abstract 

Independent methods show that sub-microMolar concentrations of perfluorooctanoic acid 

(PFOA), a member of the PFAS family of ‘forever chemicals’, change the properties of DPPC 

vesicle bilayers. Specifically, calorimetry measurements show that PFOA at concentrations as 

low as 0.1 nM lowers DPPC’s gel-liquid crystalline transition enthalpy by several J/g without 

changing the transition temperature (Tgel-LC), and dynamic light scattering (DLS) data illustrate 

that PFOA markedly broadens the size distribution of DPPC vesicles. Furthermore, DLS results 

from PFOA-containing, DPPC vesicle solutions also contain smaller objects having diameters of 

30-50 nm. Close inspection of cryo-EM images reveals that DPPC vesicles formed in the 

presence of PFOA are multi-lamellar and the smaller objects have a clear bilayer structure 

making them resemble niosomes. A consequence of these PFOA-induced changes to DPPC 

bilayer structure is that the bilayers themselves are more susceptible to secondary solute 

accumulation. Time resolved emission measurements of Coumarin 152 (C152) report that C152 

is 3-fold more likely to partition into the bilayer’s acyl chain, hydrophobic interior when PFOA 

is present, and fluorescence lifetimes from C152 partitioned into the polar region of the lipid 

bilayer show evidence of PFOA-induced membrane hydration below Tgel-LC. 

3.1 Introduction 

Per- and polyfluorinated alkyl substances, or PFAS, are a class of molecules that 

threatens community and ecosystem health. PFAS are often called ‘forever chemicals’ because 

of their environmental persistence, and PFAS have been linked to reduced vaccine response, 

high cholesterol, compromised immune system function, and certain types of cancer.20, 49, 165-167 
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Despite the hazards they pose, PFAS have only recently been federally regulated as 

environmental contaminants under the U. S. Clean Water Act, although previously at the state 

level, more than 20 jurisdictions had imposed maximum allowable PFAS limits in drinking 

water. These local regulatory limits ranged from 5 ppt (CA) to over 650 ppt (NV).49, 50 New 

federal limits released in 2024 by the U. S. Environmental Protection Agency (EPA) mandate a 

maximum allowable drinking water concentration of 4 ppt for several PFAS species.49, 50, 168, 169 

Such low concentrations can be challenging to quantify reliably, and the effects of these low 

concentrations on biological materials are not well characterized. Findings presented below show 

how one of the most common PFAS species – perfluorooctanoic acid (PFOA) – affects model 

lipid membrane properties at concentrations approaching regulatory limits. Additional 

experiments illustrate how sub-micromolar PFOA concentrations render model membranes more 

susceptible to bioconcentration of secondary solutes, with implications for how pollutant 

bioconcentration factors change in the presence of PFAS contaminants.   

PFOA is a legacy member of the PFAS family, having long been used as an aqueous film 

foaming fire (AFFF) suppression agent as well a means of waterproofing  products including 

cookware, textiles, and food packaging material.49 While no longer produced for commercial 

use, PFOA is expected to remain an environmental and human health hazard for decades.170, 171 

PFOA is a per-fluorinated, linear, eight carbon carboxylic acid.  Considerable uncertainty 

surrounds PFOA’s membrane affinity. Publicly available data compiled by ADC/Labs and made 

available from the Royal Society of Chemistry ChemSpider site172 report that PFOA in its 

protonated form has a predicted logP value on the order of 7.7, and a predicted logD value of 1.8 

at a biologically relevant pH (7.4), when it is deprotonated.61 (The logD scale considers solution 
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phase pH as a part of the partitioning scale.) We note that reports predicting octanol partitioning 

behavior (log P) should be viewed with caution. Many algorithms do not differentiate behavior 

between PFOA’s neutral and deprotonated forms. Nevertheless, both the logP and logD scales 

predict that PFOA should be lipophilic regardless of charged state, although one expects PFOA’s 

neutral protonated form should show much stronger lipophilicity than the deprotonated PFOA 

anion.173 Despite early controversy concerning an anomalously large apparent pKa (of 3.8),174-176 

calculations and experiments now agree that PFOA’s pKa is in the vicinity of -0.1 - +0.7116, 176-178 

although this value is expected to rise if monomers aggregate.179-181 A consequence of this 

behavior is that PFOA should be exclusively in its anionic form under physiological conditions. 

To our knowledge, PFOA’s membrane partitioning coeffiecient, Kmem-w has not yet been 

directly measured, although the logP scale has been reported as an adequate surrogate for Kmem 

for solutes having log P values ≤ 5.182 Several studies using independent methods have examined 

deprotonated PFOA’s membrane affinity for synthetic lipid bilayers, and results all show 

deprotonated PFOA to be lipophilic. Ebert, et al. used dialysis measurements to quantify PFAS 

partitioning behavior into POPC liposomes and noted that experimental results generally agreed 

well with predicted log Kmem/w. Specific to PFOA, the authors reported experimental and 

predicted partition values of 3.52 ± 0.08 and 3.93, respectively.183 PFOA affinity for lipid 

bilayers has also been noted by Droge who measured PFOA sorption to supported lipid bilayers 

using liquid chromatography.184 Fluorescence anisotropy and calorimetry measurements have 

noted that deprotonated PFOA partitioning into phosphatidylcholine bilayers is independent of 

lipid chain length.185, 186  
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With its elevated partitioning tendencies, even at a biological pH, PFOA is a strong 

candidate to bioconcentrate in lipid membranes, although PFOA’s effects on membrane 

properties remain largely uncharacterized. By analogy, alkyl surfactants have long been used to 

solubilize lipid membranes, and surfactants have also been shown to induce structural transitions 

in membranes and micelles.187 Mechanisms describing surfactant-lipid bilayer interactions begin 

by assuming that the surfactant partitions into the bilayer up to a membrane solubility limit. 

Surfactant accumulation leads to bilayer expansion, shape changes, and an increase in membrane 

permeability.187-189 Typically, these effects become pronounced for surfactant concentrations 

≥ 0.5 mM.188, 190 Even in studies focused on low surfactant:lipid ratios, surfactant concentrations 

are rarely less than 100 M. For PFOA and other PFAS species, these concentrations are close to 

five orders of magnitude higher than the sub-nM PFOA regulatory limits. (For reference, a the 

4 ppt regulatory limit for PFOA corresponds to an aqueous concentration of ~10 pM.) 

PFAS are distributed widely throughout the environment given their high solubility in 

ground and surface water13, 191, 192 as well as their ability to be transported through air.193-195 This 

pervasive presence, coupled with PFAS tendency to bioconcentrate in wildlife has been well 

documented.196 Long chain PFAS (C ≥ 6) accumulation has been measured in species including 

striped dolphins,197 carp,17, 198 and other members in aquatic food webs.18, 19, 21, 175, 199, 200 

Individual PFAS concentrations (including PFOA) vary widely ranging from ≤10 ppt (by mass) 

to ≥ 7 ppm, with higher concentrations found in organs known to be susceptible to 

bioaccumulation.201 While numbers vary from study to study, a growing body of literature cites 

PFAS bioconcentration factors in excess of 100 and as high as 23,000.7, 167, 170, 202, 203  
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From a human health perspective, PFAS exposure has been correlated with liver 

disease,204 reduced birth weights,48 compromised immune response,47 impaired platelet 

aggregation,205 and a host of other conditions. Given PFOA’s ability to bioconcentrate, lipid 

membranes become effective storage media, even when ambient environmental PFOA 

concentrations are low.206 The effects of PFOA on membrane properties, however, remain largely 

unexplored especially at low PFOA concentrations. Recently reported surface pressure 

measurements and Brewster Angle Microscopy experiments demonstrated that PFOA and related 

PFAS fluidize lipid monolayers formed from both synthetic and bacterial lipid mixtures.207 These 

studies, however, considered PFAS concentrations on the order of 10-100 M, considerably 

higher than concentrations relevant to current regulatory limits.  

Studies described in this work are motivated by the hypothesis that PFOA concentrations 

approaching regulatory limits will affect lipid membrane structure and function. While such an 

assumption is implicit in many of the reports cited above, never before have the effects of such 

low PFAS concentrations on biological macrostructures been evaluated quantitatively. Data 

presented below show that sub-µM PFOA concentrations lower DPPC bilayer transition enthalpies 

and preferentially promote secondary solute accumulation in the bilayer’s hydrophobic interior.  

Furthermore, these low PFOA concentrations interfere with lipid vesicle formation and promote 

niosome creation at surfactant:lipid ratios that are orders of magnitude smaller than previously 

reported. This concerted investigation into PFOA affinity for lipid membranes and the resulting 

consequences demonstrate sub-M PFOA concentrations change lipid bilayer properties, and 

these changes disrupt chain-chain interactions within the membrane making the lipid bilayer 

intrinsically less cohesive. As scientists and public health officials continue to focus on the 
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physiological effects of PFOA and other PFAS on human and ecosystem health, findings reported 

in this work will provide the insight necessary to anticipate how PFOA and other members of the 

PFAS family affect membrane stability and bioconcentration in the low PFAS concentration limit. 

3.2 Experimental Materials and Methods. 

3.2.1 Materials.  

Perfluorooctanoic acid (95% purity) was purchased from Sigma Aldrich (St. Louis, MO) 

and used as received. For carbonate buffer solutions, sodium bicarbonate was purchased from 

Sigma-Aldrich (St. Louis, MO), dissolved in Millipore water, and set to a pH of 7.2 using 1 M 

NaOH. PFOA was dissolved in either 10- or 50-mM carbonate buffer (pH 8) to make PFOA 

solutions. Solutions having low PFOA concentrations were prepared by serial dilutions from 0.1 

mM stock solutions.  To aid in converting between concentrations expressed in Molar units and in 

parts per billion and parts per trillion (ppb and ppt, by mass), Table 3.1 presents conversions 

relevant for the concentrations used in these studies.  

Table 3.1. PFOA concentrations in units of molarity and ppb/ppt (by mass) 

PFOA 

Concentration 

nM ppb/ppt 

1000 400 ppb 

100 40 ppb 

10 4 ppb 

1 400 ppt 

0.1 40 ppta 

0.01 4 pptb 

aThe following states had previously set jurisdictional regulatory limits ≤40 ppt PFOA in drinking 

water: California, Michigan, New York, New Hampshire, New Jersey, Massachusetts, Vermont, 

Minnesota 

bEPA PFOA regulatory limit for drinking water. 
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1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, powder, >99%) was purchased 

from Avanti Polar Lipids (Birmingham, Alabama). All chemicals were used without further 

purification. Millipore water (resistivity of 18.2 MΩ·cm) was used for all aqueous sample 

preparations.  Coumarin 152 (C152) was purchased from Exciton (Edmonton, Canada) and used 

as received. The bulk buffered C152 solution had a concentration of 6 M.    

3.2.2 Processing   

3.2.2.1 Vesicle Preparation. Lipid vesicles were prepared by dissolving 16:0 PC (DPPC) 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine in chloroform. Chloroform was then evaporated off 

using a rotary evaporator at 45°C. A thin film results and was then rehydrated using 10mM 

carbonate buffer (pH = 7.2) for a pure DPPC vesicle solution. The solution was sonicated for 30 

minutes at 45°C. The solution temperature was held constant as the solution was filtered ten times 

through an Avanti Mini Extruder from Avanti Polar Lipids with a membrane pore size of 200 nm. 

For most studies (DLS, Cryo-EM and TCSPC) DPPC vesicles were generated from solutions 

having 1.5 mM DPPC concentration; for calorimetry studies the lipid concentration was increased 

to 20 mM to ensure high S/N.    

3.2.3 Methods.  

3.2.3.1 Differential Scanning Calorimetry. DSC measurements were performed using a TA 

Instruments Discovery Q2000 DSC (Hüllhorst, Germany) that can measure transition temperatures 

with +/- 0.1 °C accuracy. Vesicle solutions were made of 20mM DPPC vesicles rehydrated with 

10 mM carbonate buffer (pH 7.2). For DPPC vesicle solutions with PFOA, the 20mM DPPC 

samples were rehydrated with PFOA solutions prepared in 50mM carbonate buffer (pH 7.2). Tzero 

pans and hermetic lids were purchased from DSC Consumables Inc. (Austin, MN) and were used 
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to hold the sample as it was heated from 10 °C at a ramp rate of 1 °C/min to 55 °C to quantify the 

gel to liquid-crystalline transition temperature. Samples for DSC experiments were not extruded 

unlike the DLS and TSCPC experiments that were filtered to create a more uniform distribution 

of vesicle sizes (< 200 nm). DSC data are reported as the averages of five runs completed on 

separate days.  3.2.3.2 Dynamic Light Scattering. DLS measurements measuring DPPC vesicle 

size distributions were performed using a Malvern Zetasizer Pro Red from Malvern Instruments 

Ltd. (Worcestershire, England) which utilizes a non-invasive back scattering method at a 

measurement angle of 173° to measure particle sizes ranging from 0.3 nm to 10 µm. Samples are 

loaded into disposable polystyrene cuvettes (Malvern Instruments Ltd.) and were run in triplicate 

after calibrating at the desired temperature for 60 seconds. The average of each run is reported.  

Samples were analyzed using L-curve analysis with automatic attenuation. DLS experiments used 

633 nm light for all scattering instruments. 

3.2.3.3 Cryo-Electron Microscopy. Samples were plunge frozen on Quantifoil 200 mesh 

R2/1 Cu grids using a Vitrobot Mark IV plunge freezer set at 4° C and 95% humidity with 

cellulose blotting paper on both sides. Sample sizes were 4 μL, blot times were 4 seconds at blot 

force 5. Frozen grids were then imaged on a Talos Arctica transmission electron microscope 

operating at 200 kV. Images were recorded with a Gatan K3 camera using SerialEM at 

magnification of 44,700x and defocus value of -3.0 μm. Exposure times were 5 sec at 

approximately 15 electrons per pixel per second. Magnified pixel size was 1.104 e-/Å2 and total 

dose was 45 e-/Å2.  
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3.2.3.4 Time-Correlated Single Photon Counting. TCSPC is used to determine a solute’s 

excited state lifetimes in the sample. The TCSPC assembly used in these experiments has been 

described previously.208-210 Briefly, the assembly consists of a Ti:sapphire oscillator (Coherent 

Chameleon, 80 MHz, 85 fs pulse length) with a fundamental output range of 690-1040 

nm. Doubling and tripling harmonic assemblies enable output ranges of 345-520 nm and 230-346 

nm respectively. A modulator (Conoptics Model 350-10) is used to reduce the repetition rate of 

the laser to 4 MHz before entering the sample chamber. Samples are excited using vertically 

polarized light, and fluorescence emission is collected at the magic angle (57°). To reduce 

background scattering from the sample, a long pass filter is used between the sample and the 

monochromator. Picoquant PicoHarp 300 and FluoTime 200 packages are used for data 

acquisition and analysis. The time-resolved emission data are fit to a linear combination of 

lifetime decays alongside the relative amplitudes. By correlating solute lifetimes measured in 

vesicle containing solutions with solute lifetimes in different bulk solvents, we can approximate 

a solute’s local solvation environment and quantify where within a lipid bilayer the solutes have 

accumulated. TCSPC has been used in our group previously to quantify how solute partitioning 

depends on temperature and, more importantly, determine where in a membrane the solutes 

accumulate.55, 56, 67, 211  

For Coumarin 152 fluorescence lifetimes measurements, the samples were excited at 400 

nm and emission was collected at 500 nm. A 455 nm long pass filter was used before the PMT to 

limit noise from scattering. Temperature dependent studies were performed using a Quantum 

Northwest TC125 temperature control sample chamber. Samples were held at temperature for 7 

minutes before performing each scan to allow for equilibration. 
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3.3 Results 

3.3.1 Differential Scanning Calorimetry.  

Surfactants have long been used to solubilize lipid membranes and isolate membrane 

proteins.212, 213 Membrane solubilization requires that the lipid bilayer become saturated by the 

surfactant before the membrane/surfactant system begins to form micelles having mixed 

composition. Typically, this transformation occurs when surfactant:lipid molar ratios approach 

unity.213-215 At lower surfactant concentrations (surfactant:lipid ratios ≤ 0.1), surfactants will 

partition into the membrane and increase membrane permeability.  All these phenomena reduce 

lipid-lipid interactions resulting in a more fluid bilayer structure.190, 216 Figure 3.1 shows DSC 

results from DPPC vesicle solutions having different PFOA concentrations. In the absence of 

PFOA, the DSC trace is characterized by a sharp endothermic feature at 40.5˚C corresponding to 

the DPPC bilayer’s gel to liquid crystalline transition. As PFOA is added to solution, the 

transition temperature does not change, but the amount of heat required for this melting 

transition diminishes. 
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Figure 3.1. (A) Differential scanning calorimetry isotherms of pure DPPC and DPPC with 

increasing [PFOA] ranging from 0.1 nM to 10 M. Isotherms have been offset vertically for 

clarity. (B) Average enthalpies of the gel-liquid crystalline transition as a function of [PFOA]. 

The inset shows an expanded view of H for [PFOA] ≤ 100 nM.  At a concentration of 10 M, 

the peak shows noticeable broadening. Note that the calculated enthalpy for pure DPPC vesicles 

is assigned an arbitrarily low PFOA concentration of 10-5 nM to place it on scale. 

Integrating the peak area results in a calculated gel-liquid crystalline transition enthalpy, 

Hgel-LC. (Figure 3.1b) The 44 ± 1 J/g transition enthalpy measured for pure DPPC vesicles is 

consistent with values reported in the literature.70, 73, 74 As expected, higher PFOA concentrations 

(≥ 1 m) lower the transition enthalpy. (Figure 3.1 and Table 3.2) Surprisingly, nM and even 

sub-nM PFOA concentrations also lower DPPC bilayer transition enthalpies. Neither the 

transition temperature nor the width of the endotherm changes significantly for PFOA 

concentrations ≤ 1 M.  The diminished enthalpy coupled with a sharp and invariant Tgel-LC 
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implies that PFOA penetrates the bilayer and reduces the extent but not the nature of lipid-lipid 

interactions. 

Table 3.2. Average enthalpies of DPPC in the PFOA containing solutions. Tgel-LC  = 40.4-40.5 ˚C 

for all PFOA concentrations.  T (FWHM) = 0.2˚C. Hgel-LC values are the averages of ≥ 9 

measurements and uncertainties are reported to one standard deviation. 

[PFOA] nM Hgel-LC (J/g) 

0 44 ± 1 

0.1 39 ± 3 

1 39 ± 1 

10 37 ± 1 

100 35 ± 1 

1000 33 ± 1 

10000 29 ± 1 

 

We note that the constant lipid gel-liquid-crystalline transition temperature coupled with 

decreasing transition enthalpy is relatively common in solutions containing low concentrations 

(≤ 1M) of simple surfactants such as SDS or octanoic acid.217 Lung surfactant proteins have 

been known to modestly increase DPPC’s Tgel-LC by up to 2˚C, an effect assigned to enhanced 

interactions between the negatively charged DPPC phosphate and positively charged residues 

within the proteins.218 In contrast, Maiti et al. studied the effects of cationic gemini lipids on 

DPPC bilayer stability and discovered that these surfactants lowered Tgel-LC implying that these 

linked, charged, lipids (present at a 5-10 mole% concentration) disrupted DPPC monomer-

monomer interactions destabilizing bilayer structure.219 Even PFOA has been reported to lower 

DPPC’s Tgel-LC by 1˚C but not until PFOA concentrations reaches ~200 M.186 From these and 

other reports, we conclude that while the low PFOA concentrations are sufficient to lessen the 
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heat required to melt the lipid bilayer, the intermolecular forces between DPPC monomers 

remain unchanged within detection limits. 

3.3.2 Dynamic Light Scattering   

As described in the Methods section, DPPC vesicle solutions were prepared by extrusion 

above Tgel-LC.  DLS measurements from samples created in the absence of PFOA show a narrow 

distribution of vesicles with a diameter centered at 115 nm and a 6 nm FWHM. (Figure 3.2) 

Creating DPPC vesicles in solutions containing PFOA changes the distribution in several ways.  

First, while the distribution center does not change systematically with PFOA concentration, the 

distribution does become much broader. (Table 3.3) Second, addition of PFOA creates to a 

second population of smaller bodies in solution having diameters between 35 and 40 nm. (Figure 

3.2, Table 3.3) 
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Figure 3.2. (top) Dynamic light scattering from DPPC vesicle solutions containing 0 nM, 1 nM, 

100 nM, and 1 M PFOA.  (middle) DPPC vesicle size as a function of temperature in the 

absence of PFOA. (bottom) DPPC/PFOA solutions at 25˚C, heated to 50˚C, and then returned to 

25˚C.  

Heating the pure DPPC vesicle solutions above Tgel-LC increases vesicle size by ~15%. 

The process is not reversible as cooling the sample results in a broader distribution having a 

larger average diameter than the original sample. (Figure 3.2b, Table 3.3). This result is 

consistent with literature reports and has been attributed to thermally induced deformation of the 
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bilayer and a changing bilayer compression modulus.220 Interestingly, heating the DPPC 

vesicle/PFOA solutions show the same increase in vesicle size, but the smaller 35 nm objects 

disappear from the DLS traces, only to reappear when the solution is returned to temperatures 

below Tgel-LC.   

Table 3.3. DPPC vesicle diameters (d) from the top panel of Figure 2 and size distributions () at 

room temperature.  Uncertainties in diameter (d) are ±4 nm and in FWHM () are ±8 nm except 

for the pure DPPC vesicle solutions where uncertainties in d2 and 2 are ±2 and ±4 nm, 

respectively.  Uncertainties reflect one standard deviation calculated from 9 measurements. 

[PFOA] (nM) d1 (nm) 1 (nm) d2 (nm)  (nm) 

0 — — 115 6 

1.0 40 7 116 28 

100 35 5 112 32 

1000 38 8 108 31 

 

We note that the smaller objects are >10-fold larger than traditional micelle structures.  

For reference, sodium dodecyl sulfate and sodium octanoate solutions above their CMCs form 

micelles having diameters of 2.7 nm and 2.1 nm, respectively.  Furthermore, the CMC for these 

surfactants (8.3mM for SDS and 347 mM for sodium octanoate) are much higher than the PFOA 

concentrations used in the current studies. The following section presents cryo-EM images that 

show the smaller objects observed in the DLS traces have distinct, bilayer structures with an 

aqueous buffer interior, suggesting that they are neither micelles nor disordered aggregates.  

Instead, the smaller structures share many features in common with niosomes, small bilayer 

objects composed of nonionic surfactants and other amphiphilic constituents including 

cholesterol.221 Niosomes have attracted considerable interest as drug delivery vehicles (Table 

3.4).222, 223  



80 

 

Table 3.4. Temperature dependent changes of DPPC vesicles in the absence of PFOA and in 

100 nM PFOA solutions, d2 and 2 refer to vesicle sizes.  d1 and 1 refer to the niosome-like 

structures induced by PFOA. 

  Temperature (°C) d1 (nm) Δ1 (nm) d2 (nm) Δ2 (nm) 

Pure DPPC  

25 - - 115 6 

50 - - 133 12 

25, post heat - - 129 11 

DPPC + 100 nM 

PFOA  

25 35 5 112 32 

50 - - 124 25 

25, post heat 52 9 127 38 

 

3.3.3 Cryo-EM   

Figure 3.3 shows representative cryo-EM images of DPPC vesicles created from PFOA-

free solutions and solutions containing 100 nM PFOA. Additional images are included in 

Supporting Information. Figure 3.3a (pure DPPC, no PFOA) shows a representative single 

unilamellar vesicle having a 121 nm diameter. Across 8 separate images, the average vesicle 

diameter measured 117 ± 20  nm, consistent with the DLS measurements reported in Figure 3.3 

and Table 3.4. Careful measurements of bilayer dimensions results in an average thickness of 7.3 

± 0.4 nm. Experimental and MD simulations report DPPC vesicles with bilayer thickness 

ranging from 6.7 – 7.7 nm.224, 225  
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Figure 3.3. Representative cryo-EM images of DPPC vesicles prepared in a 10 mM carbonate 

buffer solution. A) DPPC vesicle prepared in the absence of PFOA.  B and C both show images 

of DPPC vesicles prepared in the presence of 100 nM PFOA. Representative niosomes are 

indicated with the short red arrows.  Medium white arrows show multilamellar structures in 

vesicles formed in PFOA solutions.  The long black arrows show faceted vesicles. 
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PFOA-induced structural changes in the lipid bilayer are self-evident in Figures 3.3b and 

3.3c. First, the vesicles in the PFOA solution are less round and appear faceted. This 

phenomenon is ascribed to curvature strain caused by PFOA being integrated into the bilayer 

during vesicle preparation.190 Bilayer strain will cause the membranes to become thinner and 

more flexible due to the bilayer being unable to accommodate for the difference in sizes of the 

DPPC and PFOA polar head groups and non-polar tails. Membrane thickness was again 

measured. Results showed that vesicles created in 100 nM PFOA solutions had an average size 

slightly larger than pure DPPC vesicles (124 nm vs. 117 nm) and with a broader size distribution 

(±36 nm vs. ±20 nm). Again, these observations are qualitatively consistent with results from 

DLS measurements reported in Figure 3.2 and Table 3.3. In addition, vesicles containing PFOA 

had more narrow bilayers (6.2 ± 0.5 nm).   

Vesicles created in the presence of PFOA frequently contained dense, nested multi-

lamellar structures. We note that in instances where multilamellar structures, the images do not 

allow us to assess a priori if the different objects are nested or simply show a 2-dimensional 

projection of objects separated in three dimensions. We expect that conformal, multilamellar 

structures are nested but proof of this assertion will require 3-dimensional, tomographic imaging 

of structures such as those shown in Figure 3.3. The mechanism responsible for creating these 

complex structures remains unknown but the interior lamellae having smaller radii are consistent 

with the notion of bilayer strain described above.   

Another effect of PFOA on vesicle formation is the appearance of objects having smaller 

diameters but retaining a bilayer structure. The appearance of smaller structures is consistent 

with niosome formation. Niosomes are vesicle-like structures typically generated from nonionic 
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surfactants and cholesterol for drug delivery purposes.221 A surprising observation in the results 

presented here is that while most niosomes are made with ratios of 1:1 surfactant: cholesterol, the 

DPPC/PFOA solutions used to create the cryo-EM images shown in Figure 3.3 have a 

DPPC:PFOA ratio of 15,000:1. These findings emphasize PFOA’s distinctive properties that fall 

outside of what one expects for traditional (non-fluorinated) surfactants.181 Again, when the 

niosome-like structures are superimposed on larger vesicles, we cannot determine if the 

niosomes are inside of or external to the larger vesicles, but we expect that the niosomes are 

outside of the uni- and mutilamellar structures. Overall, sub-nM PFOA concentrations have 

several effects on DPPC liposomes: i) PFOA induces a more heterogeneous distribution of 

liposomes including many having multilamellar structures, ii) vesicles formed when PFOA is 

present appear less faceted, and iii) PFOA enables the creation of bilayer structures resembling 

niosomes that have diameters ~3-4 times smaller than the uni- or multilamellar DPPC vesicles. 

3.3.4 PFOA Effects on Secondary Solute Partitioning  

Results from DSC, DLS, and cryo-EM measurements shown in Figures 3.1-3.3 illustrate 

that sub-M PFOA concentrations affect DPPC bilayer structure and properties. From these data 

we have inferred that PFOA disrupts domain formation within the lipid bilayer’s gel phase and 

creates smaller structures adjacent to the vesicles. We expect these changes to impact lipid 

membrane function including the ability of membranes to accommodate secondary solutes from 

bulk solution. Such secondary solute partitioning is foundational to bioconcentration 

mechanisms.226-229  

To understand the effects of PFOA on secondary solute partitioning into DPPC bilayers, 

we measured the time resolved fluorescence emission from a coumarin dye, Coumarin 152 
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(C152), in solutions containing DPPC vesicles as well as solutions containing both DPPC 

vesicles and 100 nM PFOA. C152 is a useful probe of membrane partitioning given that its time 

resolved emission is largely single exponential and lifetimes depend on solvent polarity and 

proticity.  Previous studies have shown that C152 (LogP =2.7) is particularly sensitive to changes 

in solvation environment in lipid vesicle solutions and that C152 emission can serve as a 

sensitive measure of lipid membrane hydration.56  

Figure 3.4 shows the time resolved emission from C152 in a DPPC vesicle solution 

containing 100 nM PFOA as a function of temperature. The decay traces are multi-exponential, 

and a minimum of three lifetimes are required to fit the time resolved data. The lifetimes include 

a sub-ns contribution that coincides with C152 in bulk aqueous buffer. The other two lifetimes 

are 1.5 ns and 4.5 ns at 10˚C.  Both lifetimes are sensitive to temperature, falling to 0.7 ns and 

3.9 ns, respectively at 70˚C. Previous studies have assigned these short, intermediate, and long 

C152 lifetimes to C152 solvated in aqueous buffer, C152 that has partitioned into the lipid 

bilayer’s polar, glycerol backbone region, and C152 solvated in the lipid bilayer’s hydrophobic 

core, respectively.56, 230, 231 
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Figure 3.4. TCSPC traces of DPPC vesicle solutions containing 6 M C152 and 100 nM PFOA 

as a function of temperature. The multiexponential decay visibly changes with temperature.  Data 

are fit to three independent lifetimes as described.  

Figures 3.5 and 3.6 show how the lifetimes and the corresponding amplitudes change 

with temperature.  Also included on these figures (as dashed lines) are C152 lifetimes and 

amplitudes in DPPC vesicle solutions with no PFOA present. Several observations stand out. 

First, C152’s intermediate lifetime (2) at low temperatures (10˚C) in the DPPC-PFOA solutions 

lies between a polar aprotic limit (2.4 ns in acetonitrile) and a polar protic limit (1.1 ns in 

methanol).  We interpret this result as evidence that PFOA disrupts lipid packing, enabling water 

to penetrate the bilayer and promote protic solvation within the bilayer below Tgel-LC.  Above Tgel-

LC, 2 converges the polar protic limit indicating complete bilayer hydration in the polar 

backbone region.56, 230, 231 
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Figure 3.5. A plot of the 3 lifetimes of C152 as a function of temperature from 10-70-10 ˚C. The 

dotted lines show the lifetime behavior of C152 in a solution of DPPC vesicles without PFOA. 

The solid lines show lifetimes of C152 in a solution of DPPC vesicles and 100 nM PFOA. The 

2nd lifetime of C152 shows the largest change in lifetime when PFOA is present, an effect 

attributed to PFOA-enabled hydration of the bilayer below Tgel-LC. 
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Figure 3.6. A plot of the relative amplitudes of each C152 fluorescence lifetime as a function of 

temperature.  The dotted lines show amplitudes for C152 in pure DPPC vesicle solutions and the 

symbols show lifetime amplitudes for C152 in DPPC vesicle/100 nM PFOA solutions. 

The second observation is that the amount of C152 in the hydrophobic part of the 

membrane (A3) is 67% higher in the PFOA containing solution (A3 = 0.70) relative to the PFOA-

free solution (A3 = 0.42). This increased partitioning into the hydrophobic region of the bilayer 

comes at the expense of C152 in aqueous solution (A1 = 0.1 with PFOA; A1 = 0.3 without 

PFOA). This result is also consistent with PFOA disrupting lipid-lipid interactions within the 

bilayer and making the nonpolar region more accessible to the hydrophobic C152. We note that 

PFOA enhances C152 accumulation in the membrane’s hydrophobic region regardless of bilayer 

state.  The amplitude of the hydrophobic population remains approximately 2-fold greater when 

PFOA is present in both the DPPC gel and liquid crystalline states. 
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Table 3.5. Lifetimes and amplitudes data from fitting TCSPC decay traces of C152 in DPPC 

vesicle solutions at 10, 50 and 70°C.  Shown are results from both PFOA-free and 100 nM PFOA 

solutions. Lifetimes are reported in nanoseconds and the amplitudes are normalized.  Lifetime 

precision is ± 0.1 ns; amplitude precision is ± 0.05.   

Temperature Sample τ1 (A1) τ2 (A2) τ3 (A3) 

10°C 

Pure DPPC 0.55 (0.30) 2.16 (0.27) 4.62 (0.43) 

DPPC PFOA 0.32 (0.10) 1.41 (0.22) 4.6 (0.68) 

50°C 

Pure DPPC 0.23 (0.21) 0.99 (0.57) 4.36 (0.22) 

DPPC PFOA 0.18 (0.11) 0.99 (0.44) 4.54 (0.45) 

70°C 

Pure DPPC 0.2 (0.32) 0.64 (0.43) 3.78 (0.25) 

DPPC PFOA 0.14 (0.24) 0.67 (0.34) 3.98 (0.42) 

 

The temperature dependent lifetime and amplitude data in Figures 2.5 and 2.6 show that 

C152 partitioning is reversible with temperature. Furthermore, the data show a similar functional 

dependence with changing temperature with and without PFOA present. This behavior again 

suggests that PFOA in the bilayer disrupts chain-chain interactions enabling C152 to access the 

bilayer’s hydrophobic interior more easily. Additional studies examined changes in C152 

partitioning behavior at lower PFOA concentrations to discover if similar behaviors were 

observed. Equivalent experiments indicate that 1 nM PFOA concentrations did enhance lipid 

membrane hydration below Tgel-LC relative to PFOA-free samples, although the fraction of C152 

that partitioned into the membrane did not change measurably. Taken together, the DSC, DLS, 

Cryo-EM, and TCSPC data support a mechanism whereby PFOA partitions into biomembranes 

and fluidizes the membrane hydrophobic interior, enabling access to secondary solutes and 

lowering collective cohesion within the bilayer.  While most studies examining PFOA-lipid 
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interactions have focused on PFOA concentrations of 100 µM and higher, results presented in 

this work show that even at the extremely low concentrations currently being considered by 

regulatory agencies, PFOA effects on lipid membrane structure are profound. 
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4.0 Abstract  

 Vibrational sum frequency generation (VSFG) and Langmuir trough surface pressure 

measurements were used to investigate how the soluble surfactant perfluorooctanoic acid (PFOA) 

affects dipalmitoyl-phosphatidylcholine (DPPC) monolayers adsorbed to the air-water interface. 

Studies were performed as a function of PFOA concentration for DPPC surface coverages of 

40 Å2/monomer and 55 Å2/monomer corresponding to tightly packed and moderately packed 

monolayers, respectively. VSFG data showed that PFOA does not affect the structure of tightly 

packed DPPC monolayers, but cooperative adsorption of PFOA to moderately packed DPPC 

monolayers forces lipid compression creating highly ordered acyl chains. PFOA adsorption to 

moderately packed DPPC monolayers also creates a charged interface evidenced by significant 

intensity growth in the -OH stretching region as interfacial water is oriented by the resulting 

electric double layer. Interestingly, this effect is also observed for the tightly packed DPPC 

monolayers implying that the surfactant adsorbs to the solvated lipid headgroups without affecting 

lipid chain conformation. PFOA-DPPC interactions at all DPPC surface coverages are apparent in 

Langmuir isotherms where PFOA concentrations as low as 10 M induce DPPC monolayer liftoff 

at 130 Å2/monomer rather than ~90 Å2/monomer observed in the absence of PFOA and a 

monolayer collapse pressure that is ~6 mN/m lower than that for a pure DPPC monolayer.   

4.1 Introduction  

 Perfluorooctanoic acid (PFOA) is a synthetic material mass produced for decades for 

consumer products. PFOA falls into the PFAS (per and poly-fluorinated alkyl substances) family 

and these ‘forever chemicals’ have been tied to a host of health threats including different 
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cancers, reduced vaccine response, liver damage, hormone disruption, and developmental 

issues.25, 26, 35, 37, 166, 232 Although most PFAS are nonvolatile and airborne exposure is not 

considered a threat to the general public, those who live near or work in facilities that incinerate 

PFAS and PFAS-containing products can be exposed to high concentrations of these toxins 

through inhalation. PFAS have been recorded in outdoor air near manufacturing plants at 

concentrations ranging from 1 pg/m3 233 to 2000 pg/m3.234 The EPA has established air quality 

standards under the Clean Air Act for six common pollutants, including particulate matter, with 

levels ranging from 9 to 150 µg/m³.235 While these standards are significantly higher than typical 

levels observed for PFAS, the EPA still advises individuals to minimize exposure to air 

contaminants. PFAS can travel through the air as vapors or as fine particles stuck to other 

particulate matter. 

 The release of PFAS into the air near industrial plants is thought to occur both 

during thermal treatments (such as incineration or chemical manufacturing)236, 237 and through 

the use of PFAS-containing fire foams.87 In thermal treatments, high temperatures can cause 

PFAS compounds to volatilize, releasing them into the atmosphere. Additionally, PFAS-

containing fire foams, which are commonly used in firefighting and training exercises, can also 

contribute to airborne PFAS contamination when they are applied or disposed of improperly. 

PFAS have also been used as mist suppressants added to metal plating and finishing baths to 

prevent air emissions of toxic metal fumes. Half of the chromium electroplating facilities in the 

United States are thought to use PFAS mists and fume suppressants.238 Finally, PFAS can also be 

released into the air from landfills239 and from heating nonstick cookware.15  
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A previous study showed that wearing PFAS-treated masks during the COVID-19 

pandemic may have increased human dermal absorption, inhalation of gaseous PFAS, and 

ingestion of PFAS particulates.240 Other studies have examined the risks of PFAS inhalation in 

households, occupational exposure, and environmental exposure. Sorli, et. al. notes PFAS may 

increase the risk of acute lung toxicity and cause airway infections.127 Jabeen, et. al. have 

correlated PFAS exposure with lung carcinogenesis in patients with pre-existing lung 

conditions.241 Despite evidence supporting adverse health effects of PFAS in general and PFOA 

in particular on pulmonary health, mechanisms describing how PFAS affect pulmonary function 

are lacking. In particular, understanding how PFAS affect pulmonary surfactant properties 

remains an important knowledge gap.  

The alveolar lining of lungs consists of an air-water interface coated by a surfactant 

mixture comprised primarily of lipids, with smaller contributions from cholesterol and 

proteins.242 1,2-Dipalmitoyl-sn- glycero-3-phosphocholine (DPPC) is a major component of 

pulmonary lung surfactant and serves as the alveolar lining’s last line of defense against 

environmental toxins and irritants.243, 244 DPPC reduces the surface tension at the alveoli air-

water interface and helps maintain alveolar volume during respiration.245 These circumstances 

have led researchers to consider DPPC monolayers adsorbed to the air-water interface as 

surrogates to study lung surfactant surface behavior.64, 246, 247 When soluble surfactants adsorb to 

the air-water surface in the presence of a DPPC film, surfactants can cooperatively adsorb to the 

surface generating a significant surface charge and creating an electrostatic field across the 

interfacial double-layer.248, 249 These interactions affect monolayer properties including 

compressibility and phase behavior. 
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Work described below uses both surface specific vibrational spectroscopy and surface 

tension measurements in a Langmuir trough to examine the effects of PFOA on moderately 

packed 55 Å2/molecule and tightly packed 40 Å2/molecule DPPC monolayers adsorbed to the 

air-water interface. While PFOA did not affect lipid structure in tightly packed DPPC 

monolayers, changes in -CH stretching vibrational band intensities demonstrated that PFOA did 

force acyl chains in moderately packed DPPC monolayers to adopt highly ordered conformations 

with the chains aligned predominantly along the surface normal. Interestingly, vibrational 

intensity in the -OH stretching region suggests that PFOA adsorbs to both moderately packed 

and tightly packed monolayers to form an electric double layer. From these findings, we infer 

that PFOA adsorption to the lipid covered water-air interface is driven as much by headgroup-

headgroup interactions as by the need to solubilize PFOA’s hydrophobic tails. Further supporting 

these discoveries are findings from Langmuir Trough experiments where low PFOA 

concentrations induce measurable change DPPC’s 2-dimensional phase behavior and isothermal 

compressibility. 

4.2 Experimental Materials and Methods 

4.2.1 Materials and Sample Preparation 

Perfluorooctanoic acid (95% purity) was purchased from Sigma Aldrich (St. Louis, MO) 

and used as received. 1,2-Dipalmitoyl-sn- glycero-3-phosphocholine was purchased from Avanti 

Polar Lipids Inc. (powder, >99% purity, Alabaster, AL). Chloroform (99.8% purity) was 

purchased from Sigma Aldrich. All chemicals were used without further purification. Millipore 

water (resistivity of 18.2 MΩ·cm) was used for all aqueous sample preparations.  
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Figure 4.1. DPPC and PFOA structures 

PFOA solutions were prepared in Millipore water and sonicated for 20 minutes to ensure 

complete dissolution. DPPC stock solutions (~1 mg/mL) were prepared in chloroform and 

sonicated for 10 minutes. Aqueous PFOA samples for VSFG measurements were prepared in 

Petri dishes. The Petri dishes were soaked in an acid wash (50/50 volume nitric/sulfuric) and 

then rinsed with Millipore water several times before use. For all Langmuir trough and VSFG 

experiments, a Hamilton glass microsyringe was used to apply the appropriate volume of the 

DPPC/chloroform stock solution to the water surface to achieve the intended surface coverage of 

55 or 40 Å2/molecule. After the DPPC was deposited at the water–air interface, the sample was 

allowed to sit for 5 minutes to allow chloroform to evaporate. 

4.2.2 Vibrational Sum Frequency Generation (VSFG) 

VSFG is a second-order nonlinear optical technique that measures molecular vibrational 

structure at interfaces. A VSFG experiment requires temporal and spatial overlap between a 

visible (or near IR) field (vis) and an infrared field (IR) at the surface being studied. When IR 

is resonant with a symmetry allowed vibrational transition, IR and vis can couple producing a 



97 

 

third field (sum) equal in energy to IR + sum. Signal in a VSFG experiment arises from the 

second order polarization, P(2) created by the incident IR and visible fields:  

𝑃(2) = 𝜒(2) 𝐸(𝜔𝐼𝑅)𝐸(𝜔𝑉𝐼𝑆)  (4.1) 

The intensity of the sum frequency light is proportional to the magnitude squared of  P(2), or 

equivalently, the magnitude squared of the second-order susceptibility (χ(2)) multiplied by the 

intensities of both the visible and infrared pulses.  

𝐼𝑆𝐹𝐺 = |𝑃(2)|
2

∝ |𝜒(2)|
2

𝐼𝑣𝑖𝑠𝐼𝐼𝑅  (4.2) 

χ(2) is a third-rank tensor whose elements must change sign upon inversion: 

𝜒(2)(𝑥, 𝑦, 𝑧) = −𝜒(2)(𝑥, 𝑦, 𝑧)  (4.3) 

This condition renders all elements of the (2) tensor zero in isotropic media.  At 

interfaces, however, inversion symmetry is broken, meaning that elements of the (2) tensor can 

assume nonzero values and the two incident fields can generate a P(2) response. The (2) tensor is 

simply the orientationally averaged molecular hyperpolarizability () where i, j, and k refer to 

the laboratory frame of reference and , , and  refer to the molecular frame of reference250: 

𝜒𝑖,𝑗,𝑘
(2)

= 𝑁 ∑ < 𝛽𝛼𝛽𝛾 >𝜈  (4.4) 

The molecular hyperpolarizability, in turn, can be expressed as the product of a vibration’s IR 

and Raman transition matrix elements, A and M, respectively: 

𝛽𝛼𝛽𝛾 =
1

2ℏ

𝑀𝛼𝛽𝐴𝛾

(𝜔𝑉𝐼𝑆−𝜔𝐼𝑅−𝑖Γ)
 (4.5) 

Equation 5 shows that the vibration of a molecule at a surface cannot be VSFG active unless it is 

both IR and Raman allowed. Equations 3 and 5 are responsible for VSFG’s surface and 

molecular specificity.   
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Assuming that the surface normal defines the z axis and a rotationally invariant surface (x 

and y are indistinguishable), the nonzero elements of the (2) tensor are 𝜒𝑥𝑥𝑧
(2)

, 𝜒𝑥𝑧𝑥
(2)

, 𝜒𝑧𝑥𝑥
(2)

, and 

𝜒𝑧𝑧𝑧
(2)

. These elements can be accessed by selecting different polarization combinations for the IR, 

visible, and sum frequency fields. SsumSvisPIR polarization samples 𝜒𝑥𝑥𝑧
(2)

, SsumPvisSIR samples 

𝜒𝑥𝑧𝑥
(2)

, PsumSvisSIR samples  𝜒𝑧𝑥𝑥
(2)

, and PsumPvisPIR samples all combinations (𝜒𝑧𝑧𝑧
(2)

, 𝜒𝑥𝑥𝑧
(2)

, 𝜒𝑥𝑧𝑥
(2)

, and 

𝜒𝑧𝑥𝑥
(2)

).251, 252 Spectra shown in these studies were acquired using the SsumSvisPIR combination 

meaning that features are due to vibrational motions having their IR transition moments aligned 

along the surface normal.  

The laser system used for VSFG studies has been described elsewhere in detail.64, 65, 253 

The system consists of a regeneratively amplified Ti: sapphire laser (Coherent Libra HE, 3.4 W, 

85 fs pulse duration, 1 KHz repetition rate). Laser output produces a 800 nm light split 80/20 

with a beam splitter where 80% is directed into the Coherent OPerA Solo which produces a 

tunable broadband IR frequency centered in the CH and OH region. The 20% portion remaining 

is spectrally narrowed with a 4f pulse shaper providing spectral resolution of approximately 15 

cm-1used for the visible up-conversion. The 800 nm visible light and the IR light are both 

spatially and temporally aligned at the surface of the air-water interface at 48° and 38° 

respectively. The sum frequency is then focused into a monochromator (SpectraPro-300i, Action 

Research Corp.) and then dispersed into a 1340 x 100-pixel CCD (PIXIS100B, Princeton 

Instruments). All spectra presented were obtained in the SsumSvisPIR polarization (SFG, VIS, IR) 

which samples vibrations with transition moments aligned along the surface normal.  

4.2.3 Langmuir Area-Pressure Isotherms 
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Langmuir isotherms were obtained using methods previously described.65, 66, 83 Either a 

250 mL neat Millipore subphase or a set concentration of PFOA was poured into the Nima 

Langmuir Trough (model 302LL) equipped with a Nima PS4 pressure sensor and a platinum 

plate. The instrument’s PTFE trough and barriers were wiped with methanol and chloroform on 

KimWipes followed by multiple Millipore water rinses. Following this cleaning procedure, the 

surface tension of water consistently measured 72.0 ± 0.9 mN/m at 22˚C. DPPC was deposited 

onto the surface and equilibrated before the platinum plate was lowered to the surface of 

solution. The pressure sensor was then allowed five minutes to stabilize and zeroed before the 

barriers were closed at a rate of 15 cm2/min. Surface pressure (Π) was measured as a function 

of surface area. Pressure-area isotherms for DPPC are well characterized in literature.81, 85, 254 

The DPPC isotherm is characterized with a liftoff pressure ~90 Å2/molecule before the isotherm 

rises steeply and collapses at 32 Å2/molecule.  

4.3 Results 

4.3.1 VSFG CH Region Results 

Representative VSFG spectra from DPPC monolayers having surface coverages of 55 

and 40 Å2/molecule are shown as the top traces in Figures 4.2A and 4.2B, respectively. 

Following traditional notation, “r” denotes vibrations associated with the DPPC methyl groups 

and “d” describes vibrations associated with the DPPC’s methylene groups.255, 256 The “+” 

indicates a symmetric stretch (SS) and a “–” indicates an antisymmetric stretch (AS). As a 

perfluorinated alkyl surfactant, PFOA’s VSFG active features are observed at much lower 

frequencies than those examined here.257  
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The r+ to d+ intensity ratio often serves as a sensitive indicator of chain conformational 

order in surfactant films.65, 149, 258 Under SSP conditions, the disordered 55 Å2/molecule DPPC 

monolayer has readily apparent d+ signal and a correspondingly small r+/d+ ratio of ~1.0 

indicating significant conformational disorder (Figure 4.2A, top spectrum).  In contrast, the 

tightly packed DPPC monolayer has a large r+/d+ ratio of ~15 (Figure 4.2B, top spectrum), 

consistent with previous reports.64, 65, 83, 251 The weak d+ signal in Figure 4.2B is the result of 

DPPC’s acyl chains adopting an all-trans conformation creating local inversion symmetry about 

the center of each carbon-carbon bond. Further, if the chains are all trans and aligned with the 

surface normal (z-axis) the methylene groups will have their IR transition moments aligned in 

the surface plane and not be accessible with an SSP polarization combination which measures 

transitions along the surface normal. Peaks were fit using the multipeak fitting option in Igor 8 to 

determine the amplitude, position, FWHM, and area of each feature in the -CH and -OH regions. 

We note that these experiments do not probe PFOA behavior directly, given that PFOA’s 

perfluorinated alkyl -CF stretches have frequencies much lower than the frequency ranges 

covered in this work.257 
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Figure 4.2. (A) 55 Å2/molecule DPPC with increasing concentrations of PFOA in the CH region. 

A shift of ~ 5 cm-1 is seen. (B) 40 Å2/molecule DPPC with increasing concentrations of PFOA in 

the CH region. A shift of ~ 5 cm-1 is observed.  

Figure 4.3 shows a plot of r+/d+ vs. PFOA concentration calculated from peak areas 

observed in Figure 4.2 and reported in Table 4.1. Standard deviations are shown using error bars 

determined from a minimum of three independent trials. Figure 4.3 shows that in the absence of 

PFOA, the r+/d+ ratio is large for 40 Å2/molecule DPPC and smaller for 55 Å2/molecule DPPC. 

Ratio data for the tightly packed monolayer do not change as PFOA concentration increases. 

Intuitively, these results seem sensible given that the tightly packed DPPC monolayer does not 

contain any interstitial area between monomers that could accommodate adsorbing PFOA 

perfluoro-alkyl chains. In contrast, DPPC conformational order in the moderately packed DPPC 

monolayer is very sensitive PFOA concentration in the subphase. As PFOA is added to the 
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subphase of a 55 Å2/molecule DPPC monolayer, the r+/d+ ratio increases markedly from 

approximately 1.0 in the absence of PFOA to values well above 10 when the PFOA 

concentration climbs to ≥25 M (Figure 4.3, Table 4.1). Again, these results are intuitively 

appealing as the more loosely packed DPPC monolayer will have interstitial space between lipid 

monomers. Given its strongly hydrophobic character, PFOA is expected to adsorb to the water-

air interface occupying these spaces and forcing the lipid monomers closer together so that the 

lipid acyl chains adopt more ordered conformations aligned along the surface normal. Similar 

results have been observed for the soluble surfactant SDS interacting with DPPC acyl chains, but 

at considerably higher surfactant concentrations.249 (See Appendix C.) 

Table 4.1. The r+/d+ ratio for DPPC in the presence of PFOA in the -CH range, 3200 cm-1 

Integrated Intensity1/2, 3450 cm-1 Integrated Intensity1/2, and Sum of 3200 cm-1 and 3450 cm-1 in 

the -OH range. Trials were run in triplicate. 

[PFOA] mM r+/d+ 𝐼3200
1/2

 𝐼3450
1/2

 𝐼3200
1/2

+ 𝐼3450
1/2

 

40 Å2/molecule DPPC (0 PFOA) 16 ± 4 5.46 2.43 7.89 

10 M PFOA 18 ± 2 8.27 2.57 10.84 

25 M PFOA 17 ± 1 9.25 4.21 13.46 

50 M PFOA 16 ± 2 11.14 5.89 17.03 

75 M PFOA 15 ± 4 13.54 6.45 19.99 

100 M PFOA - 12.88 5.67 18.55 

55 Å2/molecule DPPC (0 PFOA) 1 ± 0.4 2.58 1.57 4.33 

10 M PFOA 4 ± 0.4 5.68 2.55 8.23 

25 M PFOA 15 ± 2 9.82 3.16 12.98 

50 M PFOA 15 ± 4 13.57 4.67 18.24 

75 M PFOA 27 ± 9 10.72 3.08 13.80 

100 M PFOA - 10.55 4.29 14.84 

PFOA Only, 0 µM PFOA - 6.30 3.51 9.81 

10 M PFOA - 3.97 3.22 10.16 

100 M PFOA - 8.78 3.97 12.75 
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Figure 4.3. The r+/d+ ratio for DPPC in the presence of PFOA. Error bars represent standard 

deviations from ≥ 3 independent measurements. 

4.3.2 VSFG OH Region Results 

VSFG data in Figure 4.2 show that PFOA in the aqueous subphase has no measurable 

effect on DPPC structure and organization in tightly packed monolayers. In contrast, when DPPC 

monolayers are more loosely packed – 55 Å2/molecule – PFOA readily adsorbs to the water/air 

interface forcing DPPC into a more tightly packed, more organized structure. Despite these 

different – and explainable – outcomes, interfacial water structure in both systems is similarly 

impacted by PFOA in the subphase, implying that PFOA adsorbs to both interfaces.  

Figure 4.4 shows SSP spectra across the -OH stretching region for three separate systems 

as a function of PFOA concentration. Due to instrument limitations, spectra do not extend past 

~3500 cm-1. Figure 4.4A presents spectra from the water-air interface as a function of PFOA 

concentration in the absence of any DPPC. Figure 4.4B presents spectra from the water air 

interface as a function of PFOA concentration with a moderately packed (55Å2/molecule) DPPC 

monolayer and 4.4C shows equivalent data acquired with a tightly packed (40Å2/molecule) 
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DPPC monolayer. We note that the PFOA concentrations responsible for spectra in Figure 4A 

range from 0 – 8 mM, while the spectra in Figures 4.4B and 4.4C only show spectra for PFOA 

concentrations up to 100 M.  

All spectra are dominated by two broad features, one centered at ~3200 cm-1 and one 

centered at 3450 cm-1. While the origins of these vibrational transitions have been discussed 

extensively for more than 30 years,248, 251, 252, 259-263 a general interpretation is that the lower 

frequency feature arises from interfacial water molecules that are more strongly hydrogen 

bonded while the higher frequency feature is due to interfacial water molecules that are more 

weakly hydrogen bonded. In some reports, the lower frequency feature is said to describe ‘ice-

like’ water in reference to ice’s vibrational spectrum.251, 264 In these same reports, the higher 

frequency feature is said to refer to more disordered or ‘water-like’ interfacial water. 

In Figure 4.4A show that the interfacial water becomes increasingly ordered as PFOA is 

added to solution (without any DPPC present), based on the steady growth in peak intensity for 

the 3200 cm-1 and 3450 cm-1 features. Growth in the water VSFG spectrum is expected as the 

charged monolayer forms an electrical double layer with a field that aligns the interfacial solvent.  

Findings similar to those shown in Figure 4.4A are similar to those from earlier studies using 

simple anionic surfactants.248, 252, 259 Previous work from has shown that PFOA on unbuffered, 

Millipore water will form tightly packed monolayers at bulk PFOA concentrations of 1 mM.181 

Figure 4.4B shows how water structure is impacted by increasing PFOA concentration in 

the presence of a moderately packed (55 Å2/molecule) DPPC monolayer, PFOA adsorption to the 

Langmuir film again results in growing intensity of both -OH features. The observed behavior is 

expected as PFOA adsorption to the interstitial areas creates a charged interface. Furthermore, 



105 

 

PFOA adsorption to the interface covered with the moderately packed DPPC monolayer is also 

consistent with the VSFG data from the -CH stretching region. As more PFOA adsorb, the DPPC 

monomers will be forced together leading the acyl chains to become more ordered. (Earlier 

VSFG studies of DPPC monolayers did not report significant intensity in the -OH stretching 

region, implying that the charged lipid headgroups align predominantly parallel to the surface 

and do not create an electric field along the surface normal.)247, 249, 265, 266 

Curiously, similar behavior is also observed in in the -OH stretching region for the tightly 

packed, 40 Å2/molecule DPPC monolayer (Figure 4.4C). Even at low PFOA concentrations (10 - 

25 M) when there is no ‘space’ for the PFOA to adsorb, both water features begin to grow in 

intensity with the strongly hydrogen bonded water at 3200 cm-1 slightly higher in intensity than 

the 3450 cm-1 band. The relative band intensities change slightly at higher PFOA concentrations, 

but the overall intensity in the -OH stretching region continues to increase with increasing 

PFOA.  
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Figure 4.4. (A) PFOA surface activity in OH stretching region. (B) 55 Å2/molecule DPPC in the 

presence of PFOA showing interfacial water signal with growing intensity for the disordered 

H2O. (C) 40 Å2/molecule DPPC in the presence of PFOA showing interfacial water signal with 

growing intensity for the disordered H2O.  
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The behavior observed in Figures 4A-4C has been widely reported for charged 

surfactants adsorbing to the water/air interface and has been interpreted in terms of the electrical 

double layer created by the surfactants and their counterions providing a strong interfacial 

electric field that aligns water molecules with their C2 axes aligned predominantly along the 

surface normal.248, 252, 267-269 Phase dependent VSFG measurements have identified the absolute 

orientation of aligned water molecules (up or down).269-271 Not surprisingly, water orientation 

flips 180˚ when the charges on the surfactant and counterion are reversed and the double layer 

field reverses direction.248, 251, 259 

Figures 4.5A – 4.5C show the square root of the intensities of the 3250 cm-1 and 3400 cm-

1 features and the sum of these two square-root intensities.  The numerical values are reported in 

Table 4.1. Given the quadratic dependence of VSFG intensity on surface concentration (Equation 

4), the square root of the measured intensity should reflect the relative amount of highly ordered 

and more disordered water contributing to the spectra shown in Figures 4A-C assuming that the 

orientationally averaged hyperpolarizabilities do not change significantly. Figures 5A and 5B 

show -OH stretching data for 40 Å2 and 55 Å2 DPPC monolayers as a function of PFOA 

concentration.  Also included are data for solutions up to 0.1 M PFOA with no DPPC.   

The data lead to several conclusions.  First, increasing PFOA increases -OH intensity in 

the VSFG spectra regardless of whether the water surface supports a DPPC monolayer.  Second, 

all three systems show stronger intensity in the 3200 cm-1 highly ordered water feature.  Third, 

the behavior of the total water signal as a function of PFOA concentration is virtually identical 

for both the 55 Å2 DPPC monolayer and the solutions that contain only soluble PFOA with no 

DPPC at all.  For the 40 Å2 DPPC monolayer, the rise in -OH signal is similar to that in the 



108 

 

55 Å2 DPPC and neat-PFOA systems, but at higher PFOA concentrations, the -OH signal is 

measurably larger.  This difference traces to large differences in the 3450 cm-1 feature 

corresponding to weakly ordered interfacial H2O.  We propose that this effect is due to 

accumulation of the perfluoro chains at the DPPC covered water/air interface disrupting strong 

interfacial hydrogen bonding (e.g., 3200 cm-1 band).  At the moderately packed DPPC interface, 

PFOA monomers adsorbed to the surface can place their chains out of the water causing less 

disruption to the interfacial solvent hydrogen bonding.  We assume that PFOA adsorption to all 

of the surfaces is self-limiting as Coulomb repulsion will eventually prevent further PFOA 

accumulation. 
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Figure 4.5. Integrated intensities1/2 at (A) 3200 cm-1, (B) 3450 cm-1, (C) sum of both peaks at 

3200 cm-1 and 3450 cm-1 as functions of PFOA concentration. (D) A comparison between total 

VSFG intensity1/2 vs. PFOA concentration and the interfacial Debye length created by charged 

surfactant adsorption to the water/air interface. 

 

The width of the electrical double layer responsible for these changes in water structure 

changes with increasing PFOA concentration.  At a simple charged interface, the width of the 

double layer can be described using Gouy-Chapman theory where the Debye length is given by 

Equation 248, 251, 252: 

 𝜆 = (
1000𝐷𝑅𝑇

8𝜋𝑁2𝜖0
2𝐼

)
1/2

  (6) 
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Here, the Debye length, , is distance required for the surface potential to drop by 1/e. D is the 

solution dielectric constant, N is the surface charge density, 0 is permittivity in a vacuum, and I 

is the solution phase ionic strength. For the data shown in Figure 4, both solution phase ionic 

strength (I) and surface charge density (N) are changing. In the case of Figure 4A, Equation 6 

can be readily solved with data acquired from surface tension measurements. Results from 

calculating  vs. PFOA concentration in the absence of DPPC are shown in Figure 5D.  PFOA is 

exceptionally hydrophobic and measurable changes in water/air surface tension have been 

observed for PFOA concentrations as low as 1 nM. Figure 5D shows that for PFOA ≥ 25 M the 

Debye length is less than the diameter of a single water molecules (~3Å).  

In principle, limiting cases for N can also be determined for the loosely packed DPPC monolayer 

assuming a) that the DPPC zwitterionic headgroups do not contribute to overall surface charge 

density and b) that PFOA adsorbs to the surface to force the DPPC monomers into tightly packed 

structures (40 Å2/molecule).  In this case the total area available for PFOA adsorbing to the 

surface from bulk solution would simply be the number of DPPC monomers multiplied by the 

difference in monomer area when loosely packed (55 Å2/molecule) and tightly packed (40 

Å2/molecule).  Determining N for PFOA adsorption to tightly packed DPPC monolayers is not 

feasible given that the data provide no way of assessing how many PFOA are present as a 

function of bulk PFOA concentration. 

4.3.3 Langmuir Area-Pressure Isotherms 

Figure 4.6 shows DPPC compression isotherms obtained using a Langmuir trough and 

solutions with different PFOA concentrations in the subphase. The pure DPPC isotherm lifts off 

at ∼90 Å2/molecule and passes through a liquid expanded-liquid condensed (LE-LC) 
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coexistence region between 85 and 55 Å2/molecule. The monolayer then collapses at ~40 

Å2/molecule. These results compare favorably to the many reports of DPPC P-Area in the 

literature.64, 66, 83, 85, 247, 249, 254 

Several observations stand out in the DPPC isotherms on PFOA-containing subphases. 

First, PFOA concentrations as low as 10 M cause liftoff to occur at areas ~ 130 Å2/molecule. 

This result does not change substantively with increasing PFOA concentrations. Second, while 

the LE/LC coexistence region persists in the DPPC monolayers on a PFOA-containing subphase, 

the coexistence regions have surface pressures of 5 ± 2 mN/m rather than the 3 ± 1 mN/m for 

DPPC on pure Millipore water.  Like the isotherm liftoff area, this elevated LE/LC coexistence 

pressure does not change with increasing PFOA concentration. Third, monolayer collapse occurs 

at larger lipid area and at lower surface pressures when PFOA is present in the subphase. These 

last two results – larger lipid area at collapse and lower surface pressure at collapse –depend on 

PFOA concentration in the subphase and imply that PFOA monomers embedded within the 

DPPC monolayer at larger areas do not get ‘squeezed out’ as the DPPC monolayer compresses. 

This behavior stands in contrast to DPPC behavior with more typical, alkyl surfactants such as 

SDS. (Appendix C contains equivalent measurements performed with SDS in the subphase.) 
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Figure 4.6. Langmuir compression isotherm of DPPC on a Millipore subphase and varying 

concentrations of PFOA with vertical lines indicating the of 40 and 55 Å2/molecule DPPC 

coverages used in the VSFG measurements.  

A common way to analyze the effects of soluble surfactants on DPPC monolayer 

behavior is to calculate the lipid monolayer’s isothermal compressibility, .272, 273 

Equation 7: 𝜅 = −𝐴 [
𝑑𝜋

𝑑𝐴
]

𝑇
 

The isothermal compressibility reports how much pressure is needed to change a Langmuir 

monolayer’s surface coverage and can be considered an indicator of monolayer ‘stiffness’.  

Figure 4.7 shows the isothermal compressibility calculated from the isotherms shown in Figure 

4.6. Not surprisingly, data for all systems get large and noisy close to monolayer collapse. 

Importantly, however, the data show that PFOA effects on monolayer compressibility become 

more pronounced at less compressed DPPC monolayers as PFOA concentration increases.  
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Figure 4.7. Compressibility of DPPC isotherms with 0 – 100 M PFOA subphases.  

Again, these results demonstrate that PFOA is adsorbing cooperatively and irreversibly to 

the DPPC monolayer (Lower inset.) In addition, the earlier isotherm liftoff for all PFOA 

concentrations is observed clearly at large areas (upper inset).274, 275 

4.4 Conclusion 

In summary, the effects of PFOA on the structural and organizational properties of DPPC 

monolayers were explored using VSFG spectroscopy and Langmuir isotherms surface pressure 

measurements.  For tightly packed 40 Å²/molecule DPPC monolayers, PFOA did not 

significantly alter lipid acyl chain conformational order as evidenced by unchanging VSFG 

spectra in the -CH stretching region. In contrast, lipid chain conformation in the moderately 

packed 55 Å²/molecule DPPC monolayer demonstrated a strong dependence on PFOA 

concentration, with the r+/d+ ratio increasing markedly as PFOA concentration increased and 

more PFOA monomers adsorbed to the interface. VSFG data from the -OH region show clearly 
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that PFOA adsorbs to both the moderately packed and tightly packed DPPC monolayers. 

Notably, PFOA adsorption to the interface led to a stronger hydrogen bonding environment for 

interfacial water, as evidenced by the increased intensity of the 3200 cm⁻¹ band. This behavior is 

consistent with the formation of an electric double layer that interfacial water molecules along 

the surface normal. Given how the total intensity in the water region increases with increasing 

PFOA concentration, the impact of PFOA adsorption to DPPC monolayers on interfacial water 

structure appears more pronounced for the tightly packed DPPC monolayer than for the 

moderately packed DPPC monolayer. 

Langmuir isotherms calculated isothermal compressibility data provide additional 

insights, showing that PFOA substantially alters the compressibility and collapse behavior of 

DPPC monolayers, particularly at lower PFOA concentrations. PFOA increased the liftoff area 

and shifted the LE/LC coexistence region to higher surface pressures.  PFOA that adsorbed to the 

DPPC monolayer increased monolayer stiffness and remained irreversibly retained in the lipid 

film even as the film was compressed to collapse pressures.  Overall, these findings demonstrate 

that the packing density of DPPC monolayers plays a critical role in determining the interactions 

with PFOA, with more loosely packed monolayers being more susceptible to structural changes 

upon PFOA adsorption. The cooperative adsorption behavior and the creation of a charged 

interface upon PFOA incorporation emphasize the complex interfacial dynamics between DPPC 

and PFOA, providing new insights into the molecular interactions at the air-water interface. 
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5.0 Abstract  

Exposure to per-polyfluoroalkyl substances (PFAS) through drinking water is a global 

concern, but information on drinking-water PFAS exposures in private-well-dependent 

communities like rural and developing areas of Montana remains limited. PFAS tap-water 

sampling was conducted in three southwestern Montana counties from 59 private-well-dependent 

residences.  Initial sample analysis using analytical Method 1 (MDL range: 5 – 22.8 ng/L for 6 

regulated PFAS) detected no PFAS. Reanalysis employing a recently developed, more sensitive 

(approximately 10X) and analytically extensive protocol, research Method 2 (MDL range: 0.2 – 

1.0 ng/L for 6 regulated PFAS), detected at least one PFAS in 53% (31/59) of wells. Twelve 

PFAS were observed at least once with PFOS, PFOA, PFBS, PFHxS, FOSA, PFHpA, and 

PFHxA observed most frequently and in 10% - 25% of the samples. The number of individual 

PFAS observed in a single well ranged from 0 to 7 with cumulative concentrations (sum of PFAS 

detected) ranging from 0 to 22.2 ng/L. A greater number of compounds were generally detected 

in shallower wells and on smaller property sizes, consistent with higher prevalence in younger 

(shallower) groundwater in areas with higher intensity land use. Human health risks were driven 

by PFOA and PFOS. Cumulative toxicity quotients (TQ) ranged from 0.03 to >1 in wells with 

PFAS detections, with elevated risk (∑TQ ≥ 1) predicted in 25% of these wells. Individual results 

were returned to participants, with an explanation of risks and links to additional resources. 

These findings document the presence of PFAS in private-well drinking water in rural and 

minimally-developed areas and demonstrate the critical importance of employing newer PFAS 

analytical methods with below-MCL detection limits to more accurately assess corresponding 

drinking-water human health risk. 



119 

 

5.1 Introduction  

Across the United States, private wells supply drinking water for more than 40 million 

people, or approximately 13% of the population.276, 277 However, private wells (i.e., <25 people 

served, <15 service connections) are not regulated under the federal Safe Drinking Water Act,278 

and also are not regulated under state laws in most states.279 Hence, well owners are responsible 

for the testing and safety of their drinking water.280, 281 

Synthetic poly- and perfluorinated compounds (PFAS) contaminate groundwater drinking 

water sources globally,282 yet there is minimal information about PFAS contamination of private 

drinking water supplies; most of the data released is for public water supplies.9 Private well 

owner responsibility to test and treat their drinking water is even more onerous for PFAS 

contamination, as these "forever chemicals" are a class of over ten-thousand compounds of 

growing environmental concern due to their environmental persistence and presence,283 health 

effects linked to even low level exposures,25, 26, 166, 232 environmental recalcitrance due to strong 

carbon-fluorine bonds,284 high analytical costs, and filtration system requirements. 

The health risks associated with exposure to PFAS include reduced vaccine response,31, 32, 

36-38 birth defects,38, 285 increased cholesterol,26, 33, 41, 166, 286 and certain types of cancer.29, 165, 287 

For example, PFAS in drinking water has been associated with increased rates of cancer in the 

oral cavity/pharynx, respiratory, endocrine and digestive systems, and soft tissues.287 

Additionally, males are at higher risk for cancers of the brain and urinary system as well as 

leukemia, and females are at higher risk for thyroid cancers.287 Perfluorooctanoic acid (PFOA) 

has been classified as a human carcinogen, while perfluorooctanesulfonic acid (PFOS) has been 

classified as a possible carcinogen.288  
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Exposure routes can be occupational, environmental, from consumer products, via food 

and drinking water, and from mother to fetus.289 Among the many household products known to 

contain PFAS are non-stick cookware, water resistant clothing, personal care products, cleaning 

products, and grease resistant food packaging.290 Drinking-water resources can be contaminated 

via industrial discharges, biosolids application to land, landfill leachate, stormwater, wastewater 

effluent, septage, firefighting foam, rain, snowfall, and more.291-300 The same properties that 

allow PFAS to be so diverse and effective in consumer products also promote bioaccumulation in 

humans and wildlife and broad distribution in soil, air, and water.20, 24, 26, 113 While 99% of 

humans are estimated to have measurable levels of PFAS in their bloodstreams,285 much is still 

unknown about the prevalence of exposure through drinking water from private wells, as private 

well testing is generally not required despite new regulatory standards for PFAS in public 

drinking water supplies. The USGS identified “systematic evaluation of human exposure to 

PFAS in water for human consumption or ingestion,” including via private well water, as one of 

their key “Science Opportunities” in their 2021 Strategic Science Vision for the study of PFAS in 

the environment.301 A recent USGS nationwide study detected PFAS in 20% (55/269) of private 

wells tested,9 and recent USGS modeling indicated that 27–45% of private well users in the 

conterminous US potentially rely on PFAS-impacted groundwater.302 

Risk assessment is a key public policy tool, combining health effects and exposure data 

to estimate health risks to populations.  It plays a crucial role in supporting the mission of the 

U.S. Environmental Protection Agency (EPA) and other federal agencies by evaluating health 

risks from environmental exposures, guiding regulatory and technological choices, and setting 

research priorities and funding allocations. In the 1970s and 1980s, traditional human health risk 



121 

 

assessments primarily focused on single-chemical exposures, with agencies like the EPA and the 

National Research Council (NRC) developing frameworks that assessed risks in isolation.303 

However, as scientific understanding advanced, building evidence demonstrated that real-world 

exposure scenarios often involve multiple pollutants interacting in complex ways, requiring a 

more comprehensive, cumulative assessment approach.304 The EPA’s Superfund program, for 

instance, began conducting cumulative risk assessments (CRAs) at hazardous waste sites as early 

as the 1980s;305 the USGS and other national and international agencies also now employ similar 

approaches.202, 306-308 

In 2011, the EPA advanced its approach to cumulative risk assessment (CRA) by 

incorporating it into the National-Scale Air Toxics Assessment (NATA),309 which evaluated the 

combined risks of multiple air pollutants. This tool allowed for a more comprehensive 

understanding of potential health effects by considering the cumulative exposures people might 

face across different environmental sources. The approach uses a hazard quotient (HQ) to gauge 

risk, where HQ is the ratio of the chemical concentration to its health standard, with an HQ 

greater than 1 suggesting potential for harmful health impacts, and values under 0.1 indicating 

minimal risk.14 The sum of HQs represents the cumulative risk from exposure to multiple 

contaminants.303, 310-312 In short, cumulative risk assessments (CRA) are “an analysis, 

characterization, and possible quantification of the combined risks to human health or the 

environment from multiple agents or stressors.”313 The recent EPA PFAS rulemaking established 

a HI approach for drinking-water regulation of four PFAS (perfluorobutanesulfonate [PFBS], 

perfluorohexanesulfonate [PFHxS], perfluorononanoic acid [PFNA], hexafluoropropylene oxide 
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dimer acid [HFPO-DA or GenX]).61, 62  If two or more compounds are detected and HQ > 1, the 

drinking water treatment plant (DWTP) must treat the water to comply. 

The goal of this study is to assess the prevalence and levels of PFAS contamination in 

private well water across southwestern rural and developing Montana communities and better 

understand the potential for health risks associated with cumulative exposure to these chemicals 

through drinking water. This study compares the results from a previously employed analytical 

method developed to detect PFAS in water314 above the new EPA MCLs,53, 315 with a new 

method capable of measuring concentrations below MCL detection limits for all EPA-regulated 

PFAS. This new method provides a more accurate assessment of human health risks from 

consuming private well water.  

5.2 Experimental Materials and Methods 

5.2.1 Sample Collection and Participant Instructions 

The assessment of PFAS in private drinking wells across southwestern Montana was 

conducted in three counties: Jefferson, Madison, and Gallatin, which were selected because the 

Montana State University Extension Water Quality (MSUEWQ) program316 had broad 

community participation and well water sampling data from these counties. Altogether, 59 test 

kits were distributed to residents to collect tap water samples from their private wells. Each 

participant was given a packet containing instructions for testing, gloves, and six 2 mL 

polypropylene centrifuge tubes. Instructions for collection at the kitchen faucet detailed that 

centrifuge tubes be rinsed three times, filled halfway, capped, and immediately stored in the 

freezer until retrieval of each kit. Twenty-eight participants from Gallatin County, seven from 

Jefferson County, and 24 from Madison County contributed samples during the period October 
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23, 2023 through November 4, 2023. The samples were then shipped on ice to the U.S. 

Geological Survey (USGS) National Water Quality Laboratory (NWQL) in Denver, Colorado. 

 Prior to receiving a test kit, participants were required to fill out a short registration form 

to gather information about their well, water treatment and plumbing materials. Information 

collected from participants was limited to attributes of the property, water system, and water 

uses, which the Montana State University Institutional Review Board determined was not 

Human Subjects Research. 

Property size and well depth information were collected to facilitate a qualitative 

assessment of PFAS detection compared to land use intensity and depth to groundwater. Property 

size was determined from a question on the registration sheet. Well depth was determined with a 

combination of participant questions and cross check with a well log where available. Well logs 

were queried from the Montana Bureau of Mines and Geology, Ground Water Information 

Center (GWIC).317 

 Following sample analysis, participants received letters detailing the test results, 

including identities and concentrations of any PFAS detected, respective health thresholds, and 

whether concentrations measured were above or below thresholds. The letters also included 

instructions on how to access additional online information and resources related to water 

quality, PFAS, and human health from the Montana Well Educated Program.318 

5.2.2 Analytical Methods and Quality Assurance  

 The well water samples were analyzed for up to 54 different PFAS compounds using two 

different methods: Method-1 (USGS 9660) and Method-2 (USGS 9662). All samples were first 

analyzed using Method-1 (Kolpin et al., 2021; Gray et al., 2024)314, 319  
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, which included the analysis of 34 individual PFAS (including PFOS and PFHxS reported 

separately as branched and linear) in matrix-modified samples by direct aqueous injection-liquid 

chromatography/tandem mass spectrometry (DAI-LC/MS/MS) with isotope-dilution 

quantification. Data were acquired in dynamic multiple reaction monitoring (dMRM) mode with 

two transitions per analyte for confirmation (except for PFBA and PFPeA that only had one 

confirming ion). Detection limits ranged from 2.0-162 ng/L for all analytes and from 5.2-22.8 

ng/L for the six newly regulated PFAS (SI Table 1). Method-2 included the analysis of 56 

individual PFAS in matrix-modified samples, with an initial preconcentration using solid phase 

extraction (SPE) followed by DAI- LC-MS/MS. Preconcentration of the samples by SPE prior to 

analysis resulted in substantially lower detection limits ranging 0.1-22.3 ng/L (SI Table 1) for all 

analytes and 0.2-1.0 ng/L for the six newly regulated PFAS. Importantly, Method-2, detection 

limits for the six regulated PFAS were below their newly established maximum contaminant 

level(s) (MCL).  

 Quality-assurance/ quality-control included analyses of field blanks and stable isotope 

surrogates. The median surrogate recovery for PFAS using Method-1 and Method-2 was 102% 

(interquartile range (IQR): 93–112%) and 90% (IQR: 74-108%), respectively. Due to logistical 

constraints, field blanks were not collected as part of this study, however, 2 field blanks collected 

during the same timeframe from other studies were submitted for analysis using Method-2 and 

no PFAS were detected. For Method-1, field blanks were collected previously by 47 volunteers 

selected at random from 37 states in 2021; only PFBA was detected and only in one field blank.9 
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5.2.3 Cumulative Risk Assessments 

Cumulative risk assessments were conducted to evaluate the potential health risks 

associated with drinking-water PFAS exposure from each private well. For each well water 

sample, the Toxicity Quotient (TQ, aka HQ), was calculated for each PFAS by dividing the 

measured concentration of that chemical by its available benchmark concentration (Table 1). A 

precautionary screening–level approach was employed based on the most protective human-

health benchmark (i.e., lowest benchmark concentration) available. ΣTQ stands for sum toxicity 

quotient. It is used to assess the toxicity of a substance by comparing its concentration to a 

reference concentration known to cause a specific level of harm. An STQ assumes additivity, 

meaning that when multiple substances are present, their combined toxic effects are simply the 

sum of their individual toxicities. This assumes that each substance contributes independently to 

the overall toxicity, without any synergistic or antagonistic interactions between them. For the 

ΣTQ assessment, MCLG values of zero (i.e., no identified safe-exposure level for sensitive sub-

populations, including infants, children, the elderly, and those with compromised immune 

systems and chronic diseases320) were set to 0.1 ng/L for PFOA and PFOS.  
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Table 5.1. The most conservative benchmark for each compound.  

Compound Benchmark Benchmark concentration 

ppt (ng/L) 

Reference 

6:2FTS Health Canada 200 Health Canada, 

2023321 

8:2FTS CO WQCC TL a 70 COWQCC, 

2020322 

FOSA HI DOH EAL71 46 HIDOH, 2024323 

N-MeFOSAA 

(linear) 

CO WQCC TL a 70 COWQCC, 

2020322 

PFBA MN DOH HRL 

2018 

7000 MNDOH, 2018324 

PFBS MN DOH HRL 

2023 

100 MNDOH, 2023325 

PFDS HI DOH EAL 38 HIDOH, 2024323 

PFHpA VT DEC PAL b 2 VTDEC, 2019326 

PFHxA RI DEM AL c 70 RIDEM, 2023327 

PFHxS EPA MCL and HI d 10 USEPA, 2024328 

PFOA EPA MCLG Zero*  USEPA, 2024328 

PFOS EPA MCLG Zero* USEPA, 2024328 

CO WQCC, Colorado Water Quality Control Commission; HI DOH, Hawai'i Department of 

Health, MN DOH, Minnesota Department of Health, VT DEC, Vermont Department of 

Environmental Conservation, RI DEM, Rhode Island Department of Environmental 

Management; TL, translation levels; EAL environmental action level, HRL, health risk limit; 

EPA, Environmental Protection Agency; AL, action level; PAL protective action level; MCL, 

maximum contaminant level; HI, hazard index; MCLG; maximum contaminant level goal           

a Applies to the sum of PFOA, 8:2 FTS, PFOS, NEtFOSAA, NMeFOSAA, and PFOSA               

b Applies to the sym of any combination of PFOA, PFOS, PFHxS, PFHpA, and PFNA                 

c Applies to the sum of PFOA, PFOS, PFHxS, PFNA, PFHpA, PFDA, PFHxA, and PFPeA          

d EPA Hazard Index > 1, Applies to the concentrations of mixtures of two of more PFNA, 

PFHxA, HFPO-Da (GenX), and PFBS.                                                                                            

* value set to 0.1 ng/L for TQ calculation  

 

 

 

 

 

 

 

 

 

 

https://www.canada.ca/en/services/health/publications/healthy-living/water-talk-drinking-water-screening-values-perfluoroalkylated-substances.html
https://www.canada.ca/en/services/health/publications/healthy-living/water-talk-drinking-water-screening-values-perfluoroalkylated-substances.html
https://drive.google.com/file/d/119FjO4GZVaJtw7YFvFqs9pmlwDhDO_eG/view
https://drive.google.com/file/d/119FjO4GZVaJtw7YFvFqs9pmlwDhDO_eG/view
https://health.hawaii.gov/heer/files/2024/07/PFASEALGuidanceHIDOHApril2024Rev070524.pdf
https://drive.google.com/file/d/119FjO4GZVaJtw7YFvFqs9pmlwDhDO_eG/view
https://drive.google.com/file/d/119FjO4GZVaJtw7YFvFqs9pmlwDhDO_eG/view
https://www.health.state.mn.us/communities/environment/risk/docs/guidance/gw/pfba2summ.pdf
https://www.health.state.mn.us/communities/environment/risk/docs/guidance/gw/pfbssummary.pdf
https://health.hawaii.gov/heer/files/2024/07/PFASEALGuidanceHIDOHApril2024Rev070524.pdf
https://dec.vermont.gov/sites/dec/files/dwgwp/DW/2019.07.06%20-%20GWPRS.pdf
https://risos-apa-production-public.s3.amazonaws.com/DEM/REG_13028_20231208105306544.pdf?utm_campaign=PFAS%20Initiative&utm_source=hs_email&utm_medium=email&_hsenc=p2ANqtz-_Snjw0PYZJkr2SYtss6kkIJmYRoa6ee19LiWeHsFykFpEb0fU1drhglkIozFj20ElT2lM5
https://www.epa.gov/system/files/documents/2024-04/pfas-npdwr_fact-sheet_general_4.9.24v1.pdf
https://www.epa.gov/system/files/documents/2024-04/pfas-npdwr_fact-sheet_general_4.9.24v1.pdf
https://www.epa.gov/system/files/documents/2024-04/pfas-npdwr_fact-sheet_general_4.9.24v1.pdf


127 

 

5.3 Results and Discussion 

5.3.1 PFAS Detected in Private Well Samples  

 

Figure 1. Geographic distribution of four Montana towns (Whitehall, Sheridan, Ennis, and 

Bozeman) within three counties (Jefferson, Madison, and Gallatin), detailing the number of wells 

tested, the number (and %) of wells with detectable PFAS concentrations, the number (and %) of 

wells with ∑ TQ > 1.0, and the number of wells with 1-7 PFAS compounds detected. 

Well samples were analyzed by two different methods described above and discussed 

further in the SI. The first method (Method-1) was characterized by MDLs greater than newly 

established MCLs for some PFAS. The second method (Method-2) incorporated a 

pre-concentration step to achieve detection limits at or below newly established MCLs for 

regulated PFAS and below 1 ng/L for most PFAS. Using Method-1, no PFAS were detected in 

any of the private wells. However, when the same samples were reanalyzed using Method-2, 

PFAS were detected in 31 of the 59 (52%) private wells assessed. Using Method-2, 12 PFAS 

were detected.329  Gallatin County samples had the highest PFAS detection frequency at 69% of 

wells, followed by Jefferson County (57%), and Madison County (29%). The maximum number 
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of PFAS found in a single well was seven (Figure 2). Among the 12 detected PFAS, PFOS 

exhibited the highest individual PFAS detection frequency in 25% of the 59 wells tested (Figure 

3, SI Table 2). Two wells tested positive for PFOS above its EPA MCL of 4 ng/L and one of 

those two wells also tested above the EPA MCL of 4 ng/L for PFOA (SI Table 2). Other detected 

PFAS included perfluorooctane sulfonamide (FOSA), 6:2 fluorotelomer sulfonic acid (6:2 FTS), 

8:2 fluorotelomer sulfonic acid (8:2 FTS), N-methyl perfluorooctane sulfonamidoacetic acid (N-

MeFOSAA), perfluorobutanoic acid (PFBA), perfluorobutane sulfonic acid (PFBS), 

perfluorodecanesulfonic acid (PFDS), perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid 

(PFHxA), and perfluorohexane sulfonic acid (PFHxS). However, none of these compounds 

exceeded their respective MCLs. In wells that tested positive for any single PFAS, cumulative 

PFAS concentrations ranged from 0.205 ng/L to 22.2 ng/L (Figure 3). These results highlight the 

importance of utilizing the most sensitive detection methods available to accurately assess the 

presence of PFAS and other contaminants in groundwater sources.   

The findings of this study align with those of Smalling et al. (2023) regarding PFAS 

detection in drinking water sources. In both studies, PFOS was among the most frequently 

detected PFAS, reinforcing its prevalence in groundwater and tap water systems. While this 

study found PFOS in 25% of tested private wells, with two exceeding the EPA’s MCL of 4 ng/L, 

Smalling et al. (2023) also reported PFOS and PFOA detections above regulatory limits in both 

private wells and public supply systems, highlighting widespread contamination concerns. 

Additionally, both studies detected multiple PFAS compounds in individual samples, including 

short-chain and long-chain PFAS. However, in both cases, most detected compounds did not 

exceed their respective MCLs. The similarities between these findings emphasize the ongoing 
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need for monitoring and intervention efforts to address PFAS contamination across different 

water sources, particularly in private wells that may lack regulatory oversight. 

The drastic difference in rates of PFAS detection between the two methods employed in 

this study – 0% vs. 51% of home wells - has important public health implications. Method-2, 

with its ability to detect much lower concentrations of PFAS below all respective MCLs, 

represents a significant advance in the PFAS analysis of drinking water sources. The 2023 

nationwide study which screened 716 diverse drinking water sources for PFAS utilizing 

Method-1 found PFAS in about 45% of samples, with public and private sources presenting 

roughly comparable risk.9 Based on the results of the current study, drinking water PFAS  

exposures, including at levels relevant for human-health concerns (e.g., MCLG for PFOS/PFOA 

is “zero”), may be higher than previously estimated9 and consistent with recent USGS model 

estimating 50% to 66% of the US population potentially relying on groundwater with detectable 

PFAS for drinking water.302 

Predictive modeling carried out by Tokranov et al.302 emphasize the widespread nature of 

PFAS contamination in groundwater sources at drinking water supply depths. The authors 

highlight areas where PFAS levels are likely to be significantly higher due to industrial, military, 

and urban activities. Based on the result of the national groundwater model, occurrence can be 

estimated across grid cells330 and can be used to estimate the probability of PFAS occurrence. 

For the Montana municipal areas of Bozeman, Ennis, Sheridan, and Whitehall sampled as part of 

the current study, estimated PFAS occurrence from the groundwater model was compared to the 

occurrence in tap water measured across our three counties. In the Bozeman and Belgrade region 

of Gallatin County, prediction models show that almost the entire city is covered in grids with a 
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probability of detecting PFAS ranging between 0.316 – 1 and exhibit the highest predicted 

probability of PFAS detection compared to the other cities discussed. As expected, the highest 

probabilities of occurrence are concentrated in the most populated areas of both towns. Ennis, 

located in Madison County, has one grid with a probability of PFAS detection between 0.501 and 

0.75, with other grids showing no probability of detecting PFAS. Sheridan, also in Madison 

County, has multiple grids with probabilities in the ranges of 0.316 – 0.5 and 0.501 – 0.75. 

Lastly, in Whitehall, located in Jefferson County, several grids fall within the probability ranges 

of 0.316 – 0.5 and 0.501 – 0.75, with the highest probabilities occurring in the central downtown 

area. These data suggest a strong likelihood of PFAS contamination across these regions, 

particularly in more populated areas. Further, PFAS are predicted to occur even in rural 

developing communities across Montana.  In Gallatin county (specifically Belgrade and 

Bozeman) where the predicted model showed a high probability of detecting PFAS, detection of 

PFAS were highest.The Tokranov et al. findings underscore the risk of PFAS contamination in 

groundwater, a primary source of drinking water for many regions, especially in areas with 

known contamination sources. This aligns with the hypothesis that PFAS exposures could be 

much higher than previously realized, due to the limitations of prior detection methods and the 

expansive distribution of PFAS in groundwater sources, as demonstrated by the modeling efforts 

in their study.  

In this study, PFAS were detected in groundwater even in rural areas located upgradient 

of any industrial activity. These findings highlight how contaminants can enter groundwater 

through various sources unrelated to recognized industrial contamination. Landfill leachate is a 

known source of PFAS, as these chemicals are often found in consumer products buried in 
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landfills.299 Septage from septic systems and agricultural application of biosolids (treated sewage 

sludge) can also be sources of PFAS contamination, as these materials may contain PFAS 

originating in household products.298 Additionally, PFAS can be atmospherically transported 

from distant sources, deposited via rainfall and snowfall, and subsequently infiltrate into the 

ground.294 Rural areas that rely on public wastewater treatment systems may be at risk for PFAS 

exposure in drinking water, as these systems may not be equipped to remove PFAS, allowing the 

contaminated effluent to be discharged and seep into the groundwater. These diverse pathways 

highlight the potential for and complexity of PFAS contamination of groundwater, even in areas 

without significant industrial presence.  

 

 

Figure 5.2. Count of wells by number of PFAS detected across the study area. The X axis is the 

number of PFAS detected per well (1-7) and the Y axis is the number of wells with that PFAS 

detections. This figure represents the prevalence of multiple PFAS in wells, for a total of 31 

positive detections. 28 wells were found to have zero detected PFAS.  
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Figure 5.3. Range, mean and median concentrations for positive detections as a function of 

concentration (ng/L) using Method-2. The circle represents the mean concentration, the triangle 

the median, and the line extends to the minimum and maximum concentration of each analyte 

detected. Detection limits can be found in the Appendix D.  

5.3.2 PFAS Detection by Property Size  

  Most detections of PFAS in well water were for properties less than 4 hectares (10 acres) 

in size (Figure 5.4). Furthermore, properties under 4 hectares had higher numbers of PFAS in 

groundwater. Qualitatively, our finding of higher PFAS detection counts from wells on smaller 

property sizes agrees with previous studies that found higher likelihood of PFAS presence in 

areas with concentrated human activity, such as urbanized regions that typically feature smaller 

properties.9, 331 Ninety-eight percent of wells tested in this study were on properties that also had 

a septic tank and in subdivisions where all properties rely on individual septic systems, property 

size serves as a direct indicator of the density of septic drain fields discharging wastewater to 
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groundwater.332, 333 Higher-density developments with smaller lots contribute to greater localized 

PFAS loading due to greater per-area wastewater discharge, as seen with other contaminants such 

as nitrogen and phosphorus.333  

Larger properties, by contrast, exhibit a lower probability of PFAS detections in 

groundwater. This result may simply be due to the reduced density of contaminant sources. 

However, specific land uses—such as historical industrial activity, landfills, firefighting training 

areas, and certain agricultural practices—can still lead to elevated PFAS concentrations even on 

large land parcels.11, 12 While property size is a coarse metric, it functions as a surrogate for land 

use intensity, particularly in areas dependent on septic systems, where wastewater discharge 

patterns directly influence groundwater PFAS contamination. 
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Figure 5.4. Property size vs. PFAS compounds detected. For the categories along the X axis, n is 

the number of wells of that property size, and median is the median number of PFAS compounds 

detected for that size category.   

5.3.3 PFAS Detection by Well Depth  

Private wells are often much shallower than public wells,334 and hence are more 

vulnerable to PFAS contamination. Two primary factors likely drive this pattern. First, deeper 

groundwater is generally older, meaning it was recharged before widespread PFAS use and 

contamination.335 As a result, older water is less likely to contain anthropogenic PFAS inputs. 

Second, deeper groundwater follows a longer flow path through the subsurface, increasing the 

likelihood of PFAS sorption by soil and sediment particles and resultant removal from the 

mobile, dissolved phase.335 In contrast, shallow groundwater commonly has shorter residence 
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times and can be more directly affected by recent surface contamination sources, such as septic 

system discharge, industrial runoff, and atmospheric deposition.333 333  Figure 5.5 illustrates that 

shallower wells in our study exhibited higher levels of PFAS compared to deeper wells. This 

pattern suggests that PFAS contamination may be more concentrated in shallow, often 

unconfined groundwater.  

 

Figure 5.5. (A) Well depth vs. PFAS detected with high confidence well depth (B) Well depth vs. 

PFAS detected with at least medium confidence well depth data added.                                 

*High confidence indicates that a well log with a depth was identified, was clearly linked to the 

well, and confirmed by the participant A well depth was categorized as high confidence (A) 

when a well log was identified with the depth specified, the log was clearly linked to the well 

and the linkage was confirmed by the participant. A well depth was categorized as medium (B) 

when a well log was identified that appeared clearly linked to the well, but the participant was 

not able to be contacted to confirm the linkage OR if the participant provided the well depth and 

indicated it was not an estimate, but a well log could not be located.   

5.3.4 Cumulative Risk Assessment  

 Assessing the cumulative health risk from multiple PFAS exposures is particularly 

appropriate because of the large number of different PFAS that may coexist in the environment. 

Studies have shown that exposure to PFAS mixtures can lead to additive or synergistic adverse 
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health effects, making cumulative risks assessments a critical contributor to public health 

awareness.336 The EPA has increasingly adopted CRA methodologies to assess PFAS risks, using 

these frameworks to inform the development of regulatory limits, such MCLs,310 and to guide 

public health strategies to reduce PFAS exposure in affected populations.313, 337 

 

Figure 5.6. Human-health benchmark cumulative toxicity quotient (ΣTQ) for six PFAS (PFOA, 

PFOS, PFHxS, PFBS, PFHxA, and PFBA), for each of 22 wells with PFAS detections. Red 

triangles ( ) are the sum of individual TQs across sites with PFAS detections. The red line at 1.0 

represents the threshold at which risk can be assumed. The orange dashed line at 0.1 indicates a 

precautionary screening threshold. Nine other sites had detectable PFAS concentrations but 

negligible ΣTQ (i.e., ΣTQ <0.00001) and are not included in the plot. 

 Of the 31 wells assessed for cumulative risk (CRA), 15 were found to have a ΣTQ 

exceeding 1.0, indicating risks for adverse health effects from lifetime consumption of PFAS- 

contaminated water (Figure 5.6, Appendix Table  D-3). Note, nine wells with detectable PFAS 

but ΣTQ less than 0.00001 are not included in Appendix Table D-3 or in Figure 5.6. in Appendix 
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Table D-3 highlights that PFOA and PFOS (MCLGs of “zero”) are the primary contributors to 

the cumulative risk in the studied wells, accounting for most of the total risk (Table 5.1 and in 

Appendix Table D-3). The presence of PFAS at levels that constitute chronic health risk 

underscores the importance of addressing contamination in private wells, particularly in 

developing areas where the density of septic systems increases groundwater contamination 

levels.338 These findings emphasize the need for targeted interventions in private-well-dependent 

communities, including more groundwater quality monitoring for complex mixtures of PFAS and 

implementation of affordable and accessible home well water testing, education and 

dissemination of in-home treatment systems to protect public health.  

The findings of this study align closely with those of Smalling et al. (2023), both 

demonstrating that PFAS contamination in drinking water poses a significant cumulative risk. In 

this study, 15 of 31 assessed wells had a ΣTQ exceeding 1.0, indicating potential adverse health 

effects from long-term PFAS exposure, a pattern also observed in Smalling et al., where both 

private well and tap water samples exceeded this risk threshold. In both studies, PFOA and PFOS 

were the primary contributors to cumulative risk due to their proposed MCLGs of zero. 

Additionally, the frequent detection of multiple PFAS compounds in single samples was 

consistent across studies, reinforcing concerns about widespread contamination. The presence of 

PFAS at levels constituting chronic health risks highlights the urgent need to address 

contamination in private wells, particularly in developing areas where increasing septic system 

density may exacerbate groundwater pollution. 

 Community partnerships, such as those with Well Educated, play a vital role in advancing 

research on PFAS contamination in private wells. These collaborations provide access to crucial 



138 

 

well water data that would otherwise be difficult to obtain, given the decentralized and private 

nature of these water sources. However, the success of such partnerships depends on building 

and maintaining trust with well owners and local communities. Transparency, education, and 

open communication are essential to fostering this trust, ensuring that residents feel empowered 

to participate in data collection efforts. By strengthening these relationships, we can enhance our 

ability to monitor and address PFAS contamination, ultimately leading to more effective public 

health interventions. 

5.4 Conclusions 

Given the growing concerns over the presence of PFAS, especially the recent 

epidemiology study which found associations between PFAS in drinking water and increased 

incidence of multiple types of cancer (incidence ratios from 1.02 to 1.33), application of more 

sensitive PFAS methods are essential. The results of the current study indicate that 

widely-employed less-sensitive PFAS methods may substantially underestimate the true 

occurrence and associated health risks of PFAS exposure from groundwater-based drinking water 

sources, as the application of a more sensitive PFAS analytical method revealed the 

previously-unrecognized presence of PFAS in private-well drinking water in rural to 

minimally-developed areas of Montana. Community partnerships like Well Educated are crucial 

for accessing private well data and understanding PFAS contamination. These collaborations rely 

on trust, built through transparency, education, and engagement. Strengthening these 

relationships will improve data collection and support more effective public health interventions. 
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

6.1 Summary of Research  

 This thesis investigates the surface and bulk solution behavior of PFAS, the impact of 

PFOA on biomembranes, the cooperative adsorption of PFOA to lipid monolayers, and the 

presence of PFAS in private wells across rural southern Montana counties. 

Initial research focused on the behavior of three PFAS compounds—PFOA, PFOS, and 

PFBS—in both surface and bulk solutions. Chapter 2 specifically examined the reported critical 

micelle concentration (CMC) values in the literature, revealing that all three PFAS compounds 

have significantly lower CMCs than previously stated. Additionally, instead of forming small 

micelles (<10 nm) as commonly believed, all three PFAS were found to aggregate at the air-

water interface. Surface tension and conductivity data confirmed that PFOA, PFBS, and PFOS 

exhibit surface-active properties, behaving like traditional soluble surfactants. Further 

investigations into the effects of pH on surface activity revealed that the behavior of these 

compounds is highly pH dependent. Both surface tension and conductivity measurements 

showed consistent CMC values in the micromolar concentration range. Dynamic Light 

Scattering (DLS) measurements indicated that at concentrations near the predicted CMC, 

particles smaller than 10 nm form. However, unlike typical micelles, these particles continuously 

grow with increasing concentration, reaching sizes between 50 to 150 nm. Cryo-EM images of 

PFOA corroborated these findings, showing a wide distribution of particle sizes that supports the 

DLS results. 
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 Chapter 3 explores the impact of nanomolar concentrations of PFOA on the properties of 

DPPC vesicle bilayers. Differential Scanning Calorimetry (DSC) measurements revealed that 

PFOA concentrations just above regulatory limits (~1 nM) reduce the enthalpy of the gel-to-

liquid crystalline transition of DPPC without altering the transition temperature. Dynamic Light 

Scattering (DLS) measurements indicated that the addition of PFOA to DPPC vesicle solutions 

broadens the size distribution of the vesicles, with a new peak emerging for smaller particles in 

the 30–50 nm range. Cryo-EM images further confirmed that DPPC vesicles formed in the 

presence of PFOA develop multilamellar structures, along with niosome-like formations. 

Niosomes are composed of lamellar structures formed from nonionic surfactants and biological 

materials. Additional research by co-author Rhys Trousdale using Time-Correlated Single Photon 

Counting (TCSPC) measurements showed that, in the presence of PFOA, the compound C152 is 

more likely to partition into the hydrophobic interior of the bilayer. 

Chapter 4 examined PFOA’s cooperative adsorption to loosely and tightly packed DPPC 

monolayers. Vibrational sum frequency generation (VSFG) measurements of the CH stretching 

region, PFOA was shown to decrease the CH2 stretching in loosely packed 55 Å2/molecule 

DPPC monolayers, suggesting that PFOA makes the monolayer more ordered by pushing DPPC 

groups together at the air-water interface. In contrast, PFOA had little effect on tightly packed 40 

Å²/molecule DPPC monolayers, as there was no space for PFOA to interact with the DPPC 

groups. VSFG OH data shows interfacial water is present with both PFOA in solution and in 

samples with DPPC at the surface. Despite different outcomes in the CH region, PFOA impacts 

interfacial water structure similarly in both systems. The spectra display two broad features 

around 3200 cm-1 (ordered "ice-like" water) and 3450 cm-1 (disordered "water-like" water). This 
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behavior, commonly observed for charged surfactants, is explained by the double layer formed 

by surfactants and their counterions, creating a strong interfacial electric field that aligns water 

molecules with their C2 axes along the surface normal. DPPC compression isotherms obtained on 

a Langmuir trough with varying PFOA concentrations in the subphase showed that PFOA shifts 

the behavior of the DPPC monolayer. In the presence of PFOA, the liftoff occurs at higher 

surface areas, and the liquid expanded-liquid condensed coexistence region shifts to higher 

surface pressures. As PFOA concentration increases, the surface pressure rises significantly, and 

the monolayer collapses at a lower pressure compared to pure DPPC. These results indicate that 

PFOA remains at the surface with DPPC throughout compression. 

Chapter 5 explores private wells in Montana counties to understand if PFAS compounds 

are observed in rural and developing areas. Results show PFAS were detected in private wells in 

rural Montana, where no industrial use of these chemicals occurs. Initial testing under Method-1, 

with a higher detection limit, found no PFAS, but more sensitive reanalysis, Method-2 (with 

lower detection capabilities) revealed PFAS in 53% of wells, with common compounds 

including PFOS and PFOA. Shallow wells and smaller properties had higher PFAS 

concentrations, and health risks were elevated in 25% of wells. These findings highlight the need 

for advanced analytical methods to better assess PFAS contamination and associated health risks 

in drinking water. 

6.2 Future Directions 

 The experiments presented have provided new and significant insights into the behavior 

of legacy PFAS and their impact on biological membranes and monolayers. However, there are 

still unresolved questions within these systems that require further revision and exploration. The 
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remaining questions arising from this research can be grouped into two main areas: developing a 

more accurate model of cell membranes and lung surfactant and exploring the coexistence of 

PFAS within a single system. 

6.2.1 Accurate Modeling of Membranes and Surfactant 

6.2.1.1 Cell Membranes. The work described in this dissertation examined PFOA’s 

impact on lipid vesicle bilayers. Phospholipids are a major component of cell membranes, with 

DPPC being a significant contributor to the phospholipid composition.56, 339, 340 To more 

accurately understand the effects of PFOA and other legacy PFAS on cell membranes, 

developing a more comprehensive model that includes other lipids, proteins, and carbohydrates 

could provide a clearer representation of the interactions and behaviors within the membrane 

system. This approach would allow for a more holistic understanding of how PFAS molecules 

interact with various components of the membrane, affecting its stability, fluidity, and 

functionality. Additionally, incorporating proteins and carbohydrates, which play vital roles in 

membrane signaling, transport, and cellular communication, would provide insights into how 

PFAS may disrupt these processes.341 By advancing the model to reflect the complexity of 

biological membranes, we can better assess the potential cellular impacts of PFAS exposure and 

develop more accurate predictions for their effects on health and membrane integrity. 

6.2.1.2 Lung Surfactant. The work described in this dissertation examined DPPC as a 

model monolayer due to its prominence as the primary lipid component of lung surfactant. Lung 

surfactant, which is essential for reducing surface tension in the lungs and preventing alveolar 

collapse, is composed of approximately 90% lipids and 10% proteins.245 The lipid content 

consists predominantly of DPPC (dipalmitoylphosphatidylcholine), with smaller amounts of 
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other lipids, including phosphatidylserine, phosphatidylethanolamine, and sphingomyelin. In 

addition to the lipids, lung surfactant also contains several surfactant-associated proteins: SP-A, 

SP-B, SP-C, and SP-D.245, 342 These proteins are integral to the function and regulation of 

surfactant. SP-A and SP-D, which are surfactant collectins, play roles in the immune defense of 

the lungs by facilitating pathogen recognition and clearance, as well as modulating 

inflammation.343 SP-B and SP-C are hydrophobic proteins that are critical for the proper 

formation and stability of the surfactant film at the alveolar surface.344 SP-B, in particular, is 

essential for reducing surface tension and ensuring the proper spreading and retraction of the 

surfactant film during the respiratory cycle. 

While DPPC is a well-established model for studying lung surfactant, the inclusion of the 

other lipids and proteins found in natural surfactant is essential for developing a more accurate 

model. The interactions between lipids and surfactant proteins are complex and dynamic, and 

their role in lung surfactant function can be better understood by considering both lipid-lipid and 

lipid-protein interactions within the monolayer. Because inhalation of PFAS such as PFOA can 

cause acute lung toxicity and cause airway infections, using a more accurate model of lung 

surfactant should be an important mission of future research.  

6.2.2 Coexistence of PFAS  

 This dissertation primarily examined the individual behaviors of PFOA, PFOS, and 

PFBS. However, these PFAS compounds often coexist in the environment and within the human 

body. When multiple PFAS are present together in a system, they have the potential to interact, 

resulting in synergistic, antagonistic, or additive effects, depending on the compounds and the 



144 

 

biological environment.336, 345 While research into the synergistic effects of PFAS interactions is 

ongoing, much remains to be understood about how these substances behave when combined. 

 Different PFAS molecules may interact with lipid membranes in distinct ways, altering 

fluidity, permeability, and protein function. The presence of multiple PFAS could amplify these 

changes, leading to greater disruption of cellular membranes or increased bioaccumulation. On 

the other hand, some PFAS may have antagonistic effects, potentially counteracting each other's 

toxicity. However, antagonistic effects are less commonly observed or discussed. Synergistic 

effects have been noted in endocrine disruption, immune system suppression, and liver toxicity, 

where multiple PFAS chemicals may work together to exacerbate these issues.345-347 

Environmental and biological factors, such as pH, temperature, and exposure duration, can 

further influence these effects. As the research into PFAS mixtures is still in its early stages, 

more studies are needed to fully understand the broader implications for human health and 

ecosystems. 
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Table A-1. Surface coverages () for PFAS at variable pH and pH 8 buffer environment. The pH 

for variable pH experiments is expressed in the parentheses. The terminal surface coverages are 

noted in bold.  

 Γ (molecule/𝑐𝑚2) 

 PFOA PFBS KPFOS 

Concentration 

(mM) Variable pH pH 8 Variable pH pH 8 Variable pH pH 8 

10−7 6.9𝐸9 (4.7) 1.1𝐸13 4.2𝐸12 (4.7) 4.8 𝐸13 5.1𝐸13  (4.2) 2.7𝐸13 

10−6 4.0𝐸10 (4.7) 2.3𝐸13 1.2𝐸13 (4.7) 5.0𝑬𝟏𝟑 6.0𝐸13 (4.3) 3.6𝐸13 

10−5 2.3𝐸10 (4.6) 4.6𝐸13 2.7𝐸13 (4.6) 5.0𝐸13 7.0𝐸13  (4.4) 4.9𝐸13 

10−4 1.4𝐸12 (4.5) 8.8𝐸13 5.2𝐸13 (4.6) 5.0𝐸13 8.1𝐸13 (4.4) 6.7𝐸13 

10−3 7.7𝐸13 (4.3) 1.5𝐸14 𝟔. 𝟔𝑬𝟏𝟑 (4.5) 5.0𝐸13 9.2𝐸13 (4.5) 9.0𝐸13 

10−2 4.6𝐸13 (3.9) 2.1𝐸14 6.6𝐸13 (4.3) 5.0𝐸13 1.0𝐸14 (4.6) 1.2𝐸14 

10−1 2.1𝐸14 ( 3.7) 𝟐. 𝟑𝑬𝟏𝟒 6.6𝐸13 (4.2) 5.0𝐸13 1.2𝐸14 (4.7) 1.6𝐸14 

100 𝟓. 𝟒𝑬𝟏𝟒(3.3) 2.3𝐸14 6.6𝐸13 (3.5) 5.0𝐸13 1.3𝑬𝟏𝟒 (5.0) 2.0𝑬𝟏𝟒 

 

 

Figure A-1. Surface tension of SDS on left (CMC 8.3 mM) and sodium octanoate on right(CMC 

380 mM). Both surfactants have concentrations in the millimolar range while PFAS are found 

much lower in the micromolar range.  



176 

 

 

Figure A-2. Conductivity measurements of SDS showing a drastic change of slope after CMC is 

reached.  

 

 

Figure A-3. Concentration dependence of PFOA, PFBS, and KPFOS on particle size (nm) at 

variable pH. 
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Figure A-4. Average particle size of PFOA, PFBS, and KPFOS nanodroplets as a function of 

concentration for samples with varying pH (made in Millipore)  
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Figure A-5. 1 mM solutions of PFBS at pH 8 subjected to temperature dependent studies from 

10C to 60C and back down in 10C increments. The particle size reduces to micellar size 

before disappearing at 60C and then returns upon cooling the solution back down.  

 



179 

 

 

Figure A-6. 1 mM solutions of KPFOS at pH 8 subjected to temperature dependent studies from 

10C to 60C and back down in 10C increments.  
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Figure A-7. 1 mM solutions of PFOA at pH 3.3 subjected to temperature dependent studies from 

10C to 60C and back down in 10C increments.  
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Figure A-8. 1 mM solutions of PFBS at pH 3.5 subjected to temperature dependent studies from 

10C to 60C and back down in 10C increments.  
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Figure A-9. 1 mM solutions of KPFOS at pH 5.0 subjected to temperature dependent studies 

from 10C to 60C and back down in 10C increments.  
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Table A-2. Particle size (nm) as temperature increases from 10 to 60 degrees before being cooled 

back down for PFAS of varying pH at 1 mM concentrations.    
Particle Size (nm)  

Temperature (ºC) PFOA (pH 3.3) PFBS (pH 3.5) KPFOS (pH 5.0) 

Heating 10 98 165 78 

20 81 155 60 

30 52 116 40 

40 27 66 23 

50 14 46 13 

60 10 33 8     

Cooling 60 10 53 4 

50 25 63 15 

40 43 78 20 

30 71 137 40 

20 85 156 53 

10 88 158 71 

 

 

Figure A-10. Average particle size as a function of temperature for 1mM PFOA (pH 3.3), 1mM 

PFBS (3.5), and 1mM KPFOS (pH 5.0) as a function of temperature. Samples are heated from 10 

to 60 degrees before being cooled back to 10 degrees.  
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Figure A-11. Sodium dodecyl sulfate (SDS) particle size as a function of temperature for a 

10 mM SDS solution. Samples are heated from 10 to 60 degrees before being cooled back to 10 

degrees.  

 

Figure A-12. Sodium octanoate particle size as a function of temperature in a 380 mM solution. 

Samples are heated from 10 to 60 degrees before being cooled back to 10 degrees.  
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Table A-3. Particle size (nm) for SDS and sodium octanoate were subjected to temperature 

dependent studies from 10C to 60C and back down in 10C increments.    
Particle Size (nm)  

Temperature (ºC) SDS Sodium Octanoate 

Heating 10 3.5 2.4 

20 3.4 2.6 

30 3.4 2.1 

40 2.8 1.6 

50 2.5 1.6 

60 2.7 1.4    

Cooling 60 0.4 1.5 

50 1.8 1.6 

40 2.2 2.0 

30 3.1 2.2 

20 2.9 2.4 

10 3.6 2.6 
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Figure A-13. A Cryo-EM image of a frozen 12 mM SDS solution with the black arrows 

designating SDS micelles. The micelle images range in size from 5 – 9 nm. The scale bar in the 

lower right corner of the image is 25 nm.  
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Figure B-1. Cryo-EM Images of DPPC vesicles prepared in pure buffer solutions containing no 

PFOA. These images can be compared directly to those in Figure 4 of the manuscript. These 

images are provided to demonstrate DPPC vesicle preparation generally leads to large 

unilamellar vesicles. Scale bars are 50 nm.  

 

 

Figure B-2. Cryo-EM Images of DPPC vesicles prepared in solutions containing 

100 nM PFOA. These images can be compared directly to those in Figure 5 of the manuscript. 

These images are provided to demonstrate generally that 100 nM PFOA introduces significant 

structural changes in DPPC vesicles. Scale bars are 50 nm.  
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Figure B-3. Zoomed in image of a DPPC vesicle prepared in pure buffer solution. The scale bar 

is 6 nm and is chosen to span the bilayer width.  

 



190 

 

 

Figure B-4. DSC traces for DPPC prepared in the presence of octanoic acid. 

Table B-1. DSC enthalpy values for DPPC prepared in the presence of octanoic acid. 

[Octanoic Acid] nM Enthalpy (J/g) Std Deviation 

0 44 1 

1 40 3 

100 36 1 

1000 20 2 
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Figure A-5. DLS traces for DPPC prepared in the presence of octanoic acid at room temperature, 

heated to 50C and then cooled back to room temperature.  
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Table C-1. PFOA only, No DPPC (OH range) 

AVG TABLE (Avg of Two Trials)  

  Peak 1 (~3200cm-1) Peak 2 (~3450cm-1) 

PFOA [uM]  FWHM Sigma Area FWHM Sigma Area 

0 564.09 239.63 39.74 304.73 129.45 12.34 

1 263.08 111.76 15.79 176.36 74.92 11.46 

10 290.60 123.45 48.22 119.67 50.84 10.41 

100 317.99 135.09 77.07 116.18 49.36 15.76 

250 293.79 124.81 71.31 131.75 55.97 20.08 

500 286.60 121.75 73.14 118.91 50.52 15.98 

1000 317.77 134.99 96.06 111.94 47.56 19.01 

8000 320.92 136.33 121.64 126.81 53.87 34.99 

 

Table C-2. 40 Å2/molecule DPPC with PFOA (OH range)  

AVG TABLE (averages of two tables)  

  Peak 1 (~3200cm-1) Peak 2 (~3450cm-1) 

PFOA [uM]  FWHM Sigma Area FWHM Sigma Area 

0 499.55 212.22 29.79 177.64 75.47 5.90 

10 377.69 160.45 68.45 128.32 54.51 6.58 

25 301.35 128.02 85.54 127.58 54.20 17.76 

50 355.67 151.09 124.03 139.75 59.37 34.75 

75 339.87 144.38 183.29 131.01 55.66 41.56 

100 320.92 136.33 165.79 129.33 54.94 32.15 

 

 

 

 

 

 

Table C-3. 55 Å2/molecule DPPC with PFOA (OH range)  

AVG TABLE (averages of two tables)  

  Peak 1 (~3200cm-1) Peak 2 (~3450cm-1) 
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PFOA [uM]  FWHM Sigma Area FWHM Sigma Area 

0 248.65 105.63 6.65 289.77 123.10 3.08 

10 340.78 144.77 32.30 218.72 92.92 6.50 

25 424.43 180.30 96.52 166.05 70.54 9.96 

50 621.09 263.85 184.16 283.08 120.26 21.78 

75 423.67 179.98 114.95 125.88 53.48 9.51 

100 339.67 144.30 111.37 127.47 54.15 18.44 

 

Table C-4. 40 Å2/molecule DPPC with PFOA (CH Range)  

Average of Three Trials Table  

  Peak 1 (CH2 SS) Peak 2 (CH3 SS) Peak 3 (CH3 SS/Fermi) 

PFOA 

[uM]  FWHM Sigma Area FWHM Sigma Area FWHM Sigma Area 

0 14.21 6.04 1.25 21.83 9.27 19.69 25.86 10.99 18.47 

10 16.55 7.03 1.15 23.13 9.83 20.49 29.36 12.47 20.32 

25 15.75 6.69 1.13 23.18 9.85 18.82 29.81 12.66 17.36 

50 13.38 5.68 0.89 23.97 10.18 14.17 27.85 11.83 17.67 

75 13.23 5.62 0.81 24.14 10.26 12.06 26.49 11.25 16.63 

 

Table C-5. 55 Å2/molecule DPPC with PFOA (CH range)  

  Peak 1 (CH2 SS) Peak 2 (CH3 SS) Peak 3 (CH3 SS/Fermi) 

PFOA 

[uM]  FWHM Sigma Area FWHM Sigma Area FWHM Sigma Area 

0 19.23 8.17 3.86 18.90 8.03 3.98 31.87 13.54 6.84 

10 21.24 9.02 1.99 26.35 11.19 8.82 34.51 14.66 9.70 

25 16.24 6.90 0.69 25.69 10.91 10.24 28.43 12.08 7.60 

50 17.65 7.50 0.57 26.40 11.22 8.22 26.63 11.31 7.35 

75 17.87 7.59 0.30 26.30 11.17 7.75 30.95 13.15 8.73 
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Figure C-1. (A) 55 Å2/molecule DPPC with SDS (B) 40 Å2/molecule DPPC and SDS deposited 

into the subphase (CH stretching region). 

Table C-6. CH Range SDS 55 Å2/molecule DPPC 

  Peak 1 (CH2 SS) Peak 2 (CH3 SS) Peak 3 (CH3 SS/Fermi) 
 

SDS 

[uM]  

FWHM Sigma Area FWHM Sigma Area FWHM Sigma Area Ratio 

CH3 SS/ 

CH2 SS 

0 17.04 7.24 1.78 16.62 7.06 3.87 23.54 10.00 5.30 2.17 

10 15.70 6.67 0.88 26.39 11.21 6.64 33.45 14.21 13.80 7.55 

50 11.72 4.98 0.38 27.75 11.79 7.49 27.75 11.79 16.40 19.71 

100 11.11 4.72 0.30 33.24 14.12 5.48 25.16 10.69 6.60 18.27 
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Table C-7. CH Range SDS 40 Å2/molecule DPPC  

  Peak 1 (CH2 SS) Peak 2 (CH3 SS) Peak 3 (CH3 SS/Fermi) Ratio 

CH3 SS/ 

CH2 SS 
SDS 

[uM]  

FWHM Sigma Area FWHM Sigma Area FWHM Sigma Area 

0 15.68 6.66 1.24 22.06 9.37 10.85 29.21 12.41 14.60 8.75 

10 13.16 5.59 1.04 23.40 9.94 8.04 31.92 13.56 15.25 7.73 

50 10.55 4.48 0.67 22.95 9.75 5.06 31.50 13.38 12.52 7.55 

100 11.13 4.73 0.38 17.02 7.23 2.70 20.67 8.78 6.43 7.11 

 

 

Figure C-2. The r+/d+ ratio for DPPC in the presence of SDS 

Table C-8.  40 Å2/molecule DPPC with SDS (OH range) Single Trial 

 Peak 1 (~3200cm-1) Peak 2 (~3450cm-1)  

SDS [uM] FWHM Sigma Area FWHM Sigma Area 

Ratio 

Peaks 1:2 

0 535.39 227.44 35.62 99.06 42.08 2.08 17.13 

10 298.65 126.87 147.49 126.65 53.80 11.72 12.58 

50 336.06 142.76 109.30 115.44 49.04 12.50 8.74 

100 362.68 154.07 49.12 112.29 47.70 8.76 5.61 
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Table C-9. 55 Å2/molecule DPPC with SDS (OH range) Single Trial 

 Peak 1 (~3200cm-1) Peak 2 (~3450cm-1)  

SDS [uM] FWHM Sigma Area FWHM Sigma Area 

Ratio 

Peaks 1:2 

0 170.97 72.63 3.45 308.59 131.09 16.53 0.21 

10 287.26 122.03 137.10 99.81 42.40 8.04 17.05 

50 232.88 98.93 68.30 111.51 47.37 9.84 6.94 

100 179.37 76.20 27.83 125.87 53.47 9.38 2.97 

 

 

Figure C-3. 40 and 55 Å2/molecule DPPC with SDS deposited into the subphase (OH stretching 

region). 
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Figure C-4. OH region SDS surface activity leads to the formation of interfacial water signal.  

Table C-10. SDS Only, No DPPC (OH range) Single Trial  

  Peak 1 (~3200cm-1) Peak 2 (~3450cm-1)   

SDS [uM]  FWHM Sigma Area FWHM Sigma Area 

Ratio 

Peaks 1:2 

0 183.78 78.07 3.16 309.15 131.33 15.98 0.20 

1 313.51 133.18 12.46 114.05 48.45 14.48 0.86 

10 473.30 201.06 75.09 311.86 132.48 42.14 1.78 

50 186.53 79.24 35.16 125.96 53.51 28.25 1.24 

 

 

Figure C-5. OH 3200 cm-1 ice like water to OH 3450 cm-1 water like water ratio with no DPPC in 

solution, 40 Å2/molecule DPPC, and 55 Å2/molecule DPPC. 
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Figure C-6. Peak intensities at (A) 3200 cm-1, (B) 3450 cm-1, (C) sum of both peaks at 3200 cm-1 

and 3450cm-1 showing an increasing trend with increasing concentration of SDS. 
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Table C-11. Peak intensities at (A) 3200 cm-1, (B) 3450 cm-1, (C) sum of both peaks at 3200 cm-1 

and 3450cm-1 showing an increasing trend with increasing concentration of SDS. 

3200 cm-1 Peak Intensities 

[SDS] uM 40 Å2/molecule DPPC 55 Å2/molecule DPPC SDS only 

0 0.04 0.01 0.01 

10 0.30 0.29 0.10 

50 0.20 0.18 0.11 

100 0.08 0.09 - 

3450 cm-1 Peak Intensities 

[SDS] uM 40 Å2/molecule DPPC 55 Å2/molecule DPPC SDS only 

0 0.01 0.03 0.03 

10 0.06 0.05 0.08 

50 0.07 0.05 0.13 

100 0.05 0.04 - 

Sum of 3200 cm-1 and 3450 cm-1 Peak Intensities 

[SDS] uM 40 Å2/molecule DPPC 55 Å2/molecule DPPC SDS only 

0 0.05 0.04 0.04 

10 0.35 0.34 0.18 

50 0.26 0.22 0.25 

100 0.13 0.14 - 
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Analytical Methods 

Private well samples were analyzed by the U.S. Geological Survey National Water Quality 

Laboratory using two different methods. Method 2 included a preconcentration step and a 

slightly modified mobile phase compared to method 1 resulting in lower detection limits.  

Method 1: USGS 9660 

 Concentrations of 34 PFAS analytes (Table S1) were determined in matrix-modified tap 

water samples by direct aqueous injection-liquid chromatography/tandem mass spectrometry 

(DAI-LC/MS/MS) with isotope-dilution quantification described previously Kolpin et al., 2021. 

Detection limits ranged from 2.0-162 ng/L for all analytes. 

Method 2: USGS 9662 

 Concentrations of 56 individual PFAS analytes (Table S1) were determined in matrix-

modified tap water samples with an initial preconcentration using online solid phase extraction 

followed by DAI-LC/MS/MS with quantification by isotope-dilution. Prior to analysis, 500 µL 

of the sample was loaded directly onto a Waters OASIS WAX SPE cartridge (3.9x20 mm 

column, 3.9µm particle diameter) with organic free water (Fisher Optima HPLC grade) at 0.5 

mL/min for six minutes. Following the preconcentration step, the sample was eluted onto a 

reversed-phase, porous shell LC column with a water/1 % ammonium hydroxide and 

methanol/0.4% ammonium hydroxide gradient. Data were acquired in dynamic multiple reaction 

monitoring (dMRM) mode with two transitions per analyte for confirmation (except for PFBA 

and PFPeA that only had one confirming ion). Detection limits ranged from 0.1-22.3 ng/L for all 

analytes. 
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Table D-1. Method detection limits for individual PFAS measured by two different USGS 

methods. Method one is USGS 9660 (see Kolpin et al., 2021) for details and method two is 

USGS 9662. Detection limits are reported as ng/L for both methods. NA means the compound 

was not analyzed as part of the original method (9660). Six PFAS in red italic font are regulated 

under the Safe Drinking Water Act (SDWA) National Primary Drinking Water Regulations. 
Compound Abbreviation Method detection limit (ng/L) 

  Method one 

(9660) 

Method two 

(9662) 

Perfluoroalkyl carboxylic acids 

Perfluorobutanoic acid PFBA NA 5.0 

Perfluoropentanoic acid PFPeA 12.8 5.0 

Perfluorohexanoic acid PFHxA 39.8 1.0 

Perfluoroheptanoic acid PFHpA 43.1 0.2 

Perfluorooctanoic acid PFOA 5.2 0.2 

Perfluorononanoic acid PFNA 7.8 1.0 

Perfluorodecanoic acid PFDA 20.6 0.5 

Perfluorododecanoic acid PFDoA 51.5 1.0 

Perfluoroundecanoic acid, PFUnDA 16.2 0.2 

Perfluorotridecanoic acid PFTrDA 15.6 2.5 

Perfluorotetradecanoic acid PFTeDA 51.5 2.5 

Perfluoroalkyl sulfonic acids (acid form) 

Perfluoropropanesulfonic acid PFPrS NA  

Perfluorobutanesulfonic acid PFBS 12.5 0.5 

Perfluoropentansulfonic acid PFPeS 18.5 0.94 

Perfluorohexanesulfonic acid PFHxS 11.4 (linear) 

22.8 (branched) 

0.37 (linear), 

0.34 (branched) 

Perfluoroheptanesulfonic acid PFHpS NA 0.47 

Perfluorooctanesulfonic acid PFOS 14.3 (linear) 

22.8 (branched) 

0.36 (linear),  

0.4 (branched) 

Perfluorononanesulfonic acid PFNS 49.5 0.48 

Perfluorodecanesulfonic acid PFDS 49.7 0.48 

Perfluoroundecanesulfonic acid PFUnDS NA 0.48 

Perfluorododecanesulfonic acid PFDoS NA  

Perfluorotridecanesulfonic acid PFTrDS NA 0.97 

Fluorotelomer sulfonic acids 

1H,1H, 2H, 2H-Perfluorohexane sulfonic acid 4:2FTS 17.5 0.45 

1H,1H, 2H, 2H-Perfluorooctane sulfonic acid 6:2FTS 52.4 0.5 

1H,1H, 2H, 2H-Perfluorodecane sulfonic acid 8:2FTS 19.1 0.48 

1H,1H,2H,2H-Perfluorododecanesulfonic acid 10:2FTS NA 0.96 

Perfluoroalkanesulfonamides 

Perfluorobutanesulfonamide FBSA NA 5.0 

Perfluorodecanesulfonamide FDSA NA 0.5 
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Perfluorohexanesulfonamide FHxSA 38.9 1.0 

Perfluoroheptanesulfonamide FHpSA NA 0.5 

Perfluorooctanesulfonamide FOSA 101 1.0 

N-methyl perfluorooctanesulfonamide NMeFOSA 123 1.0 

N-ethyl perfluorooctanesulfonamide NEtFOSA 162 1.0 

N-methylperfluorobutanesulfonamide NMeFBSA 

 

NA 5.0 

Perfluorooctane sulfonamideoacetic acids    

N-methyl perfluorooctanesulfonamidoacetic 

acid 

NMeFOSAA 15.4 0.38 

N-ethyl perfluorooctanesulfonamidoacetic 

acid 

NEtFOSAA 12.2 0.38 

Per- and Polyfluoroether carboxylic acids 

Hexafluoropropylene oxide dimer acid HFPO-DA 17.7 1.0 

4,8-Dioxa-3H-perfluorononanoic acid ADONA 2.0 0.09 

Ether sulfonic acids 

9-Chlorohexadecafluoro-3-oxanonane-1-

sulfonic acid 

9Cl-PF3ONS 48.1 0.93 

11-Chloroeicosafluoro-3-oxaundecane-1-

sulfonic acid 

11Cl-PF3OUdS NA 0.47 

Perfluoro(2-ethoxyethane) sulfonic acid PFEESA NA 0.9 

Polyfluoroalkyl Phosphate Di-esters 

6:2 Fluorotelomer phosphate diester 6:2diPAP NA 0.97 

8:2 Fluorotelomer phosphate diester 8:2diPAP NA 0.98 

    

Miscellaneous Compounds 

Perfluoro-3,6-dioxaheptanoate 3,6 OPFHpA NA 0.48 

Bis(perfluorohexyl)phosphinate 6:6 PFPi NA 0.48 

2H-Perfluoro-2-dodecenoate  FDUEA NA 2.0 

3-Perfluoroheptyl propanoate FHpPA NA 0.5 

2H-perfluoro-2-octenoate FHUEA NA 0.5 

2H-Perfluoro-2-decenoate FOUEA NA 0.5 

Perfluoro-4-oxapentanoate PF40PeA NA 0.1 

Perfluoro-5-oxahexanoate PF5OHxA NA 5.0 

Perfluoro(2-ethoxyethane) sulfonate PFECHS NA 0.18 

Perfluoro(2-ethoxyethane) sulfonate PFEESA NA 0.9 

3-Perfluoropentyl propanoate FPePA NA 10 

3-Perfluoropropyl propanoate FPrPA NA 20 

Perfluorobutane sulfonamido amin PBSA NA 22.3 
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Data Analysis:  

Table D-2. Summary of PFAS detected and the range of concentrations found in the 59 samples 

across the three counties. Data was obtained from Method-2.  

PFAS Compounds Total Number of 

Detections 

Concentration Range 

(ng/L) 

Median Concentration 

Detected (ng/L)  

6:2FTS 3 0.50 - 2.20 0.50 

8:2FTS 1 0.22 0.22 

FOSA 9 0.21 - 5.83 1.03 

N-MeFOSAA linear 2 0.25 - 0.40 0.32 

PFBA 3 2.30 - 15.4 2.70 

PFBS 13 0.46 - 3.36 1.07 

PFDS 3 0.09 - 0.87 0.43 

PFHpA 10 0.30 - 2.30 0.60 

PFHxA 7 0.30 - 6.70 1.00 

PFHxS 11 0.28 - 2.79 0.61 

PFOA 7 1.30 - 4.40 2.00 

PFOS 15 0.18 - 4.20  1.02 
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Table D-3. Individual Toxicity Quotients (TQs) and the TQ for each site, based on six of the 

PFAS detected using the human-health based benchmarks in Table 2. * indicates exceedance of 

benchmark level (1.0) and ** indicates the exceedance of precautionary screening level of 

concern (0.1), respectively.  

Site ID PFOA PFOS PFHxS PFBS PFHxA PFBA  

MJ-P30 - 6.0* 0.029 - - - 6.029* 

MJ-P49 35.0* 1.8* 0.061 0.0163 0.0335 0.00039 36.911* 

MJ-P04 - 2.5* - - - 0.0022 2.502* 

MJ-P13 - 5.4* - - - - 5.400* 

MJ-P48 19.0* 27.4* 0.056 0.0107 0.0045 - 46.471* 

MJ-P29 - - - 0.0082 - - 0.0082 

MJ-P37 - - 0.066 0.0046 - - 0.0706 

MJ-P53 20.0* 42.0* - 0.0261 0.0215 - 62.048* 

MJ-P52 - - - - 0.0015 - 0.0015 

MJ-P39 44.0* 40.5* 0.095 0.0199 0.025 - 84.640* 

MJ-P28 - 2.3* - - - - 2.300* 

MJ-P44 14.0* 22.5* 0.038 0.0336 - - 36.572* 

MJ-P41 - 5.8* - 0.0097 0.004 - 5.814* 

MJ-P34 20.0* 18.3* - - - - 38.300* 

MJ-P55 - - - 0.0056 - - 0.0056 

MJ-P22 - - 0.028 - - - 0.028 

MJ-P20 - - - - - 0.00033 0.00033 

MJ-P17 - 2.2* - - - - 2.200* 

MJ-P51 - 33.3* 0.105 0.016 - - 33.421 

MJ-P59 - - 0.075 0.0086 - - 0.0836 

MJ-P56 - 10.2* 0.06 0.0301 - - 10.290* 

MJ-P45 13.0* 37.7* 0.2790** 0.0042 0.005 - 50.988* 
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