
FLUORESCENCE PROBING OF COMPLEX SOLVENT
ENVIRONMENTS: POLYMERIC NANOCARRIER

AGGREGATES AND RILPIVIRINE

BY KAREN ELIZABETH STEEGE

A dissertation submitted to the

Graduate School—New Brunswick

Rutgers, The State University of New Jersey

in partial fulfillment of the requirements

for the degree of

Doctor of Philosophy

Graduate Program in Chemistry and Chemical Biology

written under the direction of

Edward W. Castner Jr.

and approved by

New Brunswick, New Jersey

May, 2008



c© 2008

Karen Elizabeth Steege

ALL RIGHTS RESERVED



ABSTRACT OF THE DISSERTATION

Fluorescence Probing of Complex Solvent Environments:

Polymeric Nanocarrier Aggregates and Rilpivirine

by Karen Elizabeth Steege

Dissertation Director: Edward W. Castner Jr.

The local environment of a drug molecule in polymeric drug nanocarrier solutions im-

pacts the bioavailability of the drug and its ability to reach its target in the biologi-

cal system. The local environment and aggregation properties of small, hydrophobic

molecules in aqueous polymeric micelles and nanocarrier aggregates are explored using

fluorescence spectroscopy for the purpose of characterizing drug delivery formulations

on molecular length scales. The fluorescence properties of seven coumarin dyes in A-

B-A triblock copolymer unimer, micelle, and gel solutions respond to changes in local

solvent environment. The A-B-A copolymer is used as a model for the encapsulation

properties of three novel amphiphilic polymers designed for hydrophobic drug delivery.

Rilpivirine, a novel HIV inhibitor shows solvatochromic fluorescence spectral response

due to a large charge transfer between the ground and electronic excited states. The

fluorescence of rilpivirine in A-B-A triblock copolymer is investigated as a method to

differentiate between the aggregated and unimer forms of the solubilized drug.

ii



Acknowledgements

I would like to acknowledge the support of a wonderful group of scientists, coworkers,

friends, and family. Thank you to Professor Ed Castner whose discussions on science

and life I have enjoyed greatly. Thank you for being my teacher. Also, thanks to

the faculty, staff and students of the Rutgers Department of Chemistry and Chemical

Biology, especially my esteemed Ph.D. committee whom I respect and regard as a great

contingent of scientists and minds. Thank you to Dr. Anthony, Prof. Moghe, and the

IGERT program. I am grateful for the opportunity to interact with and learn from an

exceptional group of leaders. To my family who has always supported me and believed

I could do anything I aspired to do. Thank you to my Nejeda family, whose support I

am eternally lucky to have throughout life. To Erin and Alycia, I have great admiration

for the strength in both of you, especially during these past few years. We will continue

to live ‘hardcore.’ To Mike, whose faith in me has never faltered. I could not have done

this with out you. I love you.

iii



Table of Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1. Local Environments of Drugs in Solution . . . . . . . . . . . . . 3

1.2.2. Rilpivirine, a Non-Nucleoside Reverse Transcriptase Inhibitor and

Fluorescence Dye . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.3. Coumarin Fluorescent Dye Molecules . . . . . . . . . . . . . . . . 6

1.2.4. Amphiphilic Star-Like Macromolecules and Amphiphilic Scorpion-

Like Macromolecules . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.5. A-B-A Triblock Copolymer PEO109-PPO41-PEO109 . . . . . . . 8

1.3. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2. Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1. Materials/ Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.1. Rilpivirine Spectroscopy, Solvatochromism, and Structure . . . . 14

2.1.2. Rilpivirine in A-B-A Triblock Copolymer Solutions . . . . . . . . 14

2.1.3. Coumarin 153 in ASMs and AScMs . . . . . . . . . . . . . . . . 15

2.1.4. Seven Coumarins in F88 Solution . . . . . . . . . . . . . . . . . . 15

iv



2.2. Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1. Electronic Structure . . . . . . . . . . . . . . . . . . . . . . . . . 16

Coumarin 337 and Coumarin 314T . . . . . . . . . . . . . . . . . 16

Rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2. Differential Scanning Calorimetry . . . . . . . . . . . . . . . . . . 17

2.2.3. Dynamic Light Scattering of ASMs and AScMs . . . . . . . . . . 17

2.2.4. Calculated Molecular Volumes . . . . . . . . . . . . . . . . . . . 18

2.2.5. Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . 18

Rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Coumarin Dyes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2.6. Fluorescence Spectroscopy . . . . . . . . . . . . . . . . . . . . . . 19

Solvatochromic Shifts and the π* Empirical Polarity Scale . . . . 20

Dipole Moments and the OLM Equation . . . . . . . . . . . . . . 21

Rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Coumarin 153 in ASMs and AScMs . . . . . . . . . . . . . . . . 23

Seven Coumarin Dyes in Pluronic F88 . . . . . . . . . . . . . . . 23

2.2.7. Time-Resolved Fluorescence Spectroscopy . . . . . . . . . . . . . 24

Rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Coumarin 153 in ASMs and AScMs . . . . . . . . . . . . . . . . 24

Seven Coumarins in Pluronic F88 Solution . . . . . . . . . . . . 28

Dielectric Friction versus Bulk Shear Viscosity . . . . . . . . . . 28

Time-resolved Emission Spectral Shift of Rilpivirine . . . . . . . 29

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3. Fluorescence Spectroscopy of Rilpivirine: a Potent Non-Nucleoside

Reverse Transcriptase Inhibitor . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2.1. A-B-A Triblock Copolymer Pluronic F88 . . . . . . . . . . . . . 36

v



3.3. Results and Discussion: Spectroscopy, Solvatochromism, and Electronic

Structure of Rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3.1. Molar Extinction Coefficient and Quantum Yield . . . . . . . . . 39

3.3.2. S0 →S’ and S0 →S” Transition Energies . . . . . . . . . . . . . . 40

Stark Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Electronic Structure Calculations . . . . . . . . . . . . . . . . . . 40

Fluorescence Spectroscopy . . . . . . . . . . . . . . . . . . . . . . 42

3.3.3. Molecular Dipole Moments . . . . . . . . . . . . . . . . . . . . . 45

Electronic Structure Calculations . . . . . . . . . . . . . . . . . . 46

Fluorescence Spectra and Solvatochromic Shift . . . . . . . . . . 47

3.3.4. Aggregation of Rilpivirine . . . . . . . . . . . . . . . . . . . . . . 48

3.4. Results and Discussion: Rilpivirine Spectroscopy in Aqueous Solutions

of A-B-A Triblock Copolymer F88 . . . . . . . . . . . . . . . . . . . . . 51

3.4.1. Concentration Dependence of Rilpivirine Spectra . . . . . . . . . 52

Fluorescence Emission and Excitation . . . . . . . . . . . . . . . 53

Fluorescence Dynamics . . . . . . . . . . . . . . . . . . . . . . . 54

3.4.2. Temperature Dependence of Rilpivirine Spectra . . . . . . . . . . 54

Fluorescence Emission and Excitation Spectra . . . . . . . . . . 55

Fluorescence Dynamics . . . . . . . . . . . . . . . . . . . . . . . 58

Reorientational Dynamics from Polarization Anisotropy . . . . . 61

3.4.3. Fluorescence Wavelength Dependence . . . . . . . . . . . . . . . 64

Fluorescence Dynamics . . . . . . . . . . . . . . . . . . . . . . . 64

Reorientational Dynamics . . . . . . . . . . . . . . . . . . . . . . 66

3.4.4. Solvent Relaxation Dynamics of Unimers and Aggregates . . . . 69

Time-Resolved Emission in Three Organic Solvents . . . . . . . . 69

Time-Resolved Emission in Aqueous F88 . . . . . . . . . . . . . 72

3.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.5.1. Spectroscopy, Solvatochromism, and Structure of

Rilpivirine Solutions . . . . . . . . . . . . . . . . . . . . . . . . . 73

vi



3.5.2. Spectroscopy of Rilpivirine in Aqueous Solutions of Triblock Copoly-

mer F88 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4. Local Polarity and Microviscosity in the Hydrophobic Cores of Am-

phiphilic Star-like and Scorpion-like Macromolecules . . . . . . . . . . . 82

4.1. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.2. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.3. Measuring Size Scales and Micelle Transition . . . . . . . . . . . . . . . 86

4.3.1. Dynamic Light Scattering . . . . . . . . . . . . . . . . . . . . . . 86

4.3.2. Viscosity of Solution Versus Microviscosity in ASM and AScM

Cores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.3.3. Steady-state Fluorescence Spectroscopy of Coumarin 153 . . . . 89

4.4. Reorientational Dynamics and Length Scales . . . . . . . . . . . . . . . 92

4.4.1. C153 Fluorescence Polarization Anisotropies . . . . . . . . . . . 92

4.4.2. C153 Reorientational Dynamics . . . . . . . . . . . . . . . . . . . 93

4.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5. Fluorescence Probing of Aqueous Triblock Copolymer Pluronic F88 108

5.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.1.1. Pluronic F88: An A-B-A Triblock Copolymer . . . . . . . . . . . 108

5.1.2. Coumarin Solvatochromic Fluorescence Probes . . . . . . . . . . 109

5.2. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.2.1. Polymer Length Scales and Aggregate Phases . . . . . . . . . . . 110

Differential Scanning Calorimetry of Polymer Solutions . . . . . 111

5.2.2. Electronic Structures of Coumarin Solvatochromic Probe Molecules111

5.2.3. Local Polarity in Aqueous Solutions of Unimers, Micelles, and

Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Steady-State Solvatochromic Spectral Shifts . . . . . . . . . . . . 114

vii



Comparison of Coumarin Spectral Shifts . . . . . . . . . . . . . . 126

Fluorescence Time Constants of Coumarins in F88 Solutions . . 126

5.2.4. Local Friction From Fluorescence Anisotropy . . . . . . . . . . . 134

Fluorescence Polarization Anisotropy . . . . . . . . . . . . . . . . 134

Reorientation Time Constants . . . . . . . . . . . . . . . . . . . 135

Local Friction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Reorientational Volumes from Stokes-Einstein-Debye Hydrody-

namics . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.3. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6. Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.2. Background of Emerging Fields . . . . . . . . . . . . . . . . . . . . . . . 152

6.2.1. DAPYs for Treatment of HIV . . . . . . . . . . . . . . . . . . . . 153

6.2.2. Amphiphilic Polymers for Applications in Drug Delivery . . . . . 154

6.3. Key Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.3.1. Fluorescence Spectroscopy of Rilpivirine . . . . . . . . . . . . . . 154

6.3.2. Hydrophobic Cores of Amphiphilic Star-like and Scorpion-like

Macromolecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.3.3. Probing Regions of Aqueous A-B-A Triblock Copolymer Micelles 158

6.4. Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.4.1. Rilpivirine and other Diarylpyrimidines . . . . . . . . . . . . . . 159

6.4.2. Amphiphilic Polymers for Applications in Drug Delivery . . . . . 161

6.5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

Appendix A. Spectroscopy, Solvatochromism, and Electronic Structure

of Rilpivirine: a Potent Non-Nucleoside Reverse Transcriptase Inhibitor167

A:1. Fluorescence Quantum Yield . . . . . . . . . . . . . . . . . . . . . . . . 167

viii



A:2. ZINDO Calculations of Rilpivirine: Dipole Moments and Energies of

S0 →S’ and S” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

A:3. Fluorescence Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

Appendix B. Local Polarity and Microviscosity in the Hydrophobic Cores

of Amphiphilic Star-like and Scorpion-like Macromolecules . . . . . . . 187

B:1. Particle Size Analysis of Polymer Aggregates . . . . . . . . . . . . . . . 187

B:1.1. Polymer Concentration Dependence . . . . . . . . . . . . . . . . 187

B:1.2. Temperature Dependence . . . . . . . . . . . . . . . . . . . . . . 187

B:2. Solution Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

B:3. Steady State Emission Spectral Linewidth . . . . . . . . . . . . . . . . . 188

B:4. Effective polarity of C153 local environment in ASM and AScM cores

using the π* scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

B:5. Fluorescence Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

B:6. Predicted θrot for each unimer from SED and Van der Waals volumes. . 195

B:7. Effective Diameters for C153 Reorientation . . . . . . . . . . . . . . . . 196

B:8. Local Frictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

Appendix C. Fluorescence Probing of Aqueous Copolymer Solutions . 204

C:1. Solubilities and Molecular Volumes of Coumarins . . . . . . . . . . . . . 204

C:2. Spectral Lineshape Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 204

C:3. Spectral Energies From Fluorescence . . . . . . . . . . . . . . . . . . . . 205

C:4. Polarity of C153 Local Environment . . . . . . . . . . . . . . . . . . . . 206

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

Curriculum Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

ix



List of Tables

3.1. Transition energies of rilpivirine from ZINDO calculations . . . . . . . . 41

3.2. Orbital configurations and coefficients for rilpivirine . . . . . . . . . . . 44

3.3. Dipole moment differences of rilpivirine electronic states . . . . . . . . . 49

3.4. Reorientation time constants of rilpivirine in different solvents . . . . . . 51

3.5. Concentration dependence of rilpivirine spectral frequencies in aqueous

F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.1. Reorientation time constants and anisotropies of C153 in ASM and AScM

solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.2. Effective diameters of C153 reorientation and polymeric macromolecules

from fluorescence, DLS, and calculated volumes . . . . . . . . . . . . . . 99

4.3. Calculated local frictions of C153 in ASM and AScM solutions . . . . . 101

5.1. Dipole moments and transition energies of 7 coumarins from ZINDO . . 113

A-1. Fluorescence quantum yields of rilpivirine . . . . . . . . . . . . . . . . . 168

A-2. Dipole moments and transition energies from ZINDO: anhydrous confor-

mation of rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

A-3. Dipole moments and transition energies from ZINDO: anhydrous/ 2DMSO

conformation of rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . 170

A-4. Dipole moments and transition energies from ZINDO: RT-bound confor-

mation of rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

A-5. Orbital configurations of the anhydrous conformation of rilpivirine from

ZINDO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

A-6. Orbital configurations of the anhydrous/ 2DMSO conformation of rilpi-

virine from ZINDO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

x



A-7. Orbital configurations of the RT-bound conformation of rilpivirine from

ZINDO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

A-8. Rilpivirine fluorescence time constants in common solvents . . . . . . . . 185

C-1. Coumarin clogP and molecular volumes . . . . . . . . . . . . . . . . . . 204

C-2. C314T spectral frequencies in aqueous F88 solutions . . . . . . . . . . . 206

C-3. C153 spectral frequencies in aqueous F88 solutions . . . . . . . . . . . . 207

C-4. C102 spectral frequencies in aqueous F88 solutions . . . . . . . . . . . . 207

C-5. C152 spectral frequencies in aqueous F88 solutions . . . . . . . . . . . . 208

C-6. C337 spectral frequencies in aqueous F88 solutions . . . . . . . . . . . . 209

C-7. C151 spectral frequencies in aqueous F88 solutions . . . . . . . . . . . . 210

C-8. C343−/Na+ spectral frequencies in aqueous F88 solutions . . . . . . . . 211

C-9. C153 π∗ polarities in aqueous F88 solutions . . . . . . . . . . . . . . . . 212

xi



List of Figures

2.1. Time-resolved fluorescence transients in anisotropy fitting method . . . 26

3.1. Structural conformations of rilpivirine . . . . . . . . . . . . . . . . . . . 36

3.2. Molecular orbitals of rilpivirine . . . . . . . . . . . . . . . . . . . . . . . 43

3.3. Emission and excitation spectra of rilpivirine in various solvents . . . . . 45

3.4. Rilpivirine peak frequencies versus π* of solvent . . . . . . . . . . . . . . 46

3.5. Ooshika-Lippert-Mataga plots for rilpivirine . . . . . . . . . . . . . . . . 47

3.6. Reorientation time constatns of rilpivirine versus solvent viscosity . . . . 50

3.7. Drug concentration of rilpivirine emission and excitation spectra in aque-

ous F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.8. Drug concentration of rilpivirine spectral frequencies in aqueous F88 so-

lutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.9. Drug concentration of rilpivirine fluorescence time constants in aqueous

F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.10. Temperature dependence of rilpivirine fluorescence spectra in aqueous

F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.11. Temperature dependence of rilpivirine spectral peaks in aqueous F88

solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.12. Rilpivirine fluorescence time constants in PEG 300 . . . . . . . . . . . . 60

3.13. Rilpivirine fluorescence time constants in PPO 3500 . . . . . . . . . . . 61

3.14. Rilpivirine fluorescence time constants in aqueous F88 solutions . . . . . 62

3.15. Rilpivirine anisotropies and reorientation time constants in PEG 400 . . 63

3.16. Rilpivirine anisotropies and reorientation time constants in PPO 2000 . 64

3.17. Rilpivirine anisotropies and reorientation time constants in aqueous F88

solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

xii



3.18. Emission wavelength dependence of rilpivirine fluorescence time constants 66

3.19. Emission wavelength dependence of rilpivirine anisotropies and reorien-

tation time constants in aqueous F88 solutions . . . . . . . . . . . . . . 67

3.20. S-E-D hydrodynamic volumes from rilpivirine reorientation time con-

stants in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . . . 68

3.21. Aggregation numbers of rilpivirine . . . . . . . . . . . . . . . . . . . . . 69

3.22. Time-resolved emission spectra of rilpivirine unimers in H2Cl2 . . . . . . 70

3.23. Time-resolved emission spectra of rilpivirine aggregates in 1-pentane . . 71

3.24. Time-resolved emission spectra of rilpivirine in PEG 400 . . . . . . . . . 72

3.25. Temperature dependence of time-resolved emission spectra of rilpivirine

in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.1. Structure of C153 and M12P5 . . . . . . . . . . . . . . . . . . . . . . . . 83

4.2. Structure of NC12P5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.3. Structure of NC6P5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.4. Particle sizes of ASM and AScMs in aqueous solutions . . . . . . . . . . 87

4.5. Polymer concentration and temperature dependent particle diameters of

ASMs and AScMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.6. Fluorescence spectra of C153 in ASM and AScM solutions . . . . . . . . 90

4.7. Temperature dependence of the C153 spectral frequency in ASM and

AScM solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.8. Temperature dependence of C153 anisotropies in ASM and AScM solutions 93

4.9. Temperature dependence of C153 reorientation time constants in ASM

and AScM solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.10. Temperature dependence of time-resolved anisotropies of C153 in ASM

and AScM solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.11. Effective diameters of C153 reorientation in ASM and AScM solutions . 104

5.1. Structure of Pluronic F88 . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.2. Structure, molecular volume, and clogP of 7 comarins . . . . . . . . . . 110

5.3. DSC of aqueous solutions of Pluronic F88 . . . . . . . . . . . . . . . . . 111

xiii



5.4. HOMO and LUMO molecular orbitals of C314T . . . . . . . . . . . . . 112

5.5. HOMO and LUMO molecular orbitals of C337 . . . . . . . . . . . . . . 112

5.6. C314T emission and excitation spectra in six solvents . . . . . . . . . . 115

5.7. Temperature dependence of C314T emission and excitation spectra in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.8. Temperature dependence of C314T emission and excitation spectral fre-

quencies and intensities in aqueous F88 solution . . . . . . . . . . . . . . 117

5.9. C153 emission and excitation spectra in six solvents . . . . . . . . . . . 118

5.10. Temperature dependence of C153 emission and excitation spectra in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.11. Temperature dependence of C153 emission and excitation spectral fre-

quencies and intensities in aqueous F88 solution . . . . . . . . . . . . . . 120

5.12. Temperature dependence of C153 local environment polarity in aqueous

F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.13. Temperature dependence of C102 emission and excitation spectra six

solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.14. Temperature dependence of C102 emission and excitation spectra in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.15. Temperature dependence of C314T emission and excitation spectral fre-

quencies and intensities in aqueous F88 solution . . . . . . . . . . . . . . 124

5.16. Temperature dependence of C152 emission and excitation spectra in six

solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.17. Temperature dependence of C314T emission and excitation spectra in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.18. Temperature dependence of C314T emission and excitation spectral fre-

quencies and intensities in aqueous F88 solution . . . . . . . . . . . . . . 127

5.19. Temperature dependence of C337 emission and excitation spectra in six

solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

xiv



5.20. Temperature dependence of C337 emission and excitation spectra in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.21. Temperature dependence of C337 emission and excitation spectral fre-

quencies and intensities in aqueous F88 solution . . . . . . . . . . . . . . 130

5.22. Temperature dependence of C151 emission and excitation spectra in six

solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.23. Temperature dependence of C151 emission and excitation spectra in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.24. Temperature dependence of C151 emission and excitation spectral fre-

quencies and intensities in aqueous F88 solution . . . . . . . . . . . . . . 133

5.25. Temperature dependence of C343−/Na+ emission and excitation spectra

in six solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.26. Temperature dependence of C343−/Na+ emission and excitation spectra

in aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.27. Temperature dependence of C343−/Na+ emission and excitation spectral

frequencies and intensities in aqueous F88 solution . . . . . . . . . . . . 136

5.28. Temperature dependence of the spectral peak frequencies of seven coumarins

in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.29. Temperature dependence of fluorescence time constants of seven coumarins

in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.30. Temperature dependence of the fluorescence time constants of C314T in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.31. Temperature dependence of the fluorescence time constants of C153 in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.32. Temperature dependence of the fluorescence time constants of C102 in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.33. Temperature dependence of the fluorescence time constants of C102 in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

xv



5.34. Temperature dependence of the fluorescence time constants of C337 in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.35. Temperature dependence of the fluorescence time constants of C151 in

aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.36. Temperature dependence of the fluorescence time constants of C343−/Na+

in aqueous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.37. Temperature dependence of average fluorescence time constants of seven

coumarins in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . 144

5.38. Temperature dependence of the steady-state anisotropies of seven coumarins

in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.39. Temperature dependence of the time-dependent anisotropies of seven

coumarins in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . 145

5.40. Temperature dependence of individual anisotropies and reorientation

time constants of seven coumarins in aqueous F88 solutions . . . . . . . 146

5.41. Temperature dependence of average reorientation time constants of seven

coumarins in aqueous F88 solutions . . . . . . . . . . . . . . . . . . . . . 147

5.42. Calculated volumes of reorientation of seven coumarins in aqueous F88

solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.1. Structure of rilpivirine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.2. Emission of rilpivirine in different solvents . . . . . . . . . . . . . . . . . 155

6.3. Temperature dependence of the fluorescence spectra of rilpivirine in aque-

ous F88 solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.4. Structures of coumarin 153, M12P5, and NC6P5 . . . . . . . . . . . . . 157

6.5. Local frictions of C153 in ASM and AScM solutons . . . . . . . . . . . . 158

6.6. Representation of coumarin local environments in an F88 micelle . . . . 159

6.7. Temperature dependence of reorientational motions of seven coumarins

in aqueous F88 soluiton . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

A-1. Molecular orbitals of rilpivirine: anhydrous conformation with DMSO

solvent properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

xvi



A-2. Molecular orbitals of rilpivirine: anhydrous conformation with water sol-

vent properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

A-3. Molecular orbitals of rilpivirine: anhydrous conformation with 2-MeTHF

solvent properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

A-4. Molecular orbitals of rilpivirine: anhydrous/2DMSO conformation with

DMSO solvent properties . . . . . . . . . . . . . . . . . . . . . . . . . . 175

A-5. Molecular orbitals of rilpivirine: anhydrous/2DMSO conformation with

water solvent properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

A-6. Molecular orbitals of rilpivirine: anhydrous/2DMSO conformation with

2-MeTHF solvent properties . . . . . . . . . . . . . . . . . . . . . . . . . 177

A-7. Molecular orbitals of rilpivirine: RT-bound conformation with DMSO

solvent properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

A-8. Molecular orbitals of rilpivirine: RT-bound conformation with water sol-

vent properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

A-9. Rilpivirine fluorescence time constants in common solvents . . . . . . . . 184

B-1. Particle sizes of M12P5 . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

B-2. Particle sizes of NC12P5 . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

B-3. Particle sizes of NC6P5 . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

B-4. Temperature dependence of aqueous M12P5 particle sizes . . . . . . . . 191

B-5. Temperature dependence of aqueous NC12P5 particle sizes . . . . . . . 192

B-6. Temperature dependence of aqueous NC6P5 particle sizes . . . . . . . . 193

B-7. Viscosities of aqueous solutions of M12P5, NC12P5, and NC6P5 . . . . 194

B-8. Spectral fwhm of ASM and AScM emission . . . . . . . . . . . . . . . . 195

B-9. Effective polarity of C153 environment in ASM and AScM solutions . . 196

B-10.C153 fluorescence time constants in ASMs and AScMs . . . . . . . . . . 197

B-11.Normalized amplitudes of C153 fluorescence time constants in ASMs and

AScMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

B-12.C153 fluorescence time constants in ASMs and AScMs . . . . . . . . . . 199

B-13.Predicted reorientation time constants of ASMs and AScMs . . . . . . . 200

xvii



B-14.Hydrodynamic volumes of C153 from reorientation time constants . . . 201

B-15.Local friction of C153 from reorientation time constants in ASMs and

AScMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

C-1. Temperature dependence of the spectral fwhm of 7 coumarins in aqueous

F88 solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

xviii



1

Chapter 1

Introduction

1.1 Overview

The local environment of a drug molecule in aqueous polymeric nanocarriers has an

impact on the delivery of that drug to biological systems.[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]

Fluorescence spectroscopy is able to study the local environment of materials from

molecular length scales to microns.[12] The properties of drug molecules themselves,

polymeric micelles that act as drug delivery vehicles, and the interface between the two

are of importance in the fields of biomaterials and drug formulation development. While

pharmaceutical companies screen many potential molecules for drug activity per year,

some drug candidates are eliminated form the development pipeline due to insolubility,

a cause of poor bioavailability.[1] This dissertation reports work on the measurement of

local environment a small hydrophobic molecule is experiencing when solubilized inside

a nanocarrier designed to dissolve it.

Chapter 2 describes the experimental methods used to characterize amphiphilic

polymer solutions and fluorophores such as coumarin solvatochromic probes and ril-

pivirine, an HIV inhibitor. Steady-state and time-resolved fluorescence spectroscopy

techniques are described with analysis methods for the chemical systems under in-

vestigation. Thermal analysis, particle size measurements, and electronic structure

calculations are also key tools used for the physical characterizations described.

In Chapter 3, a class of HIV non-nucleoside reverse transcriptase inhibitors (NNR-

TIs) called diarylpyrimidines (DAPYs), presents the opportunity to look at drug en-

capsulation from molecules that are self-reporting of their environments. Rilpivirine

(R278474, TMC278 Janssen Pharmaceutica) a DAPY which is entering FDA Phase III

trials as an effective HIV treatment, is the focus of a fluorescence study presented in
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this dissertation. Since rilpivirine is a fluorescent molecule, a study is presented of its

spectral response to solvent polarity, viscosity, and nanoscale transitions in these two

properties. The behavior of rilpivirine spectroscopy lays a basis for the use of rilpivirine

fluorescence to report on the drug’s own local environment. Electronic structure calcu-

lations in the form of ZINDO calculations are performed to aid in the explanation of

rilpivirine fluorescence and absorption spectroscopy. The environments presented here

include a range of solvent polarities and delivery solutions, including aqueous polymer

micelles and the rilpivirine molecule in both unimer and aggregate form.

In Chapter 4, the known fluorescence behavior of coumarin 153 is used to study

novel polymers called amphiphilic star-like macromolecules (ASMs) and amphiphilic

scorpion-like macromolecules (AScMs) and the differences in the hydrophobic cores in

aggregates of both molecules in solution. Fluorescence spectroscopy in the steady-

state and time domain gives information about the polarity and friction of the local

environment of an encapsulated coumarin dye.

In Chapter 5, a common amphiphilic A-B-A triblock copolymer, poly(ethylene

oxide)109 - poly(propylene oxide)41 - poly(ethylene oxide)109 is used as a control system

to observe seven fluorescent dye molecules of similar structure and varying in solubility

and polarity. Seven coumarin dyes of various solubility properties are used to probe

multiple and select regions of the polymeric micelles, including the hydrophobic micelle

core, the hydrophilic micelle corona, the bulk water region outside the micelles, and

the interfacial regions between each of these local environments. The coumarin fluo-

rophores act as models for drug molecules encapsulated in various amphiphilic polymer

solutions.

Chapter 6 of this dissertation will summarize the key findings described here and

suggest some possibilities for future directions of this research.

1.2 Discussion

Objectives of Research:
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• Investigation of local solvent environments of small fluorescent molecules such as

hydrophobic drugs

• Systematic characterization of the spectroscopy of rilpivirine, an anti-HIV drug,

in various solvent environments, including solutions of aqueous A-B-A triblock

copolymer micelles that act as drug nanocarriers

• Use of coumarin 153 fluorescence for investigation and comparison of core char-

acteristics of amphiphilic macromolecules designed for hydrophobic drug encap-

sulation and delivery

• Characterization of multiple local environments in A-B-A triblock copolymer mi-

celles on molecular length scales using seven coumarin solvatochromic fluorescence

probe molecules of various solubility properties

This dissertation will focus on several objectives. The first aim is the systematic

characterization of the spectroscopy of rilpivirine, an anti-HIV drug, in various solvent

environments, including solutions of aqueous A-B-A triblock copolymer micelles that

act as drug nanocarriers. The second endeavor of this work is the characterization of

various drug nanocarriers themselves using the solvatochromic fluorescence properties of

coumarin dyes as model drug molecules. The comparison is between three amphiphilic

macromolecules specifically designed for hydrophobic drug encapsulation and delivery.

Seven coumarin dye molecules of various solubility properties are then used in a similar

way to describe the various local environments in A-B-A triblock copolymer micelles

on molecular length scales. These objectives address the need for the characterization

of the local environment polarity and microviscosity of small molecules in polymeric

micelle solutions and apply the methods developed to characterize the potent, but

insoluble HIV inhibitor, rilpivirine, as well as three novel polymeric drug nanocarriers.

1.2.1 Local Environments of Drugs in Solution

There are several requirements for a drug molecule to efficiently be delivered to its

target biological system.[1, 5] Drugs are usually small molecules that have molecular
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weights under 500 g/mol, water/octanol partition coefficients (clogP) values of un-

der 5, have no more than 5 hydrogen bond donors and have no more than 10 hydro-

gen bond acceptors.[1] These general guidelines are known as “Lipinski’s Rule of 5”

and pharmaceutical companies often screen potential drug candidate molecules using

them.[1, 13, 14] Many molecules are rejected early if one or more of these rules are

broken. Unfortunately, there are some molecules that are highly potent against their

target diseases, but are too hydrophobic and therefore insoluble in aqueous environ-

ments (biological environments) to be delivered efficiently.

There is a widely used application of polymer materials to encapsulate drug molecules

in solution and improve the solubility and release profiles of drugs in biological systems.

Polymeric micelles, vesicles, liposomes, and other aggregated nanocarriers are finding

an advantage in the fact that polymers can be tailored to specific solubility needs.

In other words, block copolymers can be designed with variations in the length and

composition of each polymer block making up the delivery vehicle.[8, 5]

1.2.2 Rilpivirine, a Non-Nucleoside Reverse Transcriptase Inhibitor

and Fluorescence Dye

The rilpivirine molecule is of great interest on account of its potent activity as a non-

nucleoside reverse transcriptase inhibitor (NNRTI) of the human immunodeficiency

virus, (HIV).[15, 16] Rilpivirine (CAS number [500287-72-9], 4-[[4-[[4-[(1E)-2-cyanoethenyl]-

2,6-dimethylphenyl]amino]-2- pyrimidinyl]amino]benzonitrile) is also called R278474 or

TMC278.[15] This drug is part of a group of NNRTIs with a diarylpyrimidine structure

called DAPYs. Like rilpivirine, a number of DAPYs have been found to bind to reverse

transcriptases (RTs). Crystal structures of DAPY molecules bound to the hydrophobic

binding pocket of RTs show that the DAPYs adopt a butterfly conformation.[15, 17]

The binding of rilpivirine to RTs inhibits transcription of the retroviral RNA to the

DNA of the infected cell.[15, 16, 18]. DAPYs fit loosely into the RT binding pocket,

giving this class of drugs high resistance to viral mutations.[15, 17] In vitro studies

have shown that rilpivirine may be even more effective in stopping HIV replication

than another recently FDA-approved DAPY drug (etravirine, TMC 125).[15]
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Rilpivirine structure and solvent environment are described using electronic struc-

ture calculations and optical spectroscopy methods. ZINDO calculations are performed

for four conformations. These include an anhydrous crystal structure conformation of

rilpivirine, the conformation of rilpivirine co-crystalized with DMSO solvent in a 1:2

ratio, and the conformation of rilpivirine taken from the crystal structure of the drug

bound in the hydrophobic binding site of the 52A mutant of HIV-RT.[19]

The predicted energy differences between the electronic ground state, or highest oc-

cupied molecular orbital (HOMO) and the first Franck-Condon excited state or lowest

unoccupied molecular orbital (LUMO) by ZINDO methods are compared to experi-

mental results from measured absorbance spectra and fluorescence excitation spectra.

Rilpivirine solutions for a selection of solvents varying in dielectric, viscosity, and polar-

ity and the local environment of rilpivirine are reported using the fluorescence spectrum,

lifetime and reorientational behavior of the drug. The spectral properties of rilpivirine

are compared to each of these solvent properties to show how spectroscopy is used to

characterize the local environment of rilpivirine in solution.

Rilpivirine has a clogP value of 5.8, making the delivery of the drug to aqueous

biological environments a challenge.[16] Because rilpivirine is a potent inhibitor of HIV

replication but is very hydrophobic, the delivery of this drug molecule has a need

for vast improvement. Rilpivirine has been found to be present in both unimer and

aggregate forms in some solvents, as demonstrated in recent publications.[15, 16] Ril-

pivirine aggregates have been found to form in aqueous buffer solutions, and while the

theoretical EC50 of rilpivirine is less than 0.1 nM, the EC50 found in cellular uptake

studies is approximately 5 times this value.[15] The proposed theory is that rilpivirine

is absorbed by cells at all because of the formation of nanoparticle aggregates. Scan-

ning electron micrographs and dynamic light scattering measurements of rilpivirine

aggregates in buffer solution co-solvated with tylaxopol surfactant show the average

diameter of the drug nanoparticles to be approximately 58 nm.[15, 16] In Chapter 3,

rilpivirine is dissolved in solutions of A-B-A triblock copolymer poly(ethylene oxide)109

- poly(propylene oxide)41 - poly(ethylene oxide)109 unimers, micelles, and gels. The

solvent environment and aggregation properties are studied using fluorescence spectral
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shifts, time constants, and reorientational dynamics from polarization anisotropy mea-

surements. The concentration and temperature dependence of rilpivirine in 25 w/v%

amphiphilic polymer solutions is investigated, as well as the direct link between ag-

gregation state and emission wavelength as measured by fluorescence dynamics and

polarization anisotropy. Fluorescence spectroscopy is shown as a sensitive and useful

tool for the characterization of aggregate and unimer rilpivirine in solution.

1.2.3 Coumarin Fluorescent Dye Molecules

Seven coumarin fluorescence dyes are used to study multiple regions of A-B-A triblock

copolymers in solution.

These coumarin dyes have been chosen because of the range in solubility of the seven

molecules while maintaining the same relative size, shape, and core molecular structure.

Because of the variations in the solubility of each coumarin, each dye is expected to

localize in a different region or range of regions within an aqueous solution of polymeric

micelles including hydrophobic core, hydrophilic corona, and interfacial polymer and

water regions of the aggregate solution. We measure the solubility of the coumarin dyes

with calculated water-octanol partition coefficients, or clogP values.[1] Coumarins do

not aggregate at dilute concentrations such as used for the fluorescence measurements

described here. The peak excitation and emission energies for these seven coumarin

dyes fall within the range of experimental practicality for the time-resolved fluorescence

anisotropy measurements using the second harmonic generation frequency of a tunable

Ti-sapphire laser as an excitation source. Previous studies of 7-aminocoumarin dyes

have shown that the dipole moment of a coumarin dye increases dramatically from the

electronic ground state to the excited state.[20, 21] This characteristic makes coumarin

dyes positively solvatochromic and good candidates for measuring local changes in po-

larity in a nanophase transition such as micellization or differences in local polarity.[22]
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1.2.4 Amphiphilic Star-Like Macromolecules and Amphiphilic Scorpion-

Like Macromolecules

A number of amphiphilic polymers have been designed to solubilize hydrophilic molecules

for applications in drug delivery.[8, 5, 23, 24] Because poly (ethylene glycol) (PEG) is

highly water-soluble, it is ubiquitous in these synthetic copolymers.[25] PEG and its

conjugates are widely used in the areas of small-molecule encapsulation, drug formu-

lation, modification of proteins and pharmaceutical molecules, cosmetics, biomedical

coatings, and other surface modifications.[25, 8, 5, 24, 23, 26] The hydrophilic, non-

toxic, biocompatible, biodegradable nature has led to the use of PEG in amphiphilic

polymers for encapsulation of hydrophobic drugs.[8, 5] Many molecules considered as

drug candidates are insufficiently water-soluble to be absorbed effectively into biolog-

ical systems and one must take into account the solubility and biological interactions

of both the drug and its delivery media.[5] Such delivery media must be biocompati-

ble, non-toxic, and able to solubilize but not inhibit the drug molecule. Each of these

attributes depends on appropriate selection of the PEG functionality.[25, 27, 5, 7] An-

other goal of drug delivery systems is to simultaneously increase the circulation time

while decreasing the dosage.[8] This can enable a reduction of cytotoxicity, such as for

chemotherapy drugs.[8]

Amphiphilic polymers with PEG hydrophilic blocks have been used for increased

solubility of hydrophobic molecules.[8, 5, 24, 23] Here, three such amphiphilic polymers

are examined with the coumarin 153 (C153) fluorescence probe encapsulated as a re-

porter of local environment within the core of each of three polymer solutions. The three

amphiphilic polymers, designed by the Uhrich group at Rutgers University are M12P5,

NC12P5, and NC6P5. M12P5 is a molecule containing an acylated mucic acid core

and a PEG tail, giving it a shape resembling a scorpion. The group to which M12P5

belongs is aptly named AScMs or amphiphilic scorpion-like macromolecules. NC12P5

and NC6P5, also designed and synthesized by the Uhrich group, are similar in molec-

ular makeup, but have four acylated mucic acid groups covalently tethered to make a

hydrophobic core, with four PEG chains forming a hydrophilic shell on the outside of
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the macromolecule. These are called amphiphilic star-like macromolecules (ASMs) and

NC6P5 and NC12P5 differ only by the number of carbons in the alkyl chains of the

core structure. C153 is used as a hydrophobic drug model for observation of the local

friction and local solvent polarity in the core of each nanocarrier.[28, 29, 21, 30, 31]

C153 is a well-characterized solvatochromic fluorescence probe that has a hydropho-

bic clogP value of 4.08.[32] By measuring the steady-state fluorescence emission, time-

dependent polarization anisotropy, and reorientation time constants of C153, it is pos-

sible to clearly distinguish between a flexible, polar, water-like environment and a more

rigid, non-polar environment of the dye molecule.[33, 34]

1.2.5 A-B-A Triblock Copolymer PEO109-PPO41-PEO109

Triblock copolymers are utilized in various fields including pharmaceuticals, personal

hygiene, water purification, and other areas that require the uptake and improved solu-

bility of small molecules.[5, 8, 7] A-B-A triblock polymers have three components con-

sisting of two A-blocks of the same repeating monomer and a center B-block consisting

of a second type of repeat unit. When the two A-blocks have one type of solubility and

the B-block has a different solubility, the A-B-A triblock copolymers are referred to as

amphiphilic. The amphiphilic nature of A-B-A triblock copolymers has been previously

used as a means of encapsulating insoluble molecules and making them miscible in a

preferred solvent.[25] The solubility properties of A-B-A triblock copolymers may be

used to separate impurities in solution, aid in chromatographic processes, and improve

the delivery of pharmaceutical ingredients.[5, 8, 7, 35, 2, 36]

Small molecules may be dissolved in a solvent in which the A-blocks are soluble

and the B-block is not because upon dissolution of the polymer, the hydrophobic ef-

fect causes the B-blocks of the polymer to aggregate and form various structures in

solution.[37] The hydrophobic effect occurs when polar and non-polar molecules sep-

arate. This can be explained most often by thermodynamic driving forces such as

enthalpy and entropy to decrease solvation free energy between molecules. These driv-

ing forces depend on properties such as solute and solvent size (surface area), van der

Waals interactions, hydrogen bonding, and temperature.[37, 25] In the solvation free
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energy (4Gsolvation = 4Hsolvation - T4Ssolvation) there are enthalpic and entropic com-

ponents that differ with every system.[37] In the case of A-B-A triblock copolymers in

a solvent miscible with the A-block, aggregation of the B-blocks occurs and micelles are

formed. An increase in the volume of hydrophobic non-polar molecules in water cause

the waters to restructure around the non-polar molecules, decreasing the entropy of the

water. When the non-polar molecules (B-blocks) aggregate, and the polar molecules

(A-blocks) shield the water from non-polar molecules, favorable entropy is restored.[38]

Depending on the polymer composition, solvent, concentration, and temperature,

the aggregation properties of A-B-A triblock copolymers can be altered in many ways.

Besides spherical micelles, possible solution phases include worm-like micelles, bilayers,

vesicles, inverse micelles, microemulsions, and various types of gel structures.[38, 39]

One A-B-A triblock copolymer, Pluronic F88, is composed of poly(ethylene oxide)109

- poly(propylene oxide)41 - poly(ethylene oxide)109 abbreviated PEO109-PPO41-PEO109.

Solutions of 25 w/v% F88 polymer in water, will form micelles above 22.5 ◦C and forms

a hydrogel at increased temperatures.[33, 40] The use of 7 coumarin dye molecules,

mentioned previously makes it possible to probe multiple and selective environments in

aqueous Pluronic F88 micellar phases.

1.3 Summary

The exploration of the topic of polarity and solubility is one that is not new, but has

been undertaken for many years.[41] Defining the polarity and solubility of a specific

molecule of interest, such as rilpivirine, is of importance for defining the best way to

delivery this drug the most effectively and efficiently. Because rilpivirine is only one of

many DAPY HIV inhibitors,[16] there is much work to be done on the delivery methods

and mechanisms for any of these that may be of interest in the future.

Improved methods of characterizing the local environments of drug molecules in

solution formulations is needed to improve the efficacy of the drug’s ability to reach

it’s target in biological systems. Improved delivery systems are needed as well, and

amphiphilic polymer design is a field open to new materials for drug molecules in need
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of better bioavailability. Rilpivirine is one of these drugs.

HIV is a worldwide epidemic that affects over 33 million people and will continue to

spread to approximately 3 million more people per year.[42] Approximatey two thirds of

the people in the world living with HIV are in sub-Saharan Africa, where the inhibiting

cost of healthcare prevents the population of HIV patients from receiving the help they

need.[42] According to UNAIDS and World Health Organization, approximately 2.1

million people died from AIDS in 2007.[42] An increase in drug efficacy, a decrease in

effective dosage, and improved delivery of HIV drugs would not only strive to reduce

the cost of HIV treatments, but extend the availability of these treatments to people

who really need them. This dissertation is a detailed molecular length scale description

of local environments of small molecules in drug delivery solutions. While this work

investigates HIV drug molecules on very small length scales, there is a hope to impact

the development of needed treatments on a larger scale.
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Chapter 2

Experimental Methods

2.1 Materials/ Sample Preparation

2.1.1 Rilpivirine Spectroscopy, Solvatochromism, and Structure

Solid rilpivirine (R278474, TMC-278) was obtained from Janssen Pharmaceutica in

Belgium. A defined amount of solid rilpivirine was made into a stock solution of

dichloromethane and appropriate aliquots of the stock solution were put into glass

sample vials. The rilpivirine-dichloromethane solutions in the sample vials were then

dried in a vacuum oven and heated to 37 ◦C and the pressure reduced to 1500 mPa

for one hour to evaporate the solvent. 10 mL of new solvent was added to the remain-

ing rilpivirine. The solvents used are as follows: dimethyl sulfoxide (DMSO), N,N-

dimethylformamide (DMF), formamide, ethyl acetate, methanol, water, ethylene gly-

col (E.G.), dichloromethane (CH2Cl2), 1,2-dichlorobenzene (1,2-DCB), toluene, carbon

tetrachloride (CCl4), 2-methyltetrahydrofuran (2-MeTHF). All solutions were stirred

for at least 24 hours for proper dissolution of the drug.

2.1.2 Rilpivirine in A-B-A Triblock Copolymer Solutions

Pluronic F88 was donated from BASF Company as solid and 2.5 g was dissolved in

10 mL Fluka Nanopure water (for luminescence, filtered by 0.2 µm pore size) to make

aqueous 25 w/v% polymer solutions. Rilpivirine was obtained in solid powder form.

A stock solution of rilpivirine was made in dichloromethane using a known amount of

drug. The necessary aliquot of stock solution was put into a glass vial and this was

then put into a vacuum oven to evaporate the solvent. Aqueous solution of 25 w/v%

Pluronic was added to the vial containing rilpivirine. The most concentrated rilpivirine
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solution was then diluted with more aqueous polymer solution to make a total of seven

samples of different concentrations ranging from 1 to 80 µM rilpivirine. The absorbance

spectrum of each rilpivirine sample was measured to calculate the exact concentration

of rilpivirine in each solution.

2.1.3 Coumarin 153 in ASMs and AScMs

NC12P5 and NC6P5 amphiphilic star-like macromolecules (ASMs) and the M12P5 am-

phiphilic scorpion-like macromolecule (AScM) were synthesized and purified according

to the previously published procedures by Lu Tian and Jinzhong Wang in the Uhrich

group at Rutgers University.[1, 2, 3, 4] NC12P5 and NC6P5 are four diblock polymers,

composed of a PEG (Mw 500) tail and an acylated (12 and 6 carbon alkyl chains, re-

spectively) mucic acid core. The four diblock molecules are covalently bonded to one

central carbon atom at the mucic acid core. This gives the macromolecule a ‘star’ con-

figuration. M12P5, the AScM is a single diblock, consisting of the same PEG 500 tail

and an acylated mucic acid (12 carbon alkyl chains) core. M12P5 aggregates to form

micelles at critical micelle concentration and temperature.[5] For more details on ASM

and AScM molecular structure, see Chapter 4.

Aqueous solutions of each of the three polymers were prepared using Fluka Nanopure

water (for luminescence, filtered by 0.2 µm pore size) and stirred in the dark at room

temperature for at least 48 hours. The polymer solutions were filtered through a 0.2

µm Whatman PTFE filter to remove impurities. Molar concentrations for these three

solutions are 2x10−4 M for M12P5, 5x10−5 M for NC12P5 and 5x10−5 M for NC6P5,

giving all solutions approximately the same weight-to-volume ratio of 1.2 to 1.3 g/L.

The concentration of M12P5 solution is well above the cmc value of 1.25x10−7 M.[2]

Solid coumarin 153 (C153) from Acros Organics was added to each polymer solution in

a sealed vial and stirred for at least 24 hours until dissolved.

2.1.4 Seven Coumarins in F88 Solution

The A-B-A triblock copolymer poly(ethylene oxide)109 - poly(propylene oxide)41 -

poly(ethylene oxide)109, also called Pluronic F88, was generously donated from BASF
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(Parsippany, NJ). For 25 w/v% solutions, 2.50 g F88 solid was dissolved in 10 mL Fluka

Nanopure water (for luminescence, filtered by 0.2 µm pore size). For 5 w/v% F88 so-

lutions, 0.50 g of F88 solid was dissolved in 10 mL Fluka Nanopure water. Solution

vials were covered in aluminum foil to avoid exposure to outside light when possible and

stirred for 24 hours by magnetic stir bar. Coumarin 314T, coumarin 153, coumarin 102,

coumarin 152, coumarin 337, coumarin 151, and coumarin 343 were purchased from Ko-

dak, sigma Aldrich chemicals. Coumarins 314T, 153, 102, 152, 337, and 151 were used

as purchased from the company. Coumarin 343 was dissolved in a solution of 0.1 M

sodium hydroxide, and this was dissolved in 10 mL of methanol. This solution was then

evaporated to dissolve the solvent and leave C343−/Na+ salt. The C343−/Na+ anion

was dissolved into the Pluronic F88 aqueous solution(s). A small amount (few gran-

ules) of each of the seven coumarins was dissolved into a separate solution of Pluronic

F88 as described above. These seven solutions were also wrapped in aluminum foil and

stirred magnetically for 24 hours to dissolve all of the coumarin. In the case of the

more hydrophobic coumarins in 5 w/v% F88 solutions (C314T, C153, and C102) gentle

heating of the solution was sometimes necessary to thoroughly dissolve the coumarin.

2.2 Methods

2.2.1 Electronic Structure

Coumarin 337 and Coumarin 314T

The Gaussian 03 computational chemistry program suite was used to calculate the

AM1, ZINDO, and DFT electronic structures of coumarin 337 and coumarin 314T.[6]

From these calculations, the ground state molecular conformation is predicted and the

ground state (HOMO), lowest singlet excited state (LUMO) energies and ground state

dipole moments are predicted.

Rilpivirine

Configuration interaction (CI) singles calculations were done using the INDO/S semi-

empirical parameter set of Zerner and co-workers (ZINDO).[7, 8, 9] Solvent models were
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incorporated using Born solvation models, where the molecule is placed in a spherical

cavity and surrounded by a continuous medium having fixed dielectric constant and

refractive index.[10] 12 solvents were modeled for the rilpivirine molecule using this

self-consistent reaction field (SCRF) method.[10]

All ZINDO calculations were done using the Planaria software ArgusLab version

4.0.[11, 12, 13, 14, 15] Ground states, first and and second electronic excited state dipole

moments, as well as transition energies between the ground state and first and second

electronic excited states were calculated with this method. The ZINDO calculations

were done for three structures of rilpivirine: the anhydrous crystal structure from X-

ray diffraction (XRD), the structure from the crystal of anhydrous rilpivirine with 2

DMSO molecules from XRD, and the structure of rilpivirine from XRD of the drug

in the binding pocket of the HIV-1 reverse transcriptase protein. The XRD structures

were provided by Yulia Volovik Frenkel, Kalyan Das, and Eddy Arnold of the Center

for Advanced Biotechnology and Medicine at the Robert W. Johnson University of

Medicine and Dentistry of New Jersey and the Department of Chemistry and Chemical

Biology at Rutgers University. The details of these structures are the topic of an

upcoming publication.[16]

2.2.2 Differential Scanning Calorimetry

A Perkin-Elmer DSC 7 differential scanning calorimeter was used for the thermal anal-

ysis of 25 w/v% Pluronic F88 solution and 5 w/v% Pluronic F88 solution, as well as

25 2/v% F127 and F68 aqueous solutions. A one minute per degree ramping speed

was used and the thermal scan repeated to ensure reproducability of peaks measured.

Use of the DSC instrument was made possible by the laboratory of Dr. James Elliot

and Professor Kenneth Bresslaur of Rutgers University Department of Chemistry and

Chemical Biology.

2.2.3 Dynamic Light Scattering of ASMs and AScMs

A Nicomp 380 Submicron Particle Sizing System with drop-in sample loading and a 532

nm laser was used for particle size analysis of all polymer solutions. For DLS studies
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at 37 C, polymer concentrations ranged from 1x10−9 M to 1x10−3 M. Temperature-

dependent DLS measurements between 5 and 55 ◦Cwere done using polymer concen-

trations of 2x10−4 M for M12P5 and 5x10−5 M for both NC12P5 and NC6P5. Nicomp

volume-weighted distributions are used for determination of polymer aggregate sizes.

Before measurement, all solutions were centrifuged sand filtered through 0.2 µm sy-

ringe filters. All samples were allowed to equilibrate at the temperature set point for

at least 10 minutes before measurement. Use of the DLS instrument was made possible

by the laboratory of Professor Laurence Romsted of Rutgers University Department of

Chemistry and Chemical Biology.

2.2.4 Calculated Molecular Volumes

Molecular volumes were calculated for rilipvirine, coumarin 153, M12P5, NC12P5, and

NC6P5 according to the van der Waals incremental volume methods described by Bondi

and Edward.[17, 18] This method makes use of van der Waals volumes and radii of

atoms, compounds, and functional groups. By adding the appropriate van der Waals

volumes of each atom or functional group in a molecular compound, it is possible to

estimate the molecular volume of the entire compound.[17, 18]

2.2.5 Absorption Spectroscopy

Rilpivirine

Room temperature (typically 295-297 K) absorbance spectra for rilpivirine in most sol-

vents were measured with a Cary-Varian 50 UV-visible spectrophotometer with 2 nm

fixed bandpass using a cuvette of each solvent without fluorescence dye for a baseline

correction of each sample. Spectra of rilpvirine in 2-methyltetrahydrofuran were pro-

vided by Goutham Kodali and Professor Robert J. Stanley of Temple University.[19] A

quartz cuvette with 1-cm path length was used for all absorbance measurements.
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Coumarin Dyes

The absorbance spectrum of all samples of coumarin dyes were measured before the

measurement of fluorescence to check the optical density of the coumarin samples was

below 0.2 and in the linear range of the fluorescence instrument. The coumarin con-

centration was in the range of 1x10−6 and 1x10−5 M.

2.2.6 Fluorescence Spectroscopy

The energy of fluorescence emission and the fluorescence lifetimes are dependent on the

local solvent environment of the fluorophore.[20, 21] If a fluorophore is in a relatively

non-polar environment, the peak fluorescence energy will be higher and the fluores-

cence time constant will be larger than in the case where the fluorophore is in a polar

solvent environment.[20] The energy, wavelength, and polarization of the emitted light

all change due to the solvent polarity, viscosity, and temperature.[21] Specifically, 7-

aminocoumarin dye molecules such as the seven used in the studies presented on F88

micelles are all solvatochromic fluorophores, meaning that the emission wavelength is

dependent upon solvent polarity.

The methodologies used in fluorescence spectroscopy have grown extensively in the

past fifteen years. Time-correlated single photon counting (TCSPC) has brought the

measurement of fluorescence lifetimes into the applications of biochemistry, materials

science, and nanotechnology.[22, 20, 21] Fluorescence lifetimes relay information about

the electronic transition for a population of molecules and how local solvent or sur-

rounding dielectric environment affects this energy and rate from an excited state to

the ground state.[20, 21] The decay of photons counted in the TCSPC method is ex-

tremely sensitive to changes such as these and the mathematical modeling of these

decays, fit to Poissonian statistics makes TCSPC a robust method for tracking global

parameters such as energy transfer, aggregation, solvent dielectric, binding, and changes

in population distribution of a fluorophore. This holds true for both coumarin dyes and

rilpivirine, the HIV inhibitor.
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Solvatochromic Shifts and the π* Empirical Polarity Scale

Solvatochromic shifts, such as in the fluorescence of coumarin dyes, are caused by inter-

actions between the solute and solvent molecules.[23] These interactions can be specific,

such as hydrogen bonding, or non-specific such as van der Waals interactions.[21, 23]

Four types of non-specific interactions between solute and solvent molecules include

dipole-dipole interactions, dipole-induced dipole interactions, Stark effect interactions,

and dispersion interactions.[21, 23, 20] The interactions that are responsible for the

solvatochromism of the coumarins used in this study are dipole-dipole interactions

betweens solvent molecules and the solute in the excited state. Coumarins are posi-

tively solvatochromic, meaning that the fluorescence and absorbance spectra undergo a

bathochromic shift (red shift) with increasing solvent polarity and an increased dipole

moment in the Frank-Condon excited electronic transition state.[21, 23, 20, 24]

Empirical polarity scales are based on the dependence of fluorescence or absorbance

of a molecular probed as a function of solvent polarity.[25, 26] There are many different

empirical scales based on a number of fluorophores. Some of these scales take into

account the various properties that affect the solvent interactions such as hydrogen

accepting, hydrogen donating, and aromaticity. Because local polarity varies quite

significantly from the bulk solution, empirical polarity scales are used to account for

the difference in properties describing dielectric environments of a molecule. Two of

the most widely used empirical polarity scales are the π* scale[25] and the EN
T scale.[24]

I will use these two scales exclusively for the analysis of local solvent environments in

this dissertation.

The π* empirical polarity scale was first introduced in 1977 by Kamlet and Taft.[25,

27, 28] This scale has been widely used to quantify the effect of non-specific interactions

by specific solvents.[29, 30, 5, 26] The π* scale is based on the solvatochromic shift of

molecular probes as measured by UV-visible absorption and/or fluorescence emission

as a function of solvent polarity.[25, 26] Specifically, the probes used to build the π*

empirical polarity scale include over 40 chromophores used to evaluate and refine the

scaling of π* to correlate over 70 different solvents to the scale.[25] While dielectric
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constants and dipole moments are responsible for much of a molecule’s interaction with

other molecules (solvent or solute), they do not take into account specific interactions

such as hydrogen bonding or even some non-specific interactions. It is for this reason

that the empirical scales such as π* and ET (N) are useful in describing the polarity of

a molecular environment in a known, comparable and measurable range.[25, 28, 24]

The ET (N) scale is the normalized ET (30) scale which was first developed by Dim-

roth, et. al in 1963.[31] The ET (30) empirical polarity scale is based on the negative

solvatochromism of the dye pyridinium N -phenolate betaine.[24] The ET (30) is defined

as the molar electronic transition energies of the dissolved betaine dye which was first

published as formula number 30 and labeled as such.[24, 31] To get ET (N), the ET

values were normalized against two solvents of extreme ends of the polarity spectrum:

TMS and water.[24]

The two polarity scales discussed above are empirical and are based on the solva-

tochromism of different dye molecules in a range of solvents. The term “polarity” to

describe a specific solvent environment as reported by fluorescence or absorbance may

be assigned a value on the range of these or numerous other empirically built scales

based on the effects of specific and non-specific solvent-solute interactions. Polarity can

be roughly described as being measured by the dielectric constant or the dipole moment

of a molecule, but the dielectric constant of a solvent treats the solvent as a dielectric

continuum.[32] The local interactions between solvent and solute are not accounted for

in the use of dielectric constant as a definitive polarity scale.

Dipole Moments and the OLM Equation

The Ooshika-Lippert-Mataga (OLM) equation defines the correlation between the solvent-

dependent absorption and emission frequencies at the maximum intensities and the

solvent properties as shown in Equation 3.3.[33, 34, 35, 20, 21] The OLM plots were

graphed for three categories of solvents: aromatic, aprotic, and hydrogen bond donat-

ing solvents . The intercepts of these plots are used to calculate the change in dipole

moment using the Ooshika-Lippert-Mataga equation, Eq. 3.3, where ν̃abs and ν̃fluor

are the reduced frequencies of the peak absorbance and fluorescence respectively, h is
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Planck’s constant, c is the velocity of light in a vacuum and a is the radius of the

fluorophore estimated from the van der Waals volume, assuming spherical shape. The

intercept, C, is obtained from the plot of ν̃abs - ν̃fluor versus the reaction field factor

where F(ε,n) is the reaction field factor, calculated by Eq. 3.2.

ν̃abs − ν̃fluor =
2F (ε, n)
hca3

(µe − µg)2 + C (2.1)

F (ε, n) = f(ε0)− f(n) =
ε0 − 1
2ε0 + 1

− n2 − 1
n2 + 1

(2.2)

Rilpivirine

Time-integrated emission and excitation spectra of rilpivirine in most solvents were

measured using a Horiba Jobin Yvon FluoroMax-3 fluorometer with 0.1 second inte-

gration time and 2 nm bandpass used for both excitation and emission. The steady-

state emission and excitation of rilpivirine in 1-butanol and in 2-methyltetrahydrofuran

were measured with a SPEX FluoroMax-2 with 2 nm bandpass and 0.1 second integra-

tion. Samples were measured in a 1 cm pathlength quartz cuvette. Temperatures were

regulated to ± 0.1◦C by a Wavelength Electronics Peltier thermoelectric controller.

Peak wavelength values were fit using Gaussian lineshape fitting to the top 10% of the

emission curve and multiple gaussian lineshapes to the entire excitation curve for each

sample.

The fluorescence decays of rilpivirine in 25 w/v% Pluronic F88 solutions were mea-

sured at 6 concentrations of rilpivirine between 1 and 80 µM and 20 temperatures

between 2.5 and 90 ◦C for each concentration. The fluorescence lifetimes and polar-

ization anisotropies were measured for solutions of 5.8 µM rilpivirine in PEG (Mw 400

Da) and 5.8 µM rilpivirine in PPO (Mw 2,000 Da) 6 temperatures between 5 and 80 ◦C

for each solution. These solutions were measured as control solutions for comparison

to the samples of rilpivirine in amphiphilic polymer micelles.
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Coumarin 153 in ASMs and AScMs

The steady-state fluorescence emission and excitation spectra of C153 in each ASM and

AScM solution were measured with a Horiba Jobin Yvon FluoroMax-3 fluorometer with

425 nm excitation and 510 nm and 530 nm emission wavelengths for ASMs and AScM

samples, respectively. Slit widths were set to 2 nm and spectra were collected with 0.1

second integration times and 1 nm increments. Calcite polarizers were used for steady-

state anisotropy measurements. The temperature of the sample was controlled using

a Wavelength Electronics thermoelectric temperature controller to ±0.1 ◦C. Sample

equilibration time at each temperature was 10 minutes. The peak wavelength for each

spectrum was determined from the full-width of the intensity at 90% the peak maximum

as fit to a Gaussian line shape.

Seven Coumarin Dyes in Pluronic F88

The time-integrated emission and excitation of seven coumarin dyes in 25 w/v% Pluroinc

F88 in aqueous solution were measured using a Horiba Jobin Yvon FluoroMax-3 fluo-

rometer. Slit widths were adjusted to 2 nm and spectra were measured using 0.1 sec

integration times at 1 nm intervals for all samples. Both excitation and emission spec-

tra were measured at 20 temperatures: {2.5, 5.0, 10.0, 15.0, 17.5, 20.0, 22.5, 25.0, 27.5,

30.0, 32.5, 35.0, 40.0, 45.0, 50.0, 55.0, 60.0, 70.0, 80.0, and 90.0 ◦C} A Wavelength Elec-

tronics thermoelectric controller regulated the sample temperature to ± 0.1 ◦C. Each

solution was equilibrated for 10 minutes at each temperature prior to measurement of

the spectrum. Excitation wavelengths were 430 nm for C314T, 430 nm for C153, 390

nm for C102, 400 nm for C152, 455 nm for C337, 375 nm for C151, and 420 nm for

C343−/Na+ samples. Emission wavelengths were 490 nm for C314T, 530 nm for C153,

480 nm for C102, 500 nm for C152, 495 nm for C337, 485 nm for C151, and 480 nm

for C343−/Na+ samples.

Emission and excitation measurements were repeated at 5, 20, 35, 50, 65, and 80

◦C for each coumarin in six solvents to be used as control solutions for comparison of

the spectral properties of coumarins in solutions of A-B-A triblock copolymers. These
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solvents were poly(ethylene oxide) Mw 400 (PEO 400), poly(propylene oxide) Mw. 2,000

(PPO 2000), dimethyl sulfoxide, acetonitrile, carbon tetrachloride, and 1-pentane.

2.2.7 Time-Resolved Fluorescence Spectroscopy

Rilpivirine

Time-resolved fluorescence was measured using the method of time-correlated single

photon counting. A Spectra-Physics Ti-sapphire Tsunami laser was tuned to 804 nm

and the second and third-harmonic frequencies were generated using the appropriate

doubling and tripling crystals. The third-harmonic generation (THG) of the fundamen-

tal laser frequency was used for excitation of the samples at a wavelength of 268 nm.

The laser light was polarized using a calcite polarizer placed in front of the sample.

Fluorescence decays were measured using an emission polarization angle of 0, 54.7, and

90◦ relative to the excitation polarizer. These measured angles are denoted VV for

0◦, VM for 54.7◦ (magic angle), and VH for 90 ◦ relative to the polarization angle at

excitation.

Decays at three polarization angles were fit simultaneously using a generalization of

the methods developed by Cross and Fleming[36] to obtain fluorescence lifetimes and

relative amplitudes, reorientation rates, and anisotropy values. The goodness of each

fit was evaluated using a reduced χ2
r value. A good fit presented a χ2

r value close to

unity and fitting residuals that are oriented randomly around zero.

Coumarin 153 in ASMs and AScMs

Fluorescence emission decays were measured over a 70 ns range using time-correlated

single photon counting. The excitation source is a 5.0-Watt Tsunami Ti-Sapphire laser,

tuned to a wavelength of 850 nm. The laser beam at 850 nm is passed through a

pulse-selector, set for one pulse every 70 ns. Passing the fundamental beam through a

doubling crystal and wave plate creates the second harmonic generation of the funda-

mental beam. The SHG beam at 425 nm and the fundamental beam are then passed

through a prism and spatially separated. A calcite polarizer vertically polarizes the
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SHG beam that is then passed through the sample, held in a quartz cuvette. The

fundamental is focused onto a photodiode to provide a synchronization signal for the

time-to-amplitude converter (TAC). The MCP-PMT detects the emitted photons from

the sample and converts the voltage into photons over time between pulses. By building

up a histogram of voltage over time, the emission decay is measured with 4096 data

points. This procedure is performed by Becker and Hickl TCSPC detection, model

SPC-630. The measured instrument temporal response was typically 80 ps at full

width half maximum. The C153 emission decay transients were detected at 510 nm

for NC12P5 and NC6P5 polymer samples and 530 nm for M12P5 polymer samples.

Sample temperatures were controlled to ±0.1 ◦C using a Quantum Northwest TLC

50/100 thermoelectric temperature controller. Samples were given at least a 10 minute

thermal equilibration time prior to the start of the TCSPC measurements.

K(t) =
n∑

i=1

αi exp(
−t
τi

) (2.3)

IV M (t) = K(t) (2.4)

IV V =
1
3
K(t) (1 + 2r(t)) (2.5)

IV H =
1
3
K(t) (1− r(t)) (2.6)

r(t) =
n∑

j=1

rjexp(
−t
θj,rot

) (2.7)

Time-resolved emission decay transients at vertical (VV), magic (VM), and horizon-

tal (VH) polarization angles of detection were simultaneously fit using Igor software[37]

by a generalization of the simultaneous VV and VH transient fitting described by Cross

and Fleming.[36] Equations 2.3 through 2.7 were used for simultaneous fitting of the

three decays. Equations 2.3 and 2.4 for K(t) and IV M (t) represent the fit to the emission

decay transient measured at magic angle polarization, where the αi are the normalized

amplitudes that sum to unity, and the τi are the component time constants.
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The emission decay transients measured at vertical and horizontal polarization an-

gles are fit to Equations 2.5 and 2.6, respectively, and these are functions of K(t) and

r(t), where r(t) is the time-resolved decay of polarization anisotropy, rj are amplitudes

that sum to the fundamental anisotropy, and θj,rot are the component reorientation

time constants.[36, 20, 21]

Fits to a multi-exponential model for the VM fluorescence decay rates were combined

with a multi-exponential anisotropy decay law, given in Equation 2.7.[38, 36] This fitting

was done to calculate fluorescence decay rates and amplitudes, as well as reorientation

rates and amplitudes. The emission transients, IV V (t), IV M (t), and IV H(t) are shown

concatenated in Figure 2.1 with the reduced residuals from the simultaneous fit.

Figure 2.1: Time-resolved fluorescence transients of C153 emission at magic (green),
horizontal (red) and vertical (blue) angles of polarization (IV M (t), IV H(t), and IV V (t)).
Reduced residuals are plotted at the top.

The value of χ2
r ranged between 1.02 to 1.14 for the non-linear least squares fits

of the data to Equations 2.3-2.7. Simulations of time-resolved fluorescence data made

using the experimental data parameters were fit to establish the robustness of the fit-

ting method. For coumarin 153 in ASMs and AScMs, time-resolved emission decays

were measured at five temperatures (5, 20, 37, 55, and 70◦C) to obtain a range of
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reorientation data in different conditions corresponding to refrigeration, room temper-

ature, body temperature, and a heated environment. The range of temperatures also

permits variation of the rigidity of the polymer cores due to thermal motion of both

the polymer and water. While the window for the time-resolved fluorescence decays of

C153 is 70 ns in this case, correct parameters were recovered from simulated data with

given longer reorientation time constants beyond this window. Using simulated data

sets, reorientation time constants as long as 250 ns can be retrieved accurately from

simulated data using our simultaneous fitting method. While the error in accurately

obtaining the longer reorientation time constants was greater than obtaining the faster

rates within the window of measurement, the error was well within the range of the

original calculations.

The limiting polarization anisotropy, r0, is a measure of the fundamental anisotropy

value of the fluorescence of a fluorophore in the absence of reorientational motion. The

rj values or component anisotropy values are a measure of how light emitted from a

fluorophore is depolarized due to reorientational motions and thus are reduced from

the value of r0. If the fluorophore is reorienting at a faster rate, the light emitted is

more depolarized and the anisotropy is reduced, while if the fluorophore is in a rigid

environment, and moving more slowly, the light emitted is less depolarized and the rj

is closer to r0 which has a theoretical maximum value of 0.4.[21, 20] The anisotropy, r,

is measured by a ratio of intensities with regard to how the emission of the fluorophore

is measured. Equation 2.8 shows the relationship between r0 and r(t), the anisotropy

decay. r(t) = (IV V (t)− IV H(t))/(IV V (t) + 2IV H(t)) relates r0 to the intensity of emis-

sion (whether time-resolved or in the steady-state) measured at vertical polarization

(0◦) relative to vertical excitation and horizontal polarization (90◦) relative to vertical

excitation. These intensities are indicated as IV V and IV H .

r(0) =
n∑

j=1

rj (2.8)
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Seven Coumarins in Pluronic F88 Solution

For experiments measuring seven different coumarins in 25 w/v% Pluronic F88 solu-

tion, fluorescence decays were measured at 20 temperatures between 2.5 and 90.0 ◦C.

Each sample was equilibrated at each set temperature for at least 10 minutes prior to

measurement. The TAC range for each coumarin sample was 70 ns. For C314T life-

time measurements, the excitation wavelength of the laser was 440 nm and the emission

wavelength of detection was 485 nm. For C153 lifetime measurements, the excitation

wavelength of the laser was 430 nm and the emission wavelength of detection was 520

nm for higher temperatures (above 22.5 ◦C) and 550 nm for lower temperatures (be-

low 35.0 ◦C). For C102 lifetime measurements, the excitation wavelength of the laser

was 400 nm and the emission wavelength of detection was 476 nm. For C152 lifetime

measurements, the excitation wavelength of the laser was 400 nm and the emission

wavelength of detection was 500 nm. For C337 lifetime measurements, the excitation

wavelength of the laser was 450 nm and the emission wavelength of detection was 495

nm. For C151 lifetime measurements, the excitation wavelength of the laser was 390

nm and the emission wavelength of detection was 485 nm for lower temperatures (below

27.5 ◦C) and 480 nm for higher temperatures (above 25.0 ◦C). For C343−/Na+ lifetime

measurements, the excitation wavelength of the laser was 430 nm excitation and the

emission wavelength of detection was 480 nm.

Dielectric Friction versus Bulk Shear Viscosity

A Cambridge Applied Systems model ViscoLab 4100 automated viscometer was used for

all shear viscosity measurements of polymers. A Lauda Brinkmann RMT-6 recirculating

chiller provided temperature control of ±0.1 C. Each of the three polymer solutions was

held at each temperature for at least 15 minutes for proper equilibration. A steel piston

of 0.310-inch diameter was selected to measure viscosities in the range of 0.25 cP to 5

cP for all polymer solutions.

θrot =
V η

kBT
(2.9)
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When considering a solute molecule inside a solvent environment, the local friction

experienced by that solute molecule depends greatly on the local dielectric field of the

interacting solvent molecules.[39] The Stokes-Einstein-Debye (S-E-D) Equation 2.9 for

small reorienting systems relates the reorientation time constant (θrot) of a fluorescence

probe to the effective volume of reorientation (V), the bulk viscosity of the solution (η),

and the temperature.[40, 21, 20, 18]

While S-E-D hydrodynamic theory holds true for some solvents, specific and non-

specific interactions between the solute probe molecule and solvent molecules make

the local friction of the solute stray from S-E-D hydrodynamics.[39, 29] Time-resolved

fluorescence polarization anisotropy shows the difference between shear viscosity and

local microviscosity by measuring the reorientation of a fluorophore on molecular length

scales.[38, 5]

Some other factors to consider when examining local friction is the shape and size

of the solute molecule in comparison to the shape and size of the solvent molecules.[39]

The local friction will be quite different if the solvent molecules are much larger or much

smaller than the solute molecules in question.[39] The shape of the solute molecule is also

a factor, affecting the slip and stick hydrodynamics.[39] The local friction in each case,

may correlate well with the viscosity of the bulk solution, but non-specific interactions

between solvent and solute result in the local friction varying greatly from the shear

viscosity by orders of magnitude.[39, 41, 5, 29] The local friction of small reorienting

species in solution is of importance when speaking of amphiphilic polymers for the

purpose of encapsulating such small molecules for applications such as hydrophobic

drug delivery. High local friction of an encapsulated molecule in such a polymer could

lead to changes in loading and release profiles.[5]

Time-resolved Emission Spectral Shift of Rilpivirine

Fluorescence decays of seven concentrations of rilpivirine in 25 w/v% were measured

at isotropic polarization (magic angle 54.7◦ relative to 0◦ polarized excitation. Decays

were measured at emission wavelengths from 20,750 to 34,500 cm−1 at 250 cm−1 inter-

vals. The decay at each emission wavelength was fit to a sum of multiple exponential
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equations as shown in Equation 2.3. The emission spectrum was then reconstructed

at a series of logarithmically spaced time points from 1 ps to 100 ns based upon the

lifetimes fit at each wavelength. The reconstructed emission spectra were then fit to the

spectrum of rilpivirine in PEG400 using the NNLS method as described above. This

fitting procedure was done for each concentration of rilpivirine in 25 w/v% F88 solution

at 30 ◦C.
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Chapter 3

Fluorescence Spectroscopy of Rilpivirine: a Potent

Non-Nucleoside Reverse Transcriptase Inhibitor

3.1 Summary

The fluorescence properties of rilpivirine, a potent non-nucleoside reverse transcriptase

inhibitor, display strong solvatochromism from an electronic charge-transfer excited

state. The fluorescence spectroscopy of rilpivirine is characterized in a set of 12 sol-

vents with various dielectric constants, polarities, and viscosities. The electronic struc-

ture and dipole moment of rilpivirine are calculated in both the ground and electronic

excited state by semi-empirical ZINDO calculations.[1] The electronic states of two con-

formations of anhydrous rilpivirine and one conformation of rilpivirine as found in the

protein-bound form are compared by ZINDO calculations using self-consistent reaction

field theory (SCRF) to predict the solvatochromic response of rilpivirine in absorption

spectroscopy. The change in dipole moment between ground and excited states is de-

termined by analysis of fluorescence spectroscopy in a range of commonly used solvents.

A positive solvatochromic shift in the fluorescence peak between polar and non-polar

solvent environments is used to scale the polarity and dielectric properties of the local

solvent environment of rilpivirine. The rilpivirine molecule is an effective probe of its

local environment by use of absorbance and fluorescence spectra.

Rilpivirine is dissolved in an aqueous solution of 25 w/v% A-B-A triblock copolymer,

Pluronic F88 to study the local environment of rilpivirine unimers and aggregates en-

capsulated by polymer micelles. The fluorescence spectroscopy in both the steady-state

and time-domain are measured as a function of drug concentration at a temperature

where the A-B-A triblock copolymer is in a micellar phase. The spectra are also mea-

sured as a function of temperature at 5.8 µM rilpivirine where the drug is in both
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monomer and aggregated form and the polymer is in aqueous unimer, micelle, and

hydrogel phases. The fluorescence emission spectra, fluorescence time constants, and

reorientation dynamics are found to have different characteristics for monomer and

aggregated forms of rilpivirine and can be differentiated using fluorescence. The con-

centration dependence of rilpivirine in the solution of micelles is monitored and the

critical aggregation concentration is found for the drug in the F88 micelle solution.

3.2 Overview

Rilpivirine (TMC 278, R278474) is a potent inhibitor of the HIV virus.[2, 3, 4, 5] The

diarylpyrimidine (DAPY) structure of rilpivirine is shown in Figure 3.1. Rilpivirine not

only has great possibility for the treatment of HIV, but is a challenge with regard to

formulation and delivery of the the molecule. Because rilpivirine is so hydrophobic, the

drug has been found to form aggregates in solutions of aqueous buffers, co-solvated with

solvents such as DMSO, PEG 400, or the surfactant, tylaxopol.[2, 5] Extraordinarily,

the particle size of these aggregates was found to be on the order of 58 nm in diameter;

small enough to allow passage of rilpivirine into cells within the lymphatic system and

the gastrointestinal tract.[2, 5] Although rilpivirine forms nanoparticle aggregates in

some formulated solutions, the structure and the local environment of the drug in such

solutions has yet to be determined. Fortunately, rilpivirine is a highly solvatochromic

fluorophore. The ability of this HIV inhibitor to report on local environment, reorienta-

tional motions, and solvent dynamics through fluorescence spectroscopy is the premise

of Chapter 3. In addition, four different conformations from both X-ray diffraction

and electronic structure DFT calculations are shown in Figure 3.1 DFT geometry opti-

mizations and calculations were performed by Benjamin Lee of Rutgers University, De-

partment of Chemistry and Chemical Biology.[1] These conformational structures will

be used in semi-empirical calculations to obtain physical properties such as electronic

transition energies, molecular orbital configurations, and molecular dipole moments.
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Figure 3.1: (a) Rilpivirine and conformations of the rilpivirine molecule from XRD
measurements of (b) the anhydrous crystal, (c) the anhydrous crystal with ratio of 1
rilpivirine: 2 DMSO, (d) rilpivirine bound to HIV-1 RT-52A, and (e) TD-DFT opti-
mized structure of rilpivirine from computational calculations.

3.2.1 A-B-A Triblock Copolymer Pluronic F88

The amphiphilic A-B-A triblock copolymer Pluronic F88 (BASF) has the molecular

structure of poly(ethylene oxide)109 - poly(propylene oxide)41 - poly(ethylene oxide)109

(PEO109-PPO41-PEO109). The opposing solubility of the hydrophilic PEO A-groups

and the hydrophobic PPO B-group cause this polymer to form micelles in aqueous

solution.[6, 7, 8, 9, 10] At a concentration of 25 w/v% F88 in aqueous solution, the PPO

cores aggregate together to form micelles with hydrophilic PEO coronas and hydropho-

bic PPO cores at a critical micellization temperature of 22.5 ◦C.[11, 10] F88 micelles

have a diameter of approximately 17 nm and a PPO core diameter of approximately

9 nm at the aforementioned concentration and temperature.[7, 11, 10] Micelles such as

these are commonly used as detergents, drug delivery polymers, and for other applica-

tions involving the uptake of small hydrophobic molecules for the purpose of improving

the solubility of the hydrophobes.[12, 13, 14, 15, 1, 16, 8] Micellar nanocarriers are have

shown successful results in increasing the bioavailability, improving the circulation time,

and decreasing the toxicity of several drugs including doxorubicin, indomethacin, cis-

platin, adriamycin, camptothecin, and many others.[12, 17, 14, 15, 13, 16, 18] Pluronic

F88 is a triblock copolymer that forms such micelles. Rilpivirine is dissolved in micel-

lar aqueous solution of 25 w/v% F88 and the fluorescence properties of rilpivirine are
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applied to investigate rilpivirine spectroscopy in a complex solvent environment.

In this work, rilpivirine electronic spectroscopy is described using electronic struc-

ture calculations and optical spectroscopy methods. ZINDO calculations are performed

on four conformations. These include the conformations of rilpivirine from:

1. X-ray diffraction of an anhydrous crystal

2. X-ray diffraction of an anhydrous crystal co-crystalized with DMSO in a 1 rilpi-

virine: 2 DMSO ratio

3. X-ray diffraction of the drug bound in the hydrophobic pocket of the 52A mutant

of HIV-RT[19]

4. The geometry optimization from a ground-state density functional theory (DFT)

calculation[1]

The predicted transition energies between the electronic ground state, S0, and the

first two electronic excited states, S’ and S”, by ZINDO methods are compared to ex-

perimental results from absorbance and fluorescence excitation spectra. The spectral

properties of rilpivirine are compared in various solvents using properties such as dielec-

tric, refractive index, and polarity to show how fluorescence spectroscopy characterizes

the local environment of rilpivirine in solution.

We then look at rilpivirine spectroscopy in a more complex solvent environment.

Rilpivirine is solubilized in aqueous solutions of 25 w/v% Pluronic F88 and the spec-

troscopy of rilpivirine molecules and aggregates are measured with variations in tem-

perature (phase of the polymer), rilpivirine concentration (phase change of rilpivirine),

and emission energy. The spectroscopy that is dependent on the aforementioned pa-

rameters is hypothesized to reveal information about the preferential form of rilpivirine

in solutions where the molecule is confined by micelles or associated with polymeric

unimers, the critical aggregation concentration of rilpivirine in such solutions, and the

global changes in unimer fluorescence and aggregate fluorescence using a solution that

contains both. For future work, this will serve as a basis for detecting the aggregation
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state of rilpivirine in an unknown aqueous solution. Insight into the electronic transi-

tion pathway and transition states of both molecular and aggregated rilpivirine is found

using fluorescence spectroscopy and changes over the temperature and concentration

variables mentioned.

3.3 Results and Discussion: Spectroscopy, Solvatochromism, and Elec-

tronic Structure of Rilpivirine

The characterization of the molecular spectroscopy response to local environment of

rilpivirine was accomplished by several methods. Fluorescence spectroscopy is the first

method used to characterize the solvatochromic nature of rilpivirine. Both absorbance

and excitation spectra show a transition energy in the form of peak wavelengths between

the ground and the excited state. From the analysis of the emission spectra of rilpivirine

measured in various solvents, a value for the difference between absorbance energy and

emission energy is different in each solvent. The intercept of the plot of the difference

between absorption and emission energy for rilpivirine in a range of solvents versus the

solvent field factor parameter, F(ε0,n), provides an estimate for the change in magnitude

of the dipole moment between the ground state and the excited state using the Ooshika-

Lippert-Mataga (OLM) equation.[20, 21, 22] The OLM equation and the equation for

F(ε0,n) are shown in Equations 3.3 and 3.2 where C is the intercept of ν̃abs-ν̃fluor

versus the field factor, F(ε0,n), c is the speed of light, h is Planck’s constant, and a is

the hydrodynamic radius of the rilpivirine molecule.[20, 21, 22]

ν̃abs − ν̃fluor =
2F (ε, n)
hca3

(µe − µg)2 + C (3.1)

F (ε, n) = f(ε0)− f(n) =
ε0 − 1
2ε0 + 1

− n2 − 1
n2 + 1

(3.2)

The emission wavelength of rilpivirine in various solvents can be correlated to the

solvent polarity as shown by empirical scales such as the π* and ET
N .[23, 24] The second

method of measuring the energies of the excited state transitions and dipole moments
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of rilpivirine is ZINDO semi-empirical electronic structure calculation. Zerner’s in-

termediate neglect of differential overlap method (ZINDO[25, 26, 27]) was used with

self-consistent reaction field (SCRF) which applies a local dielectric field within a spher-

ical cavity.[28] The solvent properties used in ZINDO-SCRF methods were matched

to those used in fluorescence experiments. These two methods can be compared to

measurements of electronic Stark spectroscopy, carried out by the Stanley group at

Temple University. The Stark spectrum measures the electronic excited states with

corresponding transition energies for the molecule in a glass such as low temperature

2-methyltetrahydrofuran (2-MeTHF). Stark spectroscopy also measures the dipole dif-

ferences between the ground state and the excited state of rilpivirine, and the excited

state polarizability of the molecule.[29]

Spectral properties of rilpivirine including molar extinction coefficient and quantum

yield are reported. The ground to excited state transition energies and ground state

and excited state dipole moments were used for comparison with experimental results.

An understanding of the molecular spectroscopy of rilpivirine is helpful for the physical

characterization of the drug in an unknown local environment by fluorescence methods.

3.3.1 Molar Extinction Coefficient and Quantum Yield

The Beer’s law extinction coefficient for rilpivirine in dichloromethane was determined

to be 50,036 M−1cm−1 at the absorption maximum of 308 nm. Absorbance spectra

were used to determine the peak wavelength at the maximum optical density value for

the optimum excitation wavelengths to utilize in each fluorescence emission measure-

ment. Quantum yield measurements of rilpivirine in 1-pentane, 1,2-dichlorobenzene,

dichloromethane, and DMSO were measured at room temperature using quinine sulfate

in 0.1 M sulfuric acid (aq.) as a reference standard.[30] The quantum yield of rilpivirine

in each of the four solvents was measured as 0.115, 0.366, 0.122, and 0.084 respectively.

More information is provided in Appendix A.
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3.3.2 S0 →S’ and S0 →S” Transition Energies

When describing the electronic ground state of a molecule, S0 is typically used to

describe the electronic state of that molecule with zero energy. When energy is applied,

electrons are excited to higher energy molecular orbitals and the molecule makes a

transition to one or more excited states, described here as S’, S”, S”’, etc.

The lowest energy transition from the ground to excited states S’ and S” (S0 →S’ and

S0 →S”) for the rilpivirine molecule were both measured by Stark[1] and fluorescence

spectroscopy and calculated by ZINDO-SCRF using the four conformations displayed

in Figure 3.1 and the properties of twelve solvents. These calculations of rilpivirine

energies were also completed using the gas phase (no solvent or SCRF). The transitions

between the ground state of the molecule and the first two electronic excited states

are composed of many different orbital configurations from orbitals other than the

HOMO and LUMO. The energies for the total S0 →S’ and S0 →S” transitions found

from ZINDO calculations are listed for the anhydrous crystal structure conformation

of rilpivirine in Table 3.1. Energies for other conformations are listed in Appendix A.

Stark Spectroscopy

The absorption spectrum of rilpivirine in 2-methyltetrahydrofuran at room temperature

and at 77 K was measured by Goutham Kodali and Prof. Robert Stanley of Temple

University, Department of Chemistry.[1] The Stark spectrum of rilpivirine showed two

predominant transitions corresponding to peaks at 31,500 cm−1 and a shoulder around

29,000 cm−1.[1]

Electronic Structure Calculations

The ZINDO with SCRF was calculated for rilpivirine with twelve different solvent

dielectrics . These solvents are listed in Table 3.1 with the energies of the transitions

from the ground state (S0) to the first three lowest electronic excited states (S’, S”,

S”). The S0 →S’ energies from ZINDO were close to the transition energies found from

electronic Stark and absorption spectra, as shown in Table 3.1. As expected, the peak

absorbance energies are lower for rilpivirine in non-polar solvents (2-MeTHF) than
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more polar solvents (water) ranging from 32,000 to 35,700 cm−1. From both Stark

spectroscopy and ZINDO calculations, rilpivirine consistently shows two transitions,

assigned as S0 →S’ and S0 →S”. The energies of these transitions are dependent on the

solvent environment in which rilpivirine is surrounded.

From ZINDO calculations on the four conformations of rilpivirine, the S0 →S’ and

S0 →S” transitions are not simple electronic transitions from one highest occupied

molecular orbital (HOMO) to a single lowest unoccupied molecular orbital (LUMO).

Orbital #68 from the ZINDO Hamiltonian equation is assigned as the HOMO and

orbital #69 from the ZINDO Hamiltonian is the LUMO, but the S0 →S’ transition is

made up of multiple orbital-to-orbital transitions ranging from the orbitals HOMO-8 to

LUMO+8 contributing to the electronic transition states. The true S0 →S’ transition,

according to ZINDO calculations, can be described by at least ten different orbitals

contributing to the transition. For example, Figure 3.2 shows the electronic surface

plots of ten orbitals that contribute to 90% of the two lowest energy excited state

transitions for the configuration of rilpivirine in the anhydrous crystal structure with

2-MeTHF solvent environment. Table 3.2 describes the contribution of each orbital-

to-orbital transition using normalized coefficients (ci,j) . These coefficients can be

viewed as fractional percentages of the total contribution to the S0 →S’ or S” electronic

transition. In the case of the anhydrous crystal structure conformation of rilpivirine

in 2-MeTHF, the S0 →S’ has 13 orbital transitions contributing to the excited state,

with orbital transition HOMO-3 to LUMO accounting for 29.5%. Similarly, in the

corresponding S0 →S” transition, the HOMO-1 to LUMO transition accounts for 23.4%

of the total contribution. Also listed for the anhydrous crystal structure conformation

of rilpivirine are the analogous results when DMSO and water solvent parameters were

used in the SCRF. Orbital surface density plots and data tables for the other two

conformations in 2-MeTHF, DMSO, and water can be found in Appendix A.

Fluorescence Spectroscopy

The emission and excitation spectra of rilpivirine are dependent on the polarity and

dielectric constant of the solvent in which rilpivirine is dissolved. Non-polar solvents
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Figure 3.2: Molecular orbital surface plots of rilpivirine from ZINDO[33] calculations
of the anhydrous crystal conformation in the electronic states of orbitals contributing
to the S0 →S’ and S0 →S” transitions, using 2-MeTHF solvent parameters in SCRF
method. For the ZINDO Hamiltonian, the HOMO is designated as orbital 68 andthe
LUMO is orbital 69.
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Table 3.2: Orbitals that contribute to 90% of the S0 →S’ and the S0 →S” transitions,
with corresponding coefficients (ci,j) from ZINDO-SCRF calculations of the anhydrous
crystal structure conformation of rilpivirine in 2-MeTHF (ε = 6.97, n = 1.405, and
rcavity = 6.046 Å). Orbital 68 is the HOMO and orbital 69 is the LUMO for the ZINDO
Hamiltonian.

Solvent orbitals for S0 →S’ ci,j orbitals for S0 →S” ci,j

2-MeTHF 67→69 0.234 68→70 0.451
68→69 0.190 67→ 69 0.139
65→69 0.121 67→ 70 0.122
68→73 0.105 68→ 69 0.066
68→70 0.066 66→ 70 0.058
68→70 0.066 68→ 75 0.048
67→72 0.052 68→ 73 0.009
67→73 0.039 68→ 72 0.009
66→72 0.026 65→ 70 0.007
67→70 0.019 66→ 75 0.007
65→74 0.017 63→ 71 0.006
66→70 0.009 68→ 74 0.005
68→74 0.005 59→ 75 0.005

DMSO 67→69 0.452 68→70 0.541
68→69 0.296 66→70 0.116
68→70 0.066 67→70 0.091
68→73 0.041 67→69 0.078
68→75 0.024 68→77 0.055
66→70 0.017 68→69 0.047
66→69 0.013 68→75 0.008
67→70 0.013 62→71 0.007

water 67→ 69 0.445 68→70 0.509
68→ 69 0.279 66→70 0.105
68→ 70 0.069 67→70 0.0989
68→ 73 0.060 67→69 0.089
66→ 70 0.017 68→77 0.055
67→ 70 0.015 68→69 0.046
65→ 69 0.014 68→ 71 0.008
66→ 69 0.014 66→ 71 0.008

none 68→69 0.221 67→ 69 0.336
68→71 0.201 68→ 69 0.177
67→69 0.194 68→ 71 0.155
65→71 0.121 68→ 70 0.087
68→70 0.107 65→ 71 0.050
67→70 0.046 65→ 74 0.0246
63→71 0.015 67→ 70 0.024
67→71 0.011 62→ 71 0.018
65→74 0.009 68→ 74 0.015
59→74 0.009 67→ 71 0.014
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Figure 3.3: Emission (left) and excitation spectra (right) of rilpivirine in some selected
solvents. (DMSO, DMF, CH2Cl2, 1,2-DCB, toluene, and 2-MeTHF )

such as 2-MeTHF and toluene cause rilpivirine to emit fluorescence at shorter wave-

lengths (higher energy) than polar solvents such as DMSO or water. Figure 6.2 displays

some selected emission and excitation spectra of rilpivirine in a range of polarities from

DMSO to 2-MeTHF. Figure 3.4 displays the peak frequency values for rilpivirine in

twelve solvents measured as a function of the solvent polarity using the π* empirical

polarity scale. Some excitation spectra were fit to multiple peaks and all peak energies

are presented in Figure 3.4. The peak values are listed in Table 3.1 along with the

corresponding energies found from Stark measurements[1] and ZINDO calculations.

3.3.3 Molecular Dipole Moments

The difference in dipole moments were obtained in several ways. ZINDO electronic

structure calculations can predict both ground and excited state dipole moments and

dipole moment vectors. Electronic Stark spectroscopy measures the change in dipole

moment associated with the excited state transition.[29] The spectral analysis of the

electronic Stark spectrum of rilpivirine gave difference dipole moments for two elec-

tronic transitions: S0 →S’ and S0 →S”. Using local field correction factors of 1.1 to

1.4[34], the difference dioples are estimated to be 9.0±1.0 D and 11.8±1.3 D for the

two transitions, respectively.[1] These electronic Stark measurements were performed

by Goutham Kodali and Prof. Robert J. Stanley of Temple University Department of
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Figure 3.4: Emission (left) and excitation (right) peak reduced frequencies of rilpivirine
in some selected solvents plotted versus solvent polarity in the π* polarity scale for
aromatic solvents (◦), polar aprotic solvents (�), and hydrogen-bond donating solvents
(4).

Chemistry.[1] When the absorbance and fluorescence spectra of a fluorophore are mea-

sured in a range of solvents that vary in dielectric and refractive index, the Ooshika-

Lippert-Mataga (OLM) equation (Equation 3.3) can predict the change in dipole mo-

ment between the ground state and the emitting excited state.[20, 21, 22, 30, 31] All

three of these methods are utilized for characterizing the difference dipole moments of

the rilpivirine molecule.

Electronic Structure Calculations

Ground state (S0) and excited state (S’, S”) dipole moments were calculated using

the ZINDO-SCRF method and the difference dipole moment between the ground and

excited states ware graphed for comparison with the difference dipole moments found

from fluorescence and Stark spectroscopy. Table 3.3 shows the difference dipole mo-

ments found from each of these methods.

The difference dipole moment from the ground state to the first electronic excited

state as predicted by ZINDO calculations of the rilpivirine conformation in the anhy-

drous crystal varies from 1.50 D using toluene properties in SCRF to 10.85 D using the

properties of 1,2-dichlorobenzene. For the conformation of rilpivirine in the anhydrous
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crystal with 2 DMSO molecules per one drug molecule, the change in dipole moment

ranges from -2.17 D in 1,2-dichlorobenzene to 14.16 D in toluene. For the structure

of rilpivirine as bound to HIV-1 RT, the change in dipole moment ranges from 1.55 D

in 2-MeTHF to 18.9 D in dichloromethane, 1,2-dichlorobenzene, and formamide. The

large differences in dipole moment between ground and excited states are a likely cause

for the large solvatochromic shift observed in the fluorescence spectrum of rilpivirine.

Fluorescence Spectra and Solvatochromic Shift

ν̃abs − ν̃fluor =
2F (ε, n)
hca3

(µe − µg)2 + C (3.3)

Figure 3.5: Ooshika-Lippert-Mataga plots of Stokes shift versus reaction field factor for
polar aprotic solvents (top), aromatic solvents (center) and hydrogen-bond donating
solvents (bottom).
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The reaction field factor is dependent on ε0 and n where ε0 is the dielectric constant

and n is the refractive index of the solvent.[31, 30] From the graph of ν̃abs - ν̃fluor versus

the reaction field factor in Figure 3.5, the resulting values for the difference dipole

moment between the ground and excited states of rilpivirine are presented in Table 3.3.

These values of µe - µg range from 12.5 (in ethyl acetate) to 56.1 D (in DMSO). The

large shift in dipole moment causes rilpivirine to have a large solvatochromic shift in the

fluorescence emission spectrum between polar and non-polar solvents.[31, 30] In turn,

this quality enables the fluorescence spectrum of rilpivirine to be related to the local

solvent polarity in an unknown solvent environment. The difference dipole moments

found from theoretical and experimental methods are listed in Table 3.3. These dipole

moments are compared to the difference dipole moments of 9.0 ±1.0 and 11.8±1.3 D

found from electronic Stark spectroscopy for S0 →S’ and S0 →S”, respectively.[1]

3.3.4 Aggregation of Rilpivirine

Stokes-Einstein-Debye hydrodynamics relates the reorientation time constant of the ril-

pivirine molecule to the solvent viscosity and the volume of the reorienting body.[30, 31]

1-Pentane, 1-hexane, acetonitrile, and benzene are outliers from the predicted reorien-

tation time constants from using the S-E-D equation (see Equation 3.4). Deviations

from predicted S-E-D hydrodynamics are shown by reorientation time constants with

calculated hydrodynamic volumes that are larger than the molecular van der Waals

volumes by factors of: 848 (1-pentane), 373 (acetonitrile), 181 (benzene) and 109

times (1-hexane) the molecular volume of rilpivirine. The large reorientational mo-

tions and associated hydrodynamic volumes indicate that rilpivirine forms aggregates

in 1-pentane, acetonitrile, benzene, and 1-hexane.

Reorientation dynamics of rilpivirine are fit using single-exponential decays yielding

one reorientation time constant for rilpivirine in each solvent. The reorientation time

constants are dependent on the volume of the reorienting species, temperature and

solvent viscosity and can be related by the S-E-D equation, shown in Equation 3.4 where

θrot is reorientation time constant, V is volume of the reorienting species, η is solvent

viscosity, kB is Boltzmann’s constant, and T is absolute temperature.[31, 30, 35, 36]
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Figure 3.6: Predicted reorientation time constants of rilpivirine from S-E-D hydrody-
namics (◦) and measured reorientation time constants from TCSPC data (4) versus
solvent viscosity for concentrations in the range of 0.3 to 76 µM rilpivirine.

θrot =
V η

kBT
(3.4)

If the reorientation time constants of rilpivirine are graphed with solvent viscosity,

the logarithmic fit results in the relationship between rilpivirine and the effective solvent

viscosity: θrot = 0.147(±0.02)η0.602±0.04. This model deviates from predicted S-E-D

hydrodynamic theory because of factors such as slip and stick hydrodynamics, solvent

shape, and the change in fluorophore shape during excitation and emission.[37, 38,

39, 40] S-E-D assumes a spherical reorienting species, while rilpivirine has a butterfly

conformation, as measured by crystal structures and predicted by electronic structure

calculations.[4, 1]

Solvents such as 1-pentane, 1-hexane, acetonitrile, and benzene cause rilpivirine to

aggregate in solution with hydrodynamic volumes from approximately 109 to 850 times

the hydrodynamic volume of one rilpivirine molecule. The difference between the reori-

entation time constants of rilpivirine in these four solvents and expected reorientation
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Table 3.4: Solvent viscosity (η in cP), reorientation time constants (θrot,i), relative
amplitudes (rrot,i), limiting anistoropies (r0), average time constants (θrot,avg) and S-
E-D (see Equation 3.4) predicted reorientation time constants of rilpivirine in various
solvents. All θrot’s are in ns.
Solvent η rrot,1 rrot,2 rrot,0 θrot,1 θrot,2 θrot,avg S-E-D θrot

1-pentane 0.24 0.39 0.00 0.39 19.25 0.00 19.25 0.023
1-hexane 0.29 0.26 0.245 0.55 5.86 0.25 2.93 0.028
acetonitrile 0.35 0.17 0.00 0.17 12.17 0.00 12.17 0.033
CH2Cl2 0.44 0.19 0.00 0.19 0.10 0.00 0.10 0.042
methanol 0.59 0.17 0.00 0.17 0.15 0.00 0.15 0.055
benzene 0.65 0.25 0.17 0.43 18.80 0.06 11.17 0.062
DMF 0.80 0.14 0.00 0.14 0.17 0.00 0.17 0.076
water 1.00 0.01 0.00 0.01 0.12 0.00 0.12 0.095
DMSO 2.00 0.17 0.00 0.17 0.38 0.00 0.38 0.189
formamide 3.30 0.16 0.00 0.16 0.50 0.00 0.50 0.312
ethylene glycol 13.80 0.14 0.09 0.22 1.60 0.11 1.01 1.306

time constants of single rilpivirine unimers is not two or three fold, but 100-fold or

more. Rilpivirine is not forming dimers or trimers in these solvents, but aggregates

of 109 to 850 rilpivirine molecules. If rilpivirine was forming dimers and trimers, the

reorientation time constants would reflect an approximate two-fold increase from S-E-D

hydrodynamic theory. Instead, the reorientational dynamics reflect single unimers and

larger aggregate nanoparticles.

3.4 Results and Discussion: Rilpivirine Spectroscopy in Aqueous So-
lutions of A-B-A Triblock Copolymer F88

The spectroscopy of rilpivirine in aqueous solutions of A-B-A triblock copolymer Pluronic

F88 is measured for four different objectives. The first goal is to detect the differences

between the unimer form of rilpivirine and the aggregate form of rilpivirine in pos-

sible delivery formulations. This concentration dependence of rilpivirine in aqueous

micellar F88 solution was measured with steady-state emission and excitation spectra,

fluorescence time constants, and polarization anisotropies.

The second reason to measure rilpivirine fluorescence in aqueous F88 solutions is

to investigate changes in aggregation state and local environment of rilpivirine in the

different aqueous polymer phases of F88: unimers, micelles, and hydrogels. This study

poses the questions of whether rilpivirine is encapsulated in polymer micelles, or forms
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aggregates in the aqueous phase of F88 solutions. For these experiments, the tempera-

ture dependence of the spectroscopy of rilpivirine was measured in an aqueous solution

of 25 w/v% F88 polymer at a single drug concentration where the drug is in both

unimer and aggregate form.

Thirdly, the emission wavelength of rilpivirine is dependent on the unimer or ag-

gregate state of the drug in solution. In aqueous solutions of F88 micelles, where the

drug is present in both unimer and aggregate forms, the fluorescence dynamics and re-

orientational dynamics are investigated using time-resolved fluorescence spectroscopy.

Depending on the single emission wavelength measured during these experiments, the

fluorescence time constants change depending on the aggregation state emitting at that

wavelength. In this way, it is hypothesized that the different aggregation states can be

identified based on the detected wavelength.

The fourth set of experiments regarding rilpivirine in aqueous F88 solutions is the

measurement of the time-resolved emission spectrum (TRES) of the drug. TRES mea-

sures the shift in emission spectrum over the fluorescence lifetime.[30] The shift in emis-

sion energy shifts as a result of solvent relaxation, hence the solvent relaxation time

constants are measured as the rate of the emission shift. TRES is first measured for

rilpivirine in a solvent in which rilpivirine is not forming aggregates: dichloromethane

(CH2Cl2). TRES is also measured in a single solvent in which rilpivirine is forming

aggregates: 1-pentane. These TRES results are then compared to the TRES of 5.8 µM

rilpivirine in aqueous solution of 25 w/v% F88 at various temperatures (F88 phases).

These investigations of rilpivirine spectroscopy are a foundation for measuring the spec-

troscopy of rilpivirine in unknown local solvent environments.

3.4.1 Concentration Dependence of Rilpivirine Spectra

Seven solutions of different concentrations of rilpivirine were made in aqueous solutions

of 25 w/v% F88 at 30 ◦C. The drug concentrations range from 1 µM to 84 µM rilpivirine

drug in aqueous F88 solution. The absorbance spectrum of rilpivirine in each solution

was measured to obtain the exact concentrations of drug. The fluorescence excitation

and emission spectra of these solutions were measured at 30 ◦C. The concentration
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dependence of the average fluorescence time constants are reported.

Fluorescence Emission and Excitation

The concentration dependent emission and excitation spectra are shown in Figure 3.7

where it is clearly displayed that two emission and two excitation peak energies are

shifting with increasing concentration of rilpivirine. The peaks energies, in cm−1, are

reported in Table 3.5 At 1.0 µM rilpivirine, the emission band is a single peak at 29,900

cm−1. As the concentration of rilpivirine is increased, an emission band at 25,000 cm−1

appears and increases in amplitude while the emission at 29,900 cm−1 decreases in

amplitude and then disappears. The fluorescence peak at 25,000 cm−1 results from the

formation of rilpivirine aggregates in solution and appears at a concentration of 2.0 µM

drug in solution. The emission peak at 25,000 cm−1 is not associated with excimers,

but is a separate emission band associated with fluorescence from drug aggregates. The

emission band associated with the unimer form of rilpivirine is decreasing in amplitude,

indicating that this population is decreasing as the drug aggregates. The excitation

spectrum of rilpivirine shows similar behavior with regard to drug concentration. At

1.0 µM drug concentration, an excitation fluorescence band is present at 37,000 cm−1.

At concentrations between 6 and 13 µM rilpivirine, a second band associated with

aggregate formation appears at 32,000 cm−1and shifts to 30,000 cm−1 at a concentration

of 84 µM rilpivirine. Figure 3.9 displays the frequencies of the emission and excitation

peaks of rilpivirine at various concentrations and three temperatures: 2.5, 30, and 90

◦C, where the polymer solution is in aqueous unimer, micelle, and hydrogel phases,

respectively. The change in two distinct peak energies and relative amplitudes in both

emission and excitation spectra indicate that unimer and aggregate rilpivirine both

absorb and fluoresce at different energies. The two forms of the drug in solution are

easily distinguishable by fluorescence spectroscopy.
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Table 3.5: Rilpivirine unimer (uni) and aggregate (agg) fluorescence emission and ex-
citation spectral peak energies (λ in nm and ν̃ in 103 cm−1) for various concentrations
(in µM) of rilpivirine in aqueous solution of 25 w/v% Pluronic F88 at 30 ◦C.

[Rilpivirine] λem,uni ν̃em,uni λem,agg ν̃em,agg λex,uni ν̃ex,uni λex,agg ν̃ex,agg

84 413 24.2 261 38.3 337 29.7
35 345 29.0 413 24.2 277 36.1 327 30.6
13 347 28.9 401 24.9 278 36.0 315 31.7
5.8 331 30.2 399 25.1 267 37.4
2.4 337 29.7 392 25.5 268 37.3
2.0 335 29.8 268 37.3
1.0 334 29.9 268 37.3

Fluorescence Dynamics

The time-resolved fluorescence transients for the same seven concentrations of rilpivir-

ine in aqueous solutions of F88 micelles were measured at two different emission wave-

lengths. The concentration-dependent intensity-weighted average time constants[31]

are presented in Figure 3.9. With regard to concentration dependence of rilpivirine,

the average fluorescence time constant decreases with increasing concentration of ril-

pivirine. When the time constants of rilpivirine were measured at 345 nm emission

associated with the unimer form of rilpivirine, the average fluorescence time constant

decreased from 6.6 to 1.6 ns with increasing concentration. When the time-resolved

transients were measured at 410 nm emission, the wavelength associated with aggre-

gate rilpivirine, the average fluorescence time constant decreased from 5.9 to 1.6 ns

with increasing concentration.

3.4.2 Temperature Dependence of Rilpivirine Spectra

The temperature dependence of rilpivirine fluorescence spectroscopy in aqueous solu-

tions of Pluronic F88 depends on two variables. The first variable is the phase of the

A-B-A triblock copolymer in solution. Rilpivirine will be localized in regions of different

polarity and local friction and fluorescence spectroscopy will detect these differences.

The second variable is the aggregation state of rilpivirine. It has already been shown

that various fluorescence measurements can be used to detect the presence of aggregates

and differentiate the presence of drug unimers in solution. In the following section, both
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Figure 3.7: Fluorescence emission (left) and excitation (right) at seven concentrations
of rilpivirine in aqueous solution of 25 w/v% F88 at 30 ◦C.

of these variables will be explored at different temperatures between 2.5 and 90 ◦C.

Fluorescence Emission and Excitation Spectra

The fluorescence emission spectrum of 5.8 µM rilpivirine in aqueous solution of 25 w/v%

F88 shows a shift for both of the spectral peak energies discussed in the last section. The

normalized spectra are shown in Figure 6.3. The first emission band at approximately

29,850 cm−1 at 2.5 ◦C shifts to higher energy of approximately 30,300 cm−1 with a direct

correlation to the temperature at which the copolymer forms micelles in solution. This

emission spectrum showing a 30,300 cm−1 frequency peak corresponds to a population

of the rilpivirine drug that is in a polymeric unimer environment in aqueous solution.

As the polymer aggregates, the rilpivirine drug is solubilized into the hydrophobic

micelle core. The small solvatochromic shift of rilpivirine emission indicates that a

population of the drug is moving to a more non-polar environment. At approximately

26,300 cm−1, a second peak emerges in the emission spectrum, corresponding to an

aggregated population of rilpivirine in aqueous polymer solution. The emission band

at 26,300 cm−1 shifts to approximately 25,000 cm−1 upon polymer micellization. The

intensity of the 26,300 cm−1 peak also increases upon micellization, indicating that
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Figure 3.8: Frequencies of fluorescence emission (left) and excitation (right) peaks of
rilpivirine at seven concentrations in aqueous solution of 25 w/v% Pluronic F88 at 2.5,
30, and 90 ◦C.

rilpivirine aggregates are present in the polymeric unimer solution at low temperatures,

but the population of rilpivirine aggregates increases as the polymer forms micelles. The

shift of the aggregate emission energy at higher temperatures is characteristic of the

spectral behavior of aggregate formation.[30]

The other six concentrations of rilpivirine samples were also measured using temperature-

dependent fluorescence spectroscopy. The peaks are displayed in Figure 3.11. There is

an increase in emission peak energy at the micellization temperature (22.5 ◦C) of the

aqueous Pluronic F88 solution, as shown by the 28,000 to 31,000 cm−1 peak for 35, 13,

and 5.8 µM rilpivirine concentrations. The shift to higher energies indicates a change

in local polarity of the unimer form of rilpivirine to more non-polar environments, con-

sistent with the solubilization of rilpivirine in the the PPO core of triblock copolymer

micelles.[10] It is known from the previous experimental results that the emission peak

energy increases with decreasing polarity of rilpivirine’s solvent environment. Rilpivir-

ine unimers are encapsulated by F88 micelles in solution.

The rilpivirine aggregate emission energy from 23,000 to 26,000 cm−1 decreases in
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Figure 3.9: Average fluorescence time constants of rilpivirine at seven concentrations
in aqueous solutions of 25 w/v% Pluronic F88 measured at 345 nm (unimers) and 410
nm (aggregates).

energy when the F88 polymer forms micelles in aqueous solution at rilpivirine con-

centrations of 35, 13, 5.8, and 2.4 µM. The local environment of the aggregates in

these solutions is increasing in polarity. This shift to lower energies is consistent with

aggregates forming in the bulk water of the aqueous F88 micelle solution and not in

the PPO micellar cores. At the highest concentration of rilpivirine, the peak emission

around 24,000 cm−1 shifts to higher energy at the micellization temperature of the A-

B-A triblock copolymer. At this high concentration, the aggregate local environment is

decreasing in polarity, but the local environment in the aqueous solution of F88 micelles

is consistent with the local environment of aggregates at lower concentrations.

The temperature dependence of the rilpivirine excitation spectral peak energies is

shown in Figure 3.11. The excitation spectra of the highest concentrations of rilpivirine

(84, 35, 13) exhibit two bands, corresponding to both unimer and aggregate forms of

the drug. A peak around 30,000 to 32,000 cm−1 is assigned to the aggregate form of

rilpivirine and a band around 36,000 to 39,000 cm−1 is assigned to the unimer form

of rilpivirine in solution. The lower concentrations of rilpivirine exhibit only the latter

peak, which does not shift significantly as aqueous F88 forms micelles above 22.5 ◦C.

The same excitation spectral peak for higher concentrations of rilpivirine decrease at
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Figure 3.10: Normalized emission spectra of 5.8 µM rilpivirine in 25 w/v% Pluronic
F88 in aqueous solution at different temperatures.

22.5 ◦C, consistent with a shift from rilpivirine unimers to aggregates.

Fluorescence Dynamics

The fluorescence time constants of 5.8 µM rilpivirine are measured at 6 temperatures

from 5 to 80 ◦C in PEG 300 and PPO 3500 polymer solvents as control experiments.

The fluorescence transients of rilpivirine in PEG 300 were fit to a sum of four exponential

decay functions, revealing four individual fluorescence time constants. The individual

time constants with corresponding amplitudes and the intensity-weighted average time

constant are shown in Figures 3.12 and 3.13. The individual time constants of rilpivirine

in PEG 300 shift from 0.21, 0.62, 1.37, and 3.71 ns at 5 ◦C to 0.05, 0.24, 0.80, and 7.05

ns at 80 ◦C. The average time constant of rilpivirine in PEG 300 shifts from 1.49 to

1.12 ns over the same temperature range.

The fluorescence transients of rilpivirine in PPO 3500 polymer solvent were also fit

to a sum of four exponential decay functions. The four individual time constants of

rilpivirine in PPO 3500 are 0.02, 0.71, 2.72, and 3.59 ns at 5 ◦C and shift to 0.09, 0.72,

1.50, and 3.55 ns at 80 ◦C. The average fluorescence time constant shifts from 3.06 to

1.71 over the same temperature range. These individual and average fluorescence time
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Figure 3.11: Temperature dependence of emission and excitation peak energies for
6 concentrations of rilpivirine in aqueous solution of 25 w/v% Pluronic F88. The
separation between the spectral peaks of unimers and aggregates is clearly shown.

constants will be used for comparison of the time constants measured for rilpivirine in

aqueous solutions of 25 w/v% F88.

The temperature-dependent fluorescence transients of rilpivirine in aqueous solu-

tion of 25 w/v% F88 were fit to a sum of six exponential decay functions, revealing

six individual fluorescence time constants with corresponding normalized amplitudes.

The fluorescence transients were measured at the 385 nm emission energy associated

with rilpivirine aggregates. The values of the individual time constants with changing

temperature of the aqueous F88 polymer solution are shown in Figure 3.14. The six

time constants in unimer solution at 2.5 ◦C are 0.03, 0.13, 0.40, 1.40, 5.21, and 14.25

ns. In micelle solution at 25 ◦C, the time constants increase to 0.07, 0.26, 0.66, 2.24,

7.21, and 26.84 ns. The five smallest of the six individual time constants of rilpivirine in

aqueous F88 solution can be assigned to rilpivirine in a PEG environment, as the time

constants of rilpivirine in PEG 300 are very similar. The time constants of rilpivirine

in PPO 3500 are somewhat similar to the 1.4 and 5 ns time constants measured in

aqueous F88 solution, but these time constants are also consistent with rilpivirine in

PEG 300. The smallest of the time constants at approximately 30 to 90 ps may be
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Figure 3.12: Fluorescence time constants of 5.8 µM rilpivirine in poly(ethylene glycol)
(Mw 300) at various temperatures.

associated with rilpivirine in a PPO environment within F88 unimers in solution. The

largest time constant (14 to 26 ns) is not comparable to any time constant measured

in either PEG or PPO solution and so may be assigned to rilpivirine unimers in an

aqueous polymer environment.

The six individual fluorescence time constants actually shift very little as the A-B-A

triblock copolymer changes from unimer to micelles to hydrogels in solution. There is

a small but sharp shift in all of the individual time constants at the 22.5 ◦C consistent

with the temperature at which F88 micelles form.[10] The more noticeable shift in

fluorescence time constant is that of the average of the six individuals. Because the

two highest normalized amplitudes (which are associated with the two smallest time

constants) diverge and are predominant in the intensity-weighed average, the average

fluorescence time constant decreases from 6.8 to 3.6 ns over the F88 transition from

unimers to micelles. Above 30 ◦C, the average time constant increases back up to 6.6 ns

as F88 forms a hydrogel. Because the rilpivirine aggregates are not likely inside the F88

micelle cores, the shift in fluorescence time constant indicates that the aggregates are

associating with unimers at low temperatures, change local environments in the bulk

water of micelle solutions, and are again associated with F88 polymer in the hydrogel
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Figure 3.13: Fluorescence time constants of rilpivirine (5.8 µM) in poly(propylene oxide)
(Mw 3500) at various temperatures.

at higher temperatures.

Reorientational Dynamics from Polarization Anisotropy

The temperature dependence of the reorientational dynamics of rilpivirine in 25 w/v%

F88, in PEG 400, and in PPO 2000 are measured and compared. Because A-B-A

triblock copolymer F88 is composed of PEG A-blocks and PPO B-blocks, these solvents

were used as a control for measuring the reorientation time constants in aqueous unimer,

micelle and hydrogel solutions of F88. The time-resolved fluorescence of rilpivirine in

25 w/v% F88 in aqueous solution was measured at 25,640 cm−1 emission, the emission

peak of the rilpivirine aggregates.

Figure 3.15 shows the polarization anisotropy (rrot,j) and the reorientational time

constants (θrot,j) over six temperatures for rilpivirine in PEG 400 and PPO 2000. The

r0 value, or the limiting anisotropy is a measure of the reorientational motion of the

rilpivirine fluorophore. For rilpivirine in PEG 400, the r0 value increases slightly, but is

fairly constant over the measured temperature range, displaying that rilpivirine is not

experiencing any large changes in reorientational motion. Rilpivirine in PEG 400 was

found to have a single exponential anisotropy decay, r(t) (See Chapter 2) having one

reorientation time constant that decreased with increasing temperature of the polymer.

The reorientation time constant decreases because rilpivirine is reorienting at faster
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Figure 3.14: Relative amplitudes (left) and Individual fluorescence time constants
(right) of 5.8 µM rilpivirine in aqueous solution of 25 w/v% Pluronic F88 at differ-
ent temperatures.

rates as the viscosity of PEG 400 decreases with increasing temperature. The value of

θrot for rilpivirine in PEG 400 decreases from 10.17 to 1.05 ns from 5 to 80 ◦C. These

time constants are consistent with the reorientation of a single rilpivirine molecule in

PEG 400 as predicted by S-E-D hydrodynamics. The S-E-D equation (Equation 3.4)

relates the volume of a reorienting species in a solvent to the viscosity of the solvent.

The volume of one rilpivirine molecule is approximately 381 Å3and the viscosity of PEG

400 changes with temperature. At 20 ◦C, the viscosity of PEG 400 is 84 cP.

The plot of θrot,j and θrot,avg versus temperature for rilpivirine in PPO 2000 is

shown in Figure 3.16. The r(t) anisotropy decay was fit to a sum of two exponential

decay functions, yielding two reorientational time constants and two anisotropy values

as amplitudes of these time constants. The anisotropy values both increased with

increasing temperature of PPO, and the limiting anisotropy, r0 increased form 0.3 to

0.5 over the measured temperature range. The reorientation time constants decrease

and then θrot,1 increases with increasing temperature of the PPO. θrot,2 decreases with

increasing temperature, but the The amplitude-weighted average[31] reorientation time

constant of rilpivirine increases from 17.3 to 51.3 ns from 5 to 80 ◦C in PPO 2000. The
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Figure 3.15: Limiting anisotropy, r0 values and reorientation time constants θrot,j (red)
of 5.8 µM rilpivirine in poly(ethylene glycol) (400 average molecular weight) over six
temperatures from 5 to 80 ◦C.

predicted reorientation time constant for a single molecule of rilpivirine in PPO 2000

is 25.7 ns, in PEG 400 is 7.6 ns, and in water is 67 ps.

As the temperature increases, the polymer solution forms a hydrogel. The rilpivirine

aggregates reorient at faster rates caused by thermal motion, but are not inhibited by

the higher viscosity of the polymer gel phase. The time-resolved anisotropy decay of

rilpivirine in F88 was fit to a 2-exponential decay function. The anisotropy values in the

steady-state were also measured as a function of temperature and are included in Figure

3.17. The steady-state polarization anisotropy values follow the same trend as rrot,1

individual anisotropy from time-resolved measurements, showing a slower reorientation

in aqueous solution of F88 micelles than in aqueous F88 unimer solution. The rrot,2

value diverges from the value of rrot,1, decreasing with the formation of F88 micelles.

This is indicative of two populations of rilpivirine in solution, and this has already

been confirmed in the steady-state spectra. The r0 of rilpivirine increases from 0.18

to 0.30 with increasing temperature and the formation of micelles in solution. The

shift in reorientational dynamics with temperature is clearly shown by the individual

anisotropies, rrot,1 and rrot,2.

The reorientational time constants of rilpivirine in aqueous F88 unimers, micelles
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Figure 3.16: Anisotropies, r0 values, individual and average reorientation time constants
θrot,j (red) of 5.8 µM rilpivirine in poly(propylene oxide) (2,000 average molecular
weight) over six temperatures from 5 to 80 ◦C.

and gels are changing in agreement with the nanoscale phase change of the F88 polymer

solution. As the A-B-A triblock copolymer forms micelles, the individual and average

reorientation time constants increase, showing an increase in the local solvent friction

in the environments of both drug aggregates and unimers. The amplitude-weighed

average[31] value of θrot for rilpivirine in 25 w/v% F88 solution shifts from approx-

imately 1 ns to 5 ns over the micellization of the polymer. The reorientation time

constant then decreases with the heating of the polymer as rilpivirine aggregates local-

ize outside the F88 micelles in a less viscous local environment. S-E-D reorientation

time constants were predicted from the molecular volume of one rilpivirine molecule

and the measured shear viscosity of aqueous solution of 25 w/v% F88 up to 40 ◦C.[11]

The predicted reorientation time constant of single rilpivirine molecules in solution is

in very good agreement with the measured values displayed in Figure 3.17.

3.4.3 Fluorescence Wavelength Dependence

Fluorescence Dynamics

The fluorescence time constants were measured for the sample of 5.8 µM rilpivirine in

aqueous micelle solution of 25 w/v% F88 at 30 ◦C where the aggregate and unimer form

of rilpivirine is present in solution. The time-resolved transients were measured for 31
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Figure 3.17: Left: individual anisotropies, rj , and steady-state anisotropies. Right:
Predicted reorientation time constants from S-E-D (Equation 3.4), measured individ-
ual reorientation time constants θrot,j , and average time constants, θrot,avg of 5.8 µM
rilpivirine in 25 w/v% Pluronic F88 in aqueous solution with changing temperature.

different emission wavelengths ranging from 20,000 to 35,000 cm−1 in 500 cm−1 incre-

ments. The transients were fit to a sum of six exponential decay functions, yielding six

individual time constants and corresponding αfl,i values (See Equation . These values

are plotted in Figure 3.18 versus the emission wavelength at which fluorescence was

measured. Like the temperature-dependent fluorescence time constants, the smallest

time constant has the highest normalized amplitude. In this case, the time constant in

aggregates is 2.2 ns at the aggregate emission peak. At the emission peak correspond-

ing to rilpivirine in unimer form, the average fluorescence time constant is 5.8 ns. The

decrease of the average time constant is caused by the fluctuation in the amplitudes of

the individual time constants associated with unimer or aggregate rilpivirine. As the

emission wavelength is shifted to an energy where more unimers emit, the normalized

amplitude of that particular time constant increases, as does the average time constant

value.

The previous statement is held true when the wavelength dependence of the fluo-

rescence time constant is measured at different concentrations of rilipivirine, as shown
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Figure 3.18: Emission wavelength dependence of fluorescence time constants for three
concentrations of rilpivirine in 25 w/v% F88 solution: 84 (red), 5.8 (green), and 1.0
(purple) µM rilpivirine. Overlaid are the steady-state emission spectra of the same
three solutions.

in Figure 3.18. Here, the emission spectra of 84, 5.8, and 1.0 µM rilpivirine solutions in

25 w/v% F88 micelles are overlaid with the average time constants measured at several

different wavelengths. When only rilpivirine aggregates are present in solution, such as

at 84 µM concentration, the average time constant is on the order of 2 to 3 ns. When

only rilpivirine unimers are present in solution, such as at 1.0 µM concentrations, the

average time constant is higher and on the order of 4 to 6 ns. When both unimer and

aggregate forms of rilpivirine are present in solution, the time constant is dependent

on the emission wavelength at which the fluorescence is measured, as shown by the 5.8

µM concentration of rilpivirine in F88 solution.

Reorientational Dynamics

The sample of 5.8 µM rilpivirine in A-B-A triblock copolymer solution at 30 ◦C was

chosen to study the dependence of the emission wavelength detected for fluorescence

time constants and polarization anisotropies because of two conditions: rilpivirine is in

both aggregated and non-aggregated form and the polymer solution is in the form of

aqueous micelles.
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Figure 3.19 shows the fluorescence emission spectrum of the aforementioned sample

with the described conditions, overlaid with the individual and limiting anisotropies,

rrot,j and r0 on the left and the individual and average reorientation time constants,

θrot,j on the right, measured at different wavelength values across the entire emission

spectrum. Because it has been stated that the peak at approximately 25,000 cm−1

results from the aggregate form of rilpivirine, it is consistent that the measured reori-

entation time constant at this wavelength would be significantly higher than the time

constant measured at the peak attributed to monomeric drug at 28,600 cm−1. These

values show that the smaller species reorients faster in solution than an aggregate with

both multiple times the volume of a single rilpivirine and in a microviscosity that is

lower than the local environment of the rilpivirine unimer encapsulated in a micelle

core. If the molecular volume of the aggregate scales to a single molecule of rilpivirine,

the aggregate may be composed of approximately 100 rilpivirine molecules according

to time-resolved fluorescence polarization anisotropy meaurements.

Figure 3.19: Left: Emission wavelength dependence of time-resolved anisotropy values.
Right: Wavelength dependence of individual and average reorientation time constants
θrot,j (red) of 5.8 µM rilpivirine in 25 w/v% Pluronic F88 in aqueous solution.

S-E-D hydrodynamics relates the diffusive reorientational motion of a fluorophore to
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Figure 3.20: Calculated S-E-D hydrodynamic volumes from individual and average re-
orientation time constants θrot,j (red)of 5.8 µM rilpivirine in 25 w/v% Pluronic F88
at 30 ◦C in aqueous solution with various emission wavelengths. Also plotted for ref-
erence is the hydrodynamic volume of one rilpivirine molecule from molecular volume
calculations.[35, 36]

the volume of the reorienting species and the viscosity of the solvent in which the fluo-

rophore is localized.[30, 31] The reorientational time constants for rilpivirine were input

into Equation 3.4 and the viscosity of aqueous 25 w/v% Pluronic F88 solution at 30

◦C (45.9 cP) was used to calculate the hydrodynamic volume of rilpivirine or rilpivirine

aggregates as measured by fluorescence methods.[11] The volumes were graphed against

the emission wavelength at which fluorescence was measured. This data is shown in

Figure 3.20 which plots the hydrodynamic volumes calculated from θrot,1, θrot,2, and

θrot,avg as well as a reference line for the volume of a single rilpivirine molecule (0.381

nm3). As a reference to the molecular volumes of the F88 polymer nanophases, the

average volume of an F88 micelle at this concentration and temperature is about 2,145

nm3 and the average volume of the PPO core of an F88 micelle is approximately 195

nm3.[7] The aggregates measured by TCSPC fluorescence methods have average hydro-

dynamic volumes from average reorientation time constants up to 105 times larger than
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the effective reorientational volume of a single molecule of rilpivirine. The hydrody-

namic volumes from the average reorientation time constants of rilpivirine were divided

by the effective volume of one rilpivirine molecule to get approximate aggregation num-

bers. These values are plotted in Figure 3.21 and rilpivirine aggregates range from 10 to

105 times the volume of one drug molecule. These values are based on spherical reori-

enting species and a constant local viscosity. It is known that the local viscosity inside

the hydrophobic core of F88 micelles is significantly greater than the local viscosity in

the water outside the polymeric micelles.[11] By approximation, it is possible to detect

unimer or aggregate forms of rilpivirine using fluorescence spectroscopy techniques.

Figure 3.21: Predicted aggregation numbers of rilpivirine in solution calculated from
reorientation time constants measured at different emission wavelengths from 20,000 to
35,000 cm−1. The emission spectrum of rilpivirine from the same solution is overlaid
on the graph.

3.4.4 Solvent Relaxation Dynamics of Unimers and Aggregates

Time-Resolved Emission in Three Organic Solvents

Time-resolved emission spectra (TRES) are plotted in Figures 3.22 and 3.23 for rilpi-

virine in CH2Cl2 and pentane. The peak emission energy in units of cm−1 is plotted

versus time in ns. Rilpivirine is shown to form aggregates in 1-pentane. The drug is
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in unimer form when dissolved in CH2Cl2 as found from reorientational time constant

measurements in these solutions.

Figure 3.22: Left: Time-resolved emission spectra of rilpivirine unimers in CH2Cl2
at 20.0 ◦C from 1 ps to 10 ns. Right: Emission energy versus time, showing solvent
relaxation rates for rilpivirine unimers in CH2Cl2.

The time resolved emission of rilpivirine in CH2Cl2 shifts from approximately 25,460

to 25,050 cm−1 over a 3 ns time scale. The emission spectra at delays after photoexci-

tation from 1 ps to 3.2 ns are shown in Figure 3.22 with the emission frequency plotted

versus time delay. The clear change in solvent relaxation rate at approximately 0.1 ns

indicates that multiple species of rilpivirine, yielding multiple solvent relaxation rates.

These rates were found to be 7.8 ns, 3.7 ns, 72 ps, and 27 ps from a fit to a sum of four

exponential equations. From reorientational time constants discussed previously, it is

known that rilpivirine is in the unimer form in CH2Cl2 and this is the control experiment

for measuring the solvent relaxation by TRES for unimer rilpivirine in solution.

The time resolved emission of rilpivirine in 1-pentane has multiple bands that

shift over the lifetime of rilpivirine in solution.The emission band at approximately

28,000 cm−1 associated with aggregate rilpivirine increases from approximately 28,000

to 31,100 cm−1 over a 10 ns time scale. This peak is labeled Peak 1. The second peak

at approximately 31,500 cm−1 shifts to 30,300 cm−1 over a 10 ns time scale. A sharp
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Figure 3.23: Left: Time-resolved emission spectra of rilpivirine in 1-pentane (aggre-
gates) at 20.0 ◦C from 1 ps to 10 ns. Right: Emission energy versus time, showing
solvent relaxation rates for rilpivirine aggregates in 1-pentane.

decrease in energy at approximately 0.02 ns indicates multiple forms of rilpivirine which

yield multiple solvent relaxation rates.[30] The third emission peak (Peak 3) shifts from

about 32,800 to 32,000 cm−1 and also has a sharp drop in emission energy at around

0.02 ns. The multiple peaks and complex solvent relaxation rates are indicative of the

aggregate form of rilpivirine present in 1-pentane. This is a control experiment for

measuring the solvent relaxation for aggregate rilpivirine in solution.

The TRES of rilpivirine in PEG 400 is a control measurement for rilpivirine in

polymer environments similar to aqueous solutions of A-B-A triblock copolymer F88

micelles and hydrogels. The time-resolved emission spectra for rilpivirine in PEG 400

are plotted in Figure 3.24 with the peak emission energy plotted versus time delay. The

single emission band shifts from approximately 29,600 to 27,700 cm−1 over a 6 ns time

scale. Multiple relaxation times are present in this decay, but not do not have dramatic

changes such as in the TRES measurement of rilpivirine aggregates. The relaxation

rates found from a fit of the peak frequency versus time to a sum of three exponential

decays is: 73 ps, 471 ps, and 2.77 ns.
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Figure 3.24: Time-resolved emission spectra of rilpivirine in PEG (Mw 400 g/mol) at
20.0 ◦C.

Time-Resolved Emission in Aqueous F88

Time-resolved emission spectra show a shift in peak emission energy at time delays after

photoexcitation. Here, we look at the TRES shift for rilpivirine measured at various

temperatures and times in 25 w/v% Pluronic F88. At low temperatures, below 20

◦C, the emission peak is resulting from the fluorescence of unimer drugs in solution at

emission wavelengths of around 325 nm (30,769 cm−1). From 20 to 30 ◦C, the solvent

dynamics reflect the enivronments of rilpivirine unimers and aggregates, and at higher

temperatures, those above 30 ◦C, the rilpivirine drug is in the form of mostly drug

aggregates in solution. The peak for the aggregate species of rilpivirine increases in

intensity, appearing at approximately 390 nm (25,641 cm−1).

Temperature dependence and time dependence of the emission spectrum of rilpi-

virine differ between unimer drug and aggregate drug solutions. Aggregates clearly

emit at longer wavelengths (lower energies), at longer times during solvent relaxation,

and aggregates predominate at higher temperatures and emit on faster time scales in

solutions of rilpivirine micelles and gels. Figure 3.25 shows the time slices of rilpivirine

at 1, 10, 100 ps, and 1, 10, and 100 ns delays after photoexcitation for 10 temperatures
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between the unimer and micelle phases of Pluronic F88 in aqueous solutions. At 1

ps after the excitation of rilpivirine, both unimer and aggregate forms of the drug are

emitting and the fluorescence of the drug that is most intense in the spectrum is entirely

dependent on temperature and polymer phase. In F88 unimer solutions, the unimer

form of rilpivirine emits at 31,000 cm−1 with a small peak around 25,000 cm−1. At

higher temperatures, as F88 forms aqueous micelles, the fluorescence of the aggregate

form of rilpivirine is the most intense emission peak at 25,000 cm−1 with a small unimer

emission band at 31,000 cm−1. At short time scales within the lifetime of rilpivirine

fluorescence, the unimer form of rilpivirine emits strongly from aqueous solutions of

Pluronic F88 unimers.

At 10 ps after excitation, the trend in emission energies is the same as at 1 ps delays,

but the peak at 25,000 cm−1 is decreased in intensity at lower temperatures (below 25

◦C) and still predominant at higher temperatures of the polymer solution.

At 100 ps and at lower temperatures (below 25 ◦C), the peak at 25,000 cm−1 is

diminished in intensity, and continues to decrease in relative intensity at 1 ns. By 10

ns, the emission peak at 25,000 cm−1 associated with rilpivirine aggregates is almost

completely diminished in relative intensity at all temperatures. At 50 ns, one peak at

approximately 27,500 cm−1 is present at all temperatures and all phases of F88 in 25

w/v% polymer in aqueous solution.

The time-resolved emission of rilpivirine reveals that solvent relaxation rates are

faster around rilpivirine aggregates than rilpivirine unimers. The shift in emission

energy for the aggregate is small, while the emission energy of rilpivirine unimers shifts

from 31,000 to 27,500 cm−1 over a 50 ns time scale.

3.5 Conclusions

3.5.1 Spectroscopy, Solvatochromism, and Structure of
Rilpivirine Solutions

Rilpivirine has a solvatochromic shift resulting from a large change in dipole moment

between the ground and excited states. Dipole moments, absorption, and emission

energy vary with solvent dielectric, refractive index, and polarity of the solvent. In



74

Figure 3.25: Emission spectra for 5.8 µM rilpivirine in 25 w/v% Pluronic F88 at 1 ps,
10 ps, 100 ps, 1 ns, 10 ns, and 50 ns delays (after photoexcitaton) at temperatures of
2.5, 10, 17.5, and 20, (F88 unimers), 22.5, 25, 27.5, and 30.0, (F88 micelles), and 40.0,
and 50.0 ◦C (F88 hydrogels).
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strongly polar solvents, such as DMSO, rilpivirine has an emission energy close to

24,400 cm−1 while in more non-polar solvents such as 2-MeTHF, the emission peak

energy is approximately 27.500 cm−1. The relationship between solvent polarity and

emission wavelength is not a simple one, for specific interactions such as hydrogen

bonding, and non-specific interactions such as dipole-dipole interactions between the

rilpivirine molecule and surrounding solvent molecules cause the relationship between

solvent dielectric and emission energy to not be a linear relationship for all solvents.

Both the absorbance peaks and the emission peaks for rilpivirine in twelve solvents are

outlined for future use of the drug as a fluorescent probe molecule.

Rilpivirine is strongly polar, making it insoluble in many solvents and causing ag-

gregation of the drug in some (mostly non-polar) solvents. These aggregation-causing

solvents include 1-pentane, 1-hexane, acetonitrile, and benzene. While rilpivirine has a

large solvatochromic shift, the aggregation of the rilpivirine molecule in such solvents

causes the spectroscopy to be different than the expected trend for rilpivirine in solvents

that do not stimulate aggregation.

The absorbance spectrum of rilpivirine consistently has two peak energy bands re-

sulting from the strong mixing of orbital configurations in excited state transitions. Be-

cause S0 →S’ and the S0 →S” transitions both have relatively high oscillator strengths,

the transitions are both favorable in the absorption phenomenon.

Many fluorophores have n→ π∗ and π → π∗ transitions that are directly responsible

for the HOMO→LUMO electronic transition, also most often assigned as the transition

to the first electronic excited state (S0 →S’).[41] This is often measured by absorbance

spectroscopy. The HOMO→LUMO transition occurs for rilpivirine, as in all molecules,

but the S0 →S’ transition has many orbital configuration states associated with the

transition. The mixing of orbitals within the electronic transition causes the absorption

and fluorescence spectroscopy of rilpivirine to be complex.
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3.5.2 Spectroscopy of Rilpivirine in Aqueous Solutions of Triblock
Copolymer F88

We have found that rilpivirine is a fluorescent molecule and a self-reporter of local

environment in solution. Fluorescence spectroscopy is an informative method to char-

acterize the aggregation properties of rilpivirine which are important to the formulation

and delivery of this hydrophobic drug. In aqueous solutions of 25 w/v% PEO-PPO-

PEO triblock copolymer F88, at a concentration of 5.8 µM drug, rilpivirine is present

in the form of both monomeric drug and drug aggregates as shown by the multiple

peak formation in the fluorescence emission spectrum. The monomeric drug and the

aggregate form of the drug emit at different wavelengths as different fluorescing species.

The drug concentration dependence of the steady-state fluorescence spectrum of

rilpivirine shows that in 25 w/v% PEO-PPO-PEO solution at 30 ◦C, the critical aggre-

gation concentration is approximately 2.0 µM drug in micellar solution. The emission

wavelength of the unimer drug in this solution was approximately 345 nm (28,986

cm−1) and the emission wavelength of the aggregate drug species is approximately 400

nm (25,000 cm−1).

For temperature-dependent measurements, a concentration of 5.8 µM rilpivirine in

polymer solution was used to measure both monomeric drug and aggregate drug species

in the same sample. The distribution of species in the steady-state emission spectrum

and the distribution of fluorescence time constants with changing temperature show a

shift corresponding to the micellization of the A-B-A triblock copolymer at 22.5 ◦C.

The temperature dependence of the emission spectrum of rilpivirine shows a shift

at the temperature where F88 forms micelles in aqueous solution. The time constants

of rilpivirine in the same solution showed trends corresponding to a local environ-

ment similar to that of our two control solutions of rilpivirine in poly(ethylene glycol)

and poly(propylene oxide) polymers. While the individual fluorescence time constants

shown small shifts corresponding to the polymer micellization temperature, the average

of the locally fit individual time constants show a sharp transition from approximately

6 ns to 4 ns. The temperature dependent reorientation time constants and anisotropy

values show a transition to slower reorientational dynamics upon micellization of the
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polymer. The average reorientation time constant measured at 390 nm emission shifts

from 1 ns to 5 ns within the micellization temperature range. This shows that the

rilpivirine species present and emitting at 390 nm has a solvent environment that is

increasing in local friction. This is consistent with the encapsulation of rilpivirine as

F88 forms micelles in solution.

The wavelength dependence of the time-resolved fluorescence spectroscopy was mea-

sured and fit to see what differences are present between the two clear peaks in the

fluorescence emission spectrum. The peak at lower energy, assigned to the aggregated

form of rilpivirine in solution shows reorientational dynamics over 100 times slower

than measured at higher energies assigned to monomeric drug. At 5.8 µM rilpivirine

in 25 w/v% F88 solution of polymer micelles at 30 ◦C, the aggregates diameters range

somewhere between 65 and 150 times the size of a single rilpivirine molecule because

the reorientation time constant is directly proportional to the volume of the reorienting

species using S-E-D hydrodynamics.

Time-resolved emission shows the shifting of two characteristic emission peaks over

a time period of 1 ps to 50 ns. The temperature-dependence of these two peaks indi-

cates that at low temperatures where the polymer is in unimer form, the monomeric

form of the drug is predominantly fluorescing. At polymer micellization (22.5 ◦C, both

monomeric drug and aggregated drug are emitting fluorescence with the solvent re-

laxation occuring faster around the aggregated drug. At temperatures above 22.5 ◦C,

when the polymers are aggregated to form micelles, the aggregated species of rilpivirine

is predominant with solvent relaxation occuring on the 1 ps to 1 ns time scales. The

monomeric rilpivirine emission peak shows slower solvent relaxation dyanmics occuring

over the entire 1ps to 50 ns range.

The study of rilpivirine aggregates using fluorescence spectroscopy is meant to char-

acterize the various forms of this hydrophobic drug that may occur in formulated solu-

tions. The bioavailability of rilpivirine is dependent on the local solvent environment

and the form in which the rilpivirine molecule is delivered. Aggregate sizes and vol-

umes, as well as formulations for rilpivirine unimers and aggregates are characteristics
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of the drug that help in more efficient delivery solutions. The hydrophobicity of rilpi-

virine should not be a barrier for efficient delivery if the drug is effective and safe for

helping HIV patients. Fluorescence spectroscopy methods are an important solution

for characterizing future formulations of what could be a very effective and important

drug.
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Chapter 4

Local Polarity and Microviscosity in the Hydrophobic

Cores of Amphiphilic Star-like and Scorpion-like

Macromolecules

4.1 Summary

Fluorescence spectroscopy is used to probe the polarity and local friction in aqueous

solutions of three amphiphilic polymers. Aggregate core polarity and local friction on

the nanoscale are observed by measuring the steady-state and time-resolved fluores-

cence spectroscopy of coumarin 153 (C153) in three amphiphilic polymers as a model

for hydrophobic drug encapsulation. Three solutions of polymers are studied: one

amphiphilic scorpion-like macromolecule (AScM), M12P5, and two amphiphilic star-

like macromolecules (ASMs), NC12P5 and NC6P5. Both ASMs and AScMs consist

of hydrophobic segments of acylated mucic acid and hydrophilic poly (ethylene gly-

col) chains. In aqueous solution, the scorpion-like M12P5 forms micellar aggregates

through hydrophobic interactions, while the star-like polymers are covalently bonded

macromolecules. Micelle and aggregate sizes are compared using dynamic light scatter-

ing measurements. A shift in the steady-state emission wavelength of C153 indicates

distinct differences in polarity between the core environments of the scorpion-like poly-

mer micelles and those of the two star-like polymers. The two reorientation time con-

stants from C153 fluorescence anisotropies show that the hydrophobic cores of M12P5

micelles are relatively flexible. The covalently linked, rigid cores of the two star-like

macromolecule nanocarriers, NC6P5 and NC12P5, show a third reorientation time con-

stant for which the local friction of the dye is remarkably higher.
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4.2 Overview

In the following, C153 is solubilized by three different amphiphilic polymers designed for

encapsulation of hydrophobic drugs. The first of the three polymers is an amphiphilic

scorpion-like macromolecule (AScM) composed of a hydrophilic, hydroxy-terminated

PEG tail of molecular weight 5,000 g/mol and a hydrophobic constituent consisting

of acylated mucic acid with twelve aliphatic carbons on each of four ester groups.[1]

This polymer is called M12P5 and is shown in Figure 4.1.[2] M12P5 forms micelles in

aqueous solution with a cmc of 1.25x10−7 mol/L at room temperature.[1]

Figure 4.1: Structure of fluorescence dye C153 (left) and amphiphilic scorpion-like
macromolecule, M12P5 (right).

The second drug-delivery polymer shown in Figure 4.2 is called NC12P5 and is one

of two amphiphilic star-like macromolecules (ASMs).[3, 4] Like M12P5, NC12P5 has

a hydrophilic PEG (Mw 5,000 g/mol) tail attached to the acylated mucic acid core.[3]

Unlike an AScM, NC12P5 has four amphiphilic branches covalently joined in the center

to form a single star-like macromolecule that behaves like a ‘unimolecular micelle.’

[3, 4] The third polymer is another ASM called NC6P5, and differs from NC12P5

by having only six carbon chains on each of the four mucic acid acylation sites.[4] The

structure of NC6P5 is shown in Figure 4.3.[4] The two ASM molecules under study here

have methoxy-terminated PEG chains as opposed to the hydroxy-terminated PEG in

M12P5.[4, 1]

The difference in hydrophobic cores between the star-like macromolecules and the
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Figure 4.2: Structure of amphiphilic star-like macromolecule, NC12P5.

scorpion-like macromolecules leads to questions about the resulting structures, the size

scales, and the aggregation properties of each of the polymers in aqueous solution.

M12P5 scorpion-like macromolecules aggregate in water to form spherical micelles, as

seen by transmission electron microscopy (TEM) in a previous study.[5, 4] In the case

of the TEM study, the images taken were done in vacuum, with samples prepared by

freeze-fracture methods.[5, 4] In this study, we use dynamic light scattering to measure

particle size distributions of each of the three polymers in solution.

The volume for each polymeric unimer is estimated from incremental van der Waals

volume calculations.[6, 7] The volume of each aggregate obtained from analysis of the

DLS data can then be compared to the volume of a single unimer and to the effective

volume of coumarin 153 reorientation found from time-resolved fluorescence anisotropy

measurements. This last effective volume provides insight into the local friction felt

by an encapsulated hydrophobic molecule in each of the three nanocarriers in ques-

tion. This local friction is relevant to the capacity for each polymeric nanocarrier to

encapsulate and release hydrophobic molecules in solution.
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Figure 4.3: Structure of amphiphilic star-like macromolecule, NC6P5.

The local friction experienced by C153 solvated in each nanocarrier differs from the

bulk viscosity of these dilute solutions. As shown by Horng, et.al, the reorientation of

a polar molecule such as C153 is governed by dielectric friction with its surrounding

solvent environments of various polarities.[8] This friction strays from typical hydro-

dynamic theory in many cases, thus causing a difference in macroscopic and nanoscale

viscosities.[8, 9]

The purpose of the following study is to use C153 fluorescence to characterize the

local environment in the core of each drug-delivery polymer. Properties of the C153

local environment such as solvent polarity, microviscosity, and effective size serve as a

model for probing the core environment of an encapsulated drug molecule.[10, 11, 12]

By revealing the nature of the local environment inside each nanocarrier, the polarity

and flexibility of each drug delivery vehicle may be compared relative to each other

for the purpose of encapsulating a hydrophobic molecule. The aggregation properties

and size scales are explored by dynamic light scattering, by van der Waals molecular

volume calculations, and by investigating the fluorescence and reorientation of C153
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inside each polymer solution.

4.3 Measuring Size Scales and Micelle Transition

4.3.1 Dynamic Light Scattering

Particle size dependence on polymer concentration and temperature was characterized

by DLS. Hydrodynamic radii were obtained from the DLS diffusion coefficients assuming

Stokes-Einstein hydrodynamics.[7, 13] The Stokes-Einstein equation (Eq. 4.1) relates

the translational diffusion coefficients (D0 ) to the hydrodynamic radii (RH ), where

T is the absolute temperature, kB is the Boltzmann constant, and η is the solvent

viscosity.[7, 13]

D0 =
kBT

6πηRH
(4.1)

Particle diameters were measured for aqueous solutions ranging in polymer concen-

tration from 1x10−9 mol/L to 1x10−3 mol/L. Figure 4.4 shows the volume-weighted

distribution of particle diameters found for all three polymer solutions at 37 ◦C at the

same concentrations used for fluorescence experiments. The polymer aggregate diame-

ters obtained from DLS data at 37 ◦C are plotted versus concentration in the top graph

of Figure 4.5. These data indicate that aggregates begin to form in each of the three

aggregate polymer solutions, as the concentration approaches 1x10−6 mol/L, and that

the polymers exist as unimers in solution below 100 nM concentration. For concentra-

tions in the range from 1x10−7 to 1x10−6 mol/L, micellar aggregates are formed. On

increasing polymer concentration, the M12P5 aggregates increase and then decrease in

size, ranging from 10 nm to 28 nm in diameter.

The NC12P5 and NC6P5 ASM polymers form larger aggregates at approximately

the same polymer concentration. The star-like NC12P5 forms aggregates ranging in

diameter of 23 nm to 45 nm. The other star-like macromolecule NC6P5 forms aggregates

ranging in diameter from 14 nm to 47 nm over the same concentration range. NC6P5

aggregates are smaller compared to the NC12P5 aggregates due to the smaller number

of aliphatic carbons present in the NC6P5 molecule. The lower bound for hydrodynamic
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Figure 4.4: Volume-weighted particle size distributions of M12P5, NC12P5, and NC6P5
polymer solutions at 37 ◦C, obtained from DLS data.

radii obtained from the analysis of DLS data is approximately 1 nm for both ASMs and

AScMs. This radius is consistent with the size estimated for ASM and AScM unimers.

For comparison with fluorescence experiments, the temperature dependence of par-

ticle size for all three polymer solutions was measured at the same concentrations used

for fluorescence samples. In the range of 5 to 55 ◦C, M12P5 aggregates are tri-modal,

with unimers, micelles, and larger aggregates present at approximately 100 nm diame-

ters. The micellar aggregates, which are dominant in solution, have a diameter of 9 nm

at 5 ◦C. The diameters increase to 21 nm at 55 ◦C. NC12P5 and NC6P5 also display

tri-modal particle size distributions. The dominant diameter of NC12P5 aggregates
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Figure 4.5: Particle diameters from DLS data versus concentration (top) at 37 ◦C and
versus temperature (bottom) at 2x10−4 mol/L of M12P5, and 5x10−5 mol/L of both
NC12P5, and NC6P5 polymer solutions.

is 40 nm. NC6P5 aggregates have an average diameter of 28 nm over the same tem-

perature range. The diameter of NC12P5 aggregates is larger than the aggregates of

NC6P5 polymer due to the greater number of hydrocarbons in the hydrophobic core

of the NC12P5 ASM. Again, a small population of larger aggregates are also present

around 100 nm particle sizes. The temperature dependence of the dominant aggregate

diameters are shown in Figure 4.5 for all three polymer aggregates. The particle size

distribution of each polymer solution at the concentrations of 2x10−4 mol/L M12P5,

5x10−5 mol/L NC12P5 and 5x10−5 mol/L NC6P5 showed relatively little change with

increasing temperature. Further details of the polymer particle size distributions are
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provided in Appendix B.

4.3.2 Viscosity of Solution Versus Microviscosity in ASM and AScM
Cores

The shear viscosity of each of the three polymer solutions at high concentration (1x10−3

mol/L) and the concentrations used in fluorescence measurements (2x10−4 mol/L M12P5

and 5x10−5 mol/L NC12P5 and NC6P5) were used to calculate the effective volume

of each polymer aggregate from reorientation time constants found from fluorescence

anisotropy measurements. At high polymer concentrations of 0.001 mol/L, the viscosity

of each of the three solutions was increased to 1.7 cP for M12P5, 2.8 cP for NC12P5,

and 2.5 cP for NC6P5 at 5 ◦C (See Appendix B). At the dilute polymer concentrations

used in fluorescence measurements, the viscosities of all three polymer solutions were

the same as the viscosity of pure water within experimental error.

4.3.3 Steady-state Fluorescence Spectroscopy of Coumarin 153

Steady-state fluorescence emission spectra were measured for C153 in each of the three

polymer solutions and are shown in Figure4.6. The emission wavelength of C153 is a

sensitive reminder of the polarity of its local environment.[14, 15] From a previous study

done with coumarins in amphiphilic tri-block copolymers, the broadened lineshape re-

sults from the coumarin dye experiencing more than one environment and therefore,

experiencing a distribution of local polarities.[11] The C153 emission maximum is 535

nm for the M12P5 aqueous solution. This peak wavelength indicates that C153 is lo-

calized in a polar, water-like environment in the core of the M12P5 micelle.[11, 14, 15]

Although the core is composed of hydrophobic, aliphatic carbons, water is likely present

in or near the interior of the micelle. When C153 is solubilized in the cores of each of the

two star-like macromolecules, the emission maximum is 510 nm. This peak wavelength

value corresponds to a less polar environment around C153.[11, 14, 15] The cores of

NC12P5 and NC6P5 macromolecules are more hydrophobic and do not contain polar

water molecules to the extent that the core of M12P5 does, according to the fluorescence

emission of C153. The peak emission of C153 in both ASM solutions corresponds to a

dry core, much like the cores of Pluronic F88 amphiphilic triblock copolymer micelles,
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as seen in a previous study.[12]

Figure 4.6: Steady-state emission spectra of coumarin 153 in aqueous solutions of
M12P5, NC12P5, and NC6P5 solutions.

The peak wavelengths of the C153 emission spectra at 37 ◦C are shown in Figure 4.7.

The π* scale is a well known empirical solvent polarity scale used for a wide variety

of common solvents.[16] Values of π* correlate linearly to the maximum absorption

and emission frequencies of C153.[15] As examples of two extremes of the π* polarity

scale, cyclohexane has a π* of 0.0 and dimethyl sulfoxide has a π* of 1.00.[15, 16]

We can compare the local polarity of the C153 probe molecule while encapsulated in

the polymeric aggregate using the effective π* empirical polarity scale discussed by

Horng, et. al.[15] In this way, we can compare the polarity of the molecular probe

environment with the values for common organic solvents using the relation: ν̃em[10−3

cm−1] = 21.217 - 3.505 π*. By means of this relationship, the π* values of the local

environment of C153 in M12P5 micelles ranges from 0.72 to 0.74 from 5 to 70 ◦C. This

effective π* value is similar to the polarity of dichloromethane, which has a value of

π*= 0.73.[15, 16] In NC6P5 and NC12P5, the local environment of C153 has π* values

ranging from 0.43 to 0.55 over the same temperature range. The more polar end of

this range with π*= 0.55 reflects a local polarity similar to THF or benzene.[15, 16]
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Figure 4.7: Temperature dependence of steady-state emission peak wavelength of
coumarin 153 in M12P5, NC12P5, and NC6P5 aqueous solutions.

The lower end of this range is similar to the polarity of p-xylene and ethyl acetate,

which both have π*= 0.45.[15, 16] A plot of the effective π* versus temperature is

given in Appendix B. The difference in local polarity between C153 in the ASMs and

C153 in the AScM nanocarriers is reminiscent of the shift observed for the ν̃em of C153

during aggregation of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)

triblock copolymers undergoing the unimer-to-micelle nanoscale phase transition.[11]

In this case, the local solvation environment of C153 in M12P5 is more polar than the

triblock copolymer micelle cores previously studied, and the local environment of C153

in both ASM polymers is less polar than the presumably ‘dry’ micelle cores.[11]

The temperature dependence of the local polarity of C153 shows that π* increases

slightly with increasing temperature. This rise in polarity is consistent with the rear-

rangement of ordered water molecules closest to the core of each nanocarrier, causing

increased penetration of polar waters towards the hydrophobic core.[17] The emission

spectrum of C153 is sensitive to the proximity as well as the electric field of polar water

molecules that affects the local solvation polarity around the coumarin dye.[18, 19]
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4.4 Reorientational Dynamics and Length Scales

4.4.1 C153 Fluorescence Polarization Anisotropies

The fluorescence anisotropy is a ratio of the emission intensities detected at vertical

and horizontal orientation, and is a measure of the amount of depolarization of emitted

light due to reorientational motion of the fluorophore.[13] The limiting, or fundamental

anisotropy, r(0), value ranges from 0.373 to 0.378 for C153 in a rigid, glassy solvation

environment.[20, 11] Steady-state anisotropy values were measured with 425 nm exci-

tation and 510 nm emission for the star-like NC12P5 and NC6P5 polymers, and at 530

nm for the M12P5 polymer. These values are plotted in Figure 4.8 (top). The limit-

ing value of the time-dependent anisotropy (Equation 4.2), measured from the TCSPC

data, is plotted in Figure 4.8 (bottom).

r(0) =
n∑

j=1

rj (4.2)

Both the steady-state and time-resolved limiting anisotropies for C153 in M12P5

are lower than those for C153 in the two star-like macromolecules. The plot of the

limiting anisotropy from TCSPC methods versus temperature has the same trend as

those values found from steady-state anisotropies. This phenomenon can be attributed

to the two star-like macromolecules having a more rigid and hydrophobic core than the

scorpion-like polymer micelles. We presume that the AScM micelles are flexible and

undergo frequent reorganization and exchange among the monomer constituents, as has

been shown to be the case for a number of other micelle systems.[21, 22, 23, 24] Because

the cores of ASMs are more rigid, the fluorescence of C153 is not as depolarized as the

emission of C153 in the more flexible M12P5 micelle core. The degree of depolarization,

and therefore, the fundamental anisotropy, r(0), is dependent on the rotational motion

of the fluorophore.[25, 13] If the C153 molecule is reorienting relatively rapidly in a

water-like environment such as the core of the M12P5 micelle, the emission is more

depolarized and r(0) is lower.[13] If C153 is reorienting slowly in a rigid environment,

such as the core of a star-like macromolecule, the degree of depolarization is reduced

and r(0) is closer to the maximum of 0.4.[25, 13]
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Figure 4.8: Temperature dependence of the limiting anisotropy from steady-state (top)
and time-dependent (bottom) fluorescence depolarization of coumarin 153 in M12P5,
NC12P5, and NC6P5 solutions.

4.4.2 C153 Reorientational Dynamics

Drug delivery systems require sequestration and solubilization of hydrophobic drugs, as

well as the ability to ultimately release the drug. Thus, in successful drug delivery sys-

tems, the drug cannot be tightly or chemically bound so as to prevent drug release from

the delivery system. We expect that the association characteristics of a drug (or C153

drug model) in ASMs and AScMs will display a complex range of orientational dynam-

ics, consistent with the existence of weak association of the drug to multiple sites in the

carrier. To investigate the nature of the model drug association with the hydrophobic
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macromolecular core, we measured the fluorescence depolarization anisotropies of C153.

Figure 4.9: Temperature dependence of reorientation time constants, θj,rot’s, for
coumarin 153 in aqueous solutions of M12P5, NC12P5, and NC6P5.

θrot =
V η

kBT
(4.3)

The Stokes-Einstein-Debye (S-E-D) equation (9) for small reorienting systems re-

lates the reorientation time constant (θi,rot) of a fluorescence probe to the effective vol-

ume of reorientation (V), the bulk viscosity of the solution (η), and the temperature.[8,

13, 26, 7] The viscosities measured for all polymer solutions were close to that of pure

water because the solutions are dilute. Thus, the reorientation time constants give

information about the local friction of the fluorophore environment. Reorientational
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Table 4.1: C153 reorientation time constants, associated fractional amplitudes, and
anisotropies in solutions of M12P5, NC12P5, and NC6P5 ranging from 5 ◦C to 70 ◦C.
(Note: For r(0) See Eq. 7.)

Polymer θ1,rot (ns) θ2,rot (ns) θ3,rot (ns) r1 r2 r3
M12P5 0.18-0.48 1.30-4.07 0.08-0.12 0.05-0.11
NC12P5 0.24-0.41 2.07-3.07 106-248 0.08-0.12 0.09-0.11 0.10-0.15
NC6P5 0.23-0.29 1.68-2.42 85.6-216 0.07-0.11 0.06-0.08 0.09-0.18

dynamics studied by fluorescence depolarization are relatively uncomplicated for the

case of a fluorophore that is rigidly attached to a spherical macromolecule (or nanopar-

ticle). For this case, S-E-D hydrodynamics predictions are often quite accurate. The

case of a fluorescence probe that is labile is rather more complex.

The C153 emission decay transients detected at three angles of polarization were

concatenated and simultaneously fit to the multiple exponential equations given in

Equations 1 through 5. Best fits yielded three fluorescence time constants and two re-

orientation time constants for C153 in aqueous M12P5 solution. For C153 in NC12P5

and NC6P5 solutions, best fits yielded four fluorescence time constants and three re-

orientation time constants. Because the fluorescence anisotropy decay of C153 in each

solution has multiple fluorescence and reorientation time constants, we deduce that

C153 is in multiple solvation environments within each polymeric nanocarrier.[25, 8]

The most significant difference between the two classes of polymers is in the reorien-

tation time constants of C153 between the AScM solution in contrast to ASM solutions.

C153 shows a third, longer reorientation time constant in both ASMs, indicating that

C153 is moving more slowly, likely experiencing motion with higher local friction in the

two ASM solutions than in the more flexible core of the M12P5 AScM micelles. In many

cases, it is useful to report the amplitude weighted average of multiple reorientation

time constants.[26, 13] In this study, we report all θj,rot’s separately, since the long re-

orientation time constants of C153 in the two ASM solutions greatly dominate such an

average and the full range of C153 reorientation time scales will be distorted. Figure 4.9

shows the individual reorientation time constants of C153 in all three polymers: three

in each ASM and two in the AScM solution. Figure 4.10 shows the percent amplitudes
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for each reorientation time constant. These data illustrate that each reorientation time

constant has a similar contribution to the total reorientation of the fluorophore.

The values of θj,rot and individual anisotropy contributions are listed in Table I. The

two fastest reorientation time constants for C153 in all three polymer solutions are on

similar time scales, meaning that the faster motions of the C153 dye are similar in all

three nanocarriers. The fastest reorientation time constant ranges from about 0.2 to 0.5

ns over the 5 to 70 ◦C temperature range and the second reorientation time constant

ranges from about 1.3 to 4.1 ns. The slowest reorientation time constant, which is only

present for C153 in the two ASM solutions, ranges from approximately 86 to 248 ns.

DLS measurements indicate tri-modal particle size distributions for all three poly-

mer solutions, however, the distributions of unimers and large aggregates (>100 nm)

are minimal in each case. While the tri-modal distribution may affect the distribu-

tion of local environments measured, we believe that this is a minimal effect since the

hydrophobic C153 will preferentially localize within the more non-polar micelle or ag-

gregate core that dominates the particle size distribution in all three polymers. We

maintain that the C153 and polymer dynamics will remain similar in both aggregate

and macro-aggregate environments. With this said, we keep in mind that the hydro-

dynamic volumes of ASM and AScM unimers and aggregates found from DLS are a

result of measuring the translational diffusion of these solutions while the hydrodynamic

dimensions estimated from the analysis of the TCSPC data is a result of measuring ori-

entational diffusion of the coumarin dye. The similarities and differences that arise in

these two methods are displayed in Table 4.2.

Several possibilities may occur that lead to reorientation time constants that are

faster than are predicted by the S-E-D equation (Equation 9). The probe may be

localized within a region of lower viscosity, such as the water pool in a reverse micelle[27,

28, 29] or within a fluid-like micellar core.[11] Another possibility is that the probe is

weakly associated with the macromolecule such that there is a more rapid ‘wobble-in-

cone’ torsional motion that is sampled by the probe depolarization.[26, 13] This effect

may be combined with a slower time constant correlated with the overall motion of the

macromolecule.
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Other possibilities include weak association of the C153 to the polymer. The reori-

entational dynamics of a probe may show the probe to be rigidly coordinated to the

macromolecule, and its motion punctuated by bursts of rapid ‘free’ reorientation during

brief moments when the probe is unassociated.[13] A case such as this could arise from

a probe undergoing sequential release and geminate recombination to the same asso-

ciation site of a macromolecule. Alternatively, a weakly associated fluorescence probe

may be sampling a multiplicity of association conformations and/or multiple sites. For

any of these cases of weak association to be experimentally observable, association

and release must be occurring during the temporal window for fluorescence, which is

about ten times the average fluorescence time constant. The S-E-D hydrodynamics law

for molecular reorientation dynamics does not provide information exclusively about

the molecular volume of the reorientation species nor about the effective local viscosity:

rather, S-E-D indicates that time constants obtained by measurement of reorientational

dynamics should scale as the product of effective volumes and local viscosities.

Considering the case of a single, rigid unimer of each macromolecule, θrot values can

be predicted by S-E-D using the estimated incremental van der Waals volume of a one

unimer and the measured viscosity of each polymer solution.[6, 7] These predictions

range from 0.5 to 2.2 ns for an M12P5 unimer, 2.5 to 11.6 ns for an NC12P5 unimer,

and from 1.8 to 8.4 ns for an NC6P5 unimer over the temperature range from 5 to 70

◦C. The predicted values for the observed reorientation time constant of single unimers

are between the second and third time constants of C153 found by TCSPC methods.

(See Appendix B)

The dimensions obtained from this analysis of the C153 fluorescence anisotropy

data, assuming S-E-D hydrodynamic behavior, can be compared to the hydrodynamic

radii obtained from the DLS data. For the DLS particle size distributions, the smaller

diameters obtained are much larger than the diameters inferred from the C153 θj,rot

values. Applying the methods of Bondi[6] and Edward,[7] the van der Waals volumes

for AScM and ASM unimers were estimated to be 5.6 nm3 for an M12P5 unimer, 29.3

nm3 for an NC12P5 unimer, and 21.3 nm3 for an NC6P5 unimer. Assuming that the

random-coil polymers are spherical, the corresponding diameters for an M12P5 unimer,
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an NC12P5 unimer and an NC6P5 unimer, respectively, are 2.2, 3.8, and 3.4 nm.

Because the polymers exhibit flexible random coil behavior in solution, the fastest

reorientation time constants, θ1,rot from C153 fluorescence represent a smaller volume

and a faster motion than the reorientation of an entire unimer for each of the three

polymers. These time constants range from 0.2 to 0.5 ns, and are assigned to hindered

orientational diffusion of C153 molecules loosely associated with the ASM or AScM

polymers. The corresponding diameters are therefore in the range of 0.2 to 0.5 nm,

approximately the diameter of the coumarin molecule itself.

Assuming that the bulk viscosity also is an accurate measure of the local friction, t he

second reorientation time constants, θ2,rot correlate to slightly larger effective volumes

in all three polymer solutions. θ2,rot for C153 in M12P5 solution correlates well with the

volume of a unimer having a diameter of 2.2 nm. The effective diameters obtained from

C153 reorientation in the second mode are on the order of 1.5 to 3.9 nm; approximately

the same dimensions of each polymeric unimer according to incremental van der Waals

molecular volumes.[6]

The third reorientation time constant, θ3,rot, for C153 in the three polymer solutions,

corresponds to effective diameters larger than a single ASM unimer, and approximately

the same or slightly larger than the dominant aggregate sizes indicated by DLS. For

NC12P5, the range of diameters predicted from C153 reorientational dynamics are 43

to 285 nm. Likewise, the range of diameters deduced from C153 fluorescence anisotropy

in NC6P5 solution range from 49 to 309 nm. The existance of the third, longer reori-

entation time constant, θ3,rot, in the two ASM polymer solutions further indicates that

aggregation is occuring and that C153 is experiencing local reorientation on a size scale

close to that of an aggregate. A comparison of the predicted diameters for each of the

polymers in solution is presented in Table II.

The Stokes-Einstein-Debye (S-E-D) equation has shown to be quite useful for corre-

lating the viscosity, temperature, and molecular volume of the reorienting species with

the orientational correlation time constant for aqueous and organic solvent solutions.[8,

13, 26] The local friction actually experienced by a molecular probe is often poorly

correlated to the bulk solution viscosity. In polymer solutions, the S-E-D equation is
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applied in a different way than for the simpler case of organic solvents. Horng, et al.

have derived an empirical equation for obtaining the effective solvent viscosity from the

measured reorientational time constants obtained from C153 fluorescence anisotropy

experiments.[8] Their equation 〈θrot〉polar = (58.1± 1.6) η(0.96±0.03) holds for a wide

range of polar organic solvent environments.[8] We have shown above that the effec-

tive polarity of the environments ranges from about 0.4 to 0.7 on the π∗ empirical

solvent polarity scale, which shows that our C153 probe is always experiencing a polar

environment.

One interpretation of the multiple exponential orientational time constants that we

observe for C153 in the ASM and AScM solutions is that the C153 is distributed het-

erogeneously among sites with different microviscosities. Making this assumption we

can predict the effective microviscosity experienced by the C153 using the equation of

Horng, et.al, above.[8] The results from applying this equation are presented in Table

III. The fastest reorientation time constants lead to microviscosity values η1 in the 3.2

to 9.1 cP range, consistent with weak entanglement in a hydrophilic polymer solution.

The second time constants lead to predicted microviscosities η2 in the range from 25.6

to 84 cP. Only in the ASMs NC6P5 and NC12P5 are the higher friction values observed.

For these solutions, the third reorientational time constant can be used to predict a mi-

croviscosity ranging from 2500 to 6050 cP. These values are larger than we observed in

the micellar cores of PEO-PPO-PEO triblock copolymer model systems, for which the

maximum microviscosity of 890 cP was found for a bcc hydrogel solution of micelles.[11]

The measured bulk viscosities of the aqueous polymer solutions are available in Ap-

pendix B and range from 0.4 to 1.6 cP. The local friction of C153 experienced in these

polymer solutions is much larger than the bulk solution viscosity for all solutions and

temperatures measured. The difference in local friction of C153 between the three

polymers is a further indication that C153 is more rigidly encapsulated inside the two

amphiphilic star-like macromolecules than in the scorpion-like M12P5 micelle.
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Table 4.3: Calculated local frictions of C153 in each aqueous polymer solution from
individual reorientation time constants.[8]

Polymer ηlocal 1(cP) ηlocal2 (cP) ηlocal3 (cP)
M12P5 3.2-9.1 26-84
NC12P5 4.4-7.6 41-63 2500- 6050
NC6P5 4.2-5.4 33-49 2000 - 5250

4.5 Conclusions

The fluorescent coumarin 153 dye was solubilized in three amphiphilic polymers that

were designed and synthesized for the purpose of hydrophobic drug encapsulation.

Steady-state and time-resolved fluorescence studies of C153 in each solution were per-

formed over a range of temperatures from 5 to 70 ◦C to reflect encapsulation behavior

at several temperatures. Analysis of the steady-state emission shows that C153 is in

a polar environment in the AScM polymer solution and in a less polar environment in

the two ASM polymers. Dynamic light scattering measurements provide insight into

the aggregation of both ASM and AScM polymers. DLS results show aggregates in

solution with a distribution of sizes from 10 nm to 40 nm, which is well under the 100

nm limit for good bioavailability.[30, 31] Hydrodynamic radii obtained from analysis of

DLS data were compared to those deduced from C153 polarization anisotropy as well

as estimated unimer diameters found from incremental van der Waals volumes.[6, 7]

From shear viscosity measurements, the bulk viscosity of these solutions is close to that

of bulk water,[32] while the local friction as reported by C153 is substantially higher

for each of three orientational motions of C153 detected.

Analysis of time-resolved fluorescence anisotropy measurements yielded multiple

rates of fluorescence and multiple reorientation time constants for C153 in each of the

polymer local environments. The fluorescence lifetimes do not reflect any nanoscale

phase changes such as micellization or de-micellization at the polymer concentrations

studied, but indicate that the C153 probe is in a more polar core environment in the

M12P5 micelle than in the NC12P5 scorpion-like macromolecule. The lifetimes also

show that the core of NC6P5 has an intermediate polarity in comparison to the other

two nanocarriers.
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It is likely is that C153 is experiencing multiple solvation sites within polymer aggre-

gates. Though unimers are likely to be diffusing in and out of different aggregates, C153

seems to localize in the covalently bonded core of each polymer, near the hydrocarbon

chains at each acylated mucic acid region, or at the interface between the hydrocarbon

core and the PEG corona of each nanocarrier.

In comparing the ASMs and AScMs, the individual reorientation time constants

found from polarization anisotropy measurements show that C153 is more rigidly asso-

ciated with the non-polar core of each ASM polymer and in a more polar environment in

the flexible core of the AScM micelle. The effective diameters from C153 reorientation

applying S-E-D hydrodynamics correlate to multiple reorientational motions of C153

in both ASMs and AScM solutions. These data support the conclusion that C153 is

solvated in multiple regions inside the core of each polymeric nanocarrier. The longer

reorientation time constants of C153 in NC12P5 and NC6P5 polymers are evidence

that C153 is rigidly solvated in the core of the star-like nanocarriers, while the dye is

loosely solvated in the polar core of the AScM micelles.

These C153 fluorescence studies provide sensitivity to the details of the local envi-

ronment within the encapsulated sites of the ASM and AScM polymers. Specifically,

the C153 probe senses the local polarity and microviscosity. If an encapsulated drug

requires increased solubility, but a longer retention profile, the more hydrophobic, rigid

core of the two ASM polymers may be more useful than the flexible core of AScM

micelles. The local drug solvation properties of future derivatives of these three poly-

meric macromolecules and others can be methodically characterized using the methods

described in this study.
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Figure 4.10: Temperature dependence of percent amplitudes (%rj of r(0)) for C153
time constants in aqueous solutions of M12P5, NC12P5, and NC6P5.
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Figure 4.11: Temperature dependence of effective diameters of coumarin 153 reorien-
tation in M12P5, NC12P5 and NC6P5 polymer solutions.
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Chapter 5

Fluorescence Probing of Aqueous Triblock Copolymer

Pluronic F88

5.1 Overview

Seven coumarin fluorescence probe molecules of varying solubilities are used to probe

the hydrophilic, hydrophobic, and interfacial regions of A-B-A triblock copolymer

poly(ethylene oxide)109 - poly(propylene oxide)41 - poly(ethylene oxide)109 spherical

micelles in aqueous solution. Bulk polymer solution characterization is carried out by

differential scanning calorimetry, dynamic light scattering, and shear viscosity measure-

ments. Steady-state and time-resolved fluorescence measurements are used to measure

the local environment polarity, viscosity, and reorientational motions on molecular and

nanometer length scales for each of the seven coumarin molecules. These parameters

correspond directly to the solubility of the coumarin molecule and the nanophase tran-

sition of the polymer solution from unimers to micelles. The local environment of

each coumarin fluorophore is investigated with respect to local polarity and viscosity,

enabling the various local environments of the polymer solution to be examined.

5.1.1 Pluronic F88: An A-B-A Triblock Copolymer

Pluronic F88, an A-B-A triblock copolymer, is composed of poly(ethylene oxide)109 -

poly(propylene oxide)41 - poly(ethylene oxide)109 abbreviated PEO109-PPO41-PEO109.

The structure of Pluronic F88 is shown in Figure 5.1 with poly(ethylene oxide) blocks

colored in blue and the poly(propylene oxide) block in red. F88 in solution is known to

form spherical micelles at a critical micellization concentration and temperature. The

hydrophobic PPO blocks of the copolymer aggregate in water because of the hydropho-

bic effect, forming a water-soluble corona around the PPO core of the micelle.[1, 2]
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Pluronics are of interest because these triblock copolymers have been used in various

works for drug encapsulation and delivery.[3, 4, 5, 6, 7] From SANS studies, F88 forms

spherical micelles of approximately 17 nm in diameter in aqueous solutions with PPO

cores ranging from 7 to 10 nm in diameter.[8]

Figure 5.1: Structure of A-B-A Triblock Copolymer Pluronic F88

5.1.2 Coumarin Solvatochromic Fluorescence Probes

7-aminocoumarins are a class of well-characterized and widely used solvatochromic

fluorescent molecules. Solvatochromism means that the fluorescence emission wave-

length of a molecule is dependent upon the polarity of the solvent environment of the

fluorophore.[9, 10] The seven coumarin fluorescent probes used in this study include, in

order of increasing solubility coumarin 314T (C314T), coumarin 153 (C153), coumarin

102 (C102), coumarin 152 (C152), coumarin 337 (C337), coumarin 151 (C151), and

coumarin 343−/Na+ (C343−/Na+). These seven molecules are similar in structure,

but vary in solubility from the most hydrophobic C314T to the most water-soluble

C343− anion. To show the difference in solubility, we use the calculated octanol-water

partition coefficient or clogP value of each coumarin. The octanol-water partition coef-

ficient (clogP) is an empirically calculated value that reflects the differential solubility

of a molecule in octanol and water as solvents. This scaling of hydrophobicity and hy-

drophilicity is widely used for describing pharmaceutical bioavailability where a clogP

value of 0 indicates that a molecule is 100% soluble in octanol and 0% soluble in water,

while a clogP value of 10 indicates the opposite.[11] The structure, molecular volume

(in Å3), and clogP value of each coumarin molecule is shown in Figure 5.2.
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Figure 5.2: Structure, molecular volume (Å3) and clogP values of coumarin fluorescence
probes coumarin 314T (C314T), coumarin 153 (C153), coumarin 102 (C102), coumarin
152 (C152), coumarin 337 (C337), coumarin 151 (C151), and coumarin 343−/Na+

(C343−/Na+)

5.2 Results and Discussion

5.2.1 Polymer Length Scales and Aggregate Phases

The size scales of interest for solutions of F88 range from molecular length scales of

several angstroms (diameter of an encapsulated coumarin), to F88 unimers of several

nanometers, to micelle aggregates up to approximately 20 nm. Dynamic light scat-

tering (DLS) is used to measure particle sizes in aqueous solutions of F88 from 2 nm

unimers to 20 nm micelles.[12] Thermal analysis of the polymer solutions by differen-

tial scanning calorimetry (DSC) allows the micellization phase transition temperature

to be identified. Steady-state and time-resolved fluorescence spectroscopy measure the

solution dynamics on molecular length scales.



111

Differential Scanning Calorimetry of Polymer Solutions

Differential scanning calorimetry (DSC) was used for thermal analysis of the microphase

transition from unimers to micelles. Figure 4 shows endothermic peaks for Pluronic F88

in 5 w/v% and 25 w/v% polymer solutions. The onset of each of these peaks is the

micellization temperature for each of these polymers at the measured concentrations

in aqueous solution. This shows the decrease in micellization temperature with the

increase of the length of the hydrophobic block in the A-B-A triblock copolymers. For

25 w/v%F88, the micellization temperature is 22.5 ◦Cwhile at 5 w/v% F88 solution,

the micellization temperature is 34.8 ◦C.

Figure 5.3: Differential scanning calorimetry of Pluronic F88 in 5 w/v% (blue) and
25 w/v% polymer in aqueous solution illustrates the micellization temperature at the
onset of the thermal peak.

5.2.2 Electronic Structures of Coumarin Solvatochromic Probe Molecules

The difference in dipole moments between the electronic ground state and the electronic

excited state in a coumarin molecule is the reason that a coumarin molecule is solva-

tochromic with respect to its fluorescence spectrum.[13, 14, 9, 15] Empirical electronic
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structure calculations such ZINDO give some insight into the magnitude of the solva-

tochromism. A ground state electronic structure and potential energy surface is very

different from the excited stat electronic structure and potential energy surface when

the solvatochromic shift is large in response to local solvent polarity. In Figures 5.4

and 5.5, the electronic surface of two coumarin molecules is shown in both the ground

state or highest occupied molecular orbital HOMO) and the electronic excited state

or lowest unoccupied molecular orbital (LUMO). Coumarin 337 and coumarin 314T

show differences between ground and excited states, giving rise to their solvatochromic

nature. The electronic structure of the other five coumarin molecules studied in this

work has been published by Cave and coworkers.[13, 14]

Figure 5.4: HOMO (left) and LUMO (right) of C314T obtained from a ZINDO[16,
17, 18, 19, 20] calculation using a configuration interaction window of [HOMO-20,
LUMO+20].

Figure 5.5: HOMO (left) and LUMO (right) of C337 obtained from a ZINDO[16, 17, 18,
19, 20] calculation using a configuration interaction window of [HOMO-20, LUMO+20].
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Table 5.1: Ground state dipole moments, µS0 (D), energies (in eV) from the ground state
to the first electronic excited state (4ES0→S1) and excited state dipole moments, µS1

(D) from ZINDO[16, 17, 18] electronic structure calculations of 7 coumarin molecules
using ArgusLab.[19, 20]

Coumarin µS0 (D) 4ES0→S1(eV) µS1 (D)
C314T 8.77 3.31 15.40
C153 7.31 3.90 14.14
C102 8.59 3.65 12.47
C152 7.02 3.62 13.84
C337 12.33 3.35 18.56
C151 6.79 3.69 12.44
C343 8.02 3.44 9.82

5.2.3 Local Polarity in Aqueous Solutions of Unimers, Micelles, and
Hydrogels

The solvent environment of a coumarin molecule affects the fluorescence emission and

excitation spectra of the coumarin because of the interactions between solvent and

solute (coumarin) in both the ground state and the excited state.[21, 9] Non-specific in-

teractions, such as those between solvent and solute dipole moments, dipole and induced

dipole moments, the solvent Stark effect, and dispersion interactions all affect solva-

tochromic shifts.[9, 22, 10] Other interactions between solvent and solute include specific

interactions, such as hydrogen bonding.[9] The most significant interactions that affect

the solvatochromism of coumarin molecules are dipole-dipole interactions.[23, 24, 13] In

the case of the seven coumarin molecules used here, the excited state sees a relatively

drastic increase in dipole moment compared to the ground state according to electronic

structure calculations such as ZINDO and DFT.[13, 14] The interactions between the

coumarin solute and solvent therefore affect the change in dipole moment between the

ground and excited electronic states. Because of the change in coumarin dipole moment,

the polarity of the solvent scales with the shift in energy absorbed upon excitation and

emitted during fluorescence.[9, 10, 24] While roughly all the same structure, the sizes

of the coumarin molecules do vary slightly. This size variation will most likely cause

small differences in the ability for each coumarin molecule to diffuse within a polymeric

micelle solution. Also, some coumarins have ligands which may either accept or donate
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a hydrogen bond. Specific interactions between the coumarin and solvent molecules

will have an effect on the region of the coumarin solvent environment and consequently

the spectroscopy of the coumarin molecule.[9, 25]

In the case of A-B-A triblock copolymer PEO109-PPO41-PEO109, at a concentration

of 25 w/v% polymer in water, the structure of the solution is directly dependent on

the temperature of the solution.[12] At low temperature, below 22.5 ◦C, the polymer

is in polymeric unimer form in solution. At 22.5 ◦C, the PPO blocks of F88 aggregate

to form spherical micelles approximately 17 Å in diameter.[26, 12] At approximately

42 ◦Cand above, the micelles associate to cubically packed hydrogels.[12] As temper-

ature increases beyond 42 ◦C, the gel begins to gradually melt again.[12] Throughout

this temperature-dependent nanophase transition, the phase and local structure of the

polymer solution changes accordingly. To detect these local changes on molecular length

scales, coumarin fluorescence probes are solubilized and the time-integrated and time-

resolved fluorescence is measured at temperatures throughout the transition.

Steady-State Solvatochromic Spectral Shifts

The following sections describe the excitation and emission spectra of each of the seven

coumarin probes in 25 w/v% F88 solution and in six solvent of various polarities. For

each coumarin, the normalized amplitudes, energies at peak amplitude, and fwhm of

both emission and excitation spectra are graphed at approximately 20 different tem-

peratures between 2.5 and 90 ◦C. The position of the emission and excitation bands for

each coumarin may be compared to the position of the coumarin emission and excitation

peaks in various solvents.

Coumarin 314T

By comparison of the fluorescence spectra of C314T in some control solvents (Figure

5.6)and the spectra in solution of F88 (Figure 5.7), the C314T spectral peaks in F88

unimer solution are comparative to those of C314T in PEG 300. The C314T spectral

peaks in F88 micelles and hydrogel solutions at T> 22.5 ◦Care comparative to the

spectrum of C314T in PPO 2000.

In the case of the most hydrophobic coumarin molecule, C314T, the hypothesis
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Figure 5.6: Emission and excitation spectra of C314T in 6 solvents ranging in polarity:
DMSO (red), PEG 300 (orange), acetonitrile (yellow), PPO 2000 (green), CCl4 (blue),
and 1-pentane (purple).

is that the fluorophore will localize in the hydrophobic PPO core of the F88 micelles

in solution. The temperature-dependent steady-state emission and excitation spectra

of C314T in F88 solution are shown in Figure 5.7. The temperature-dependent peak

energies (in cm−1) and normalized amplitudes are shown in Figure 5.8. The peak of the

emission spectrum shifts approximately 8 nm to lower wavelengths (higher energies)

at 22.5 ◦C, the micellization temperature of the F88 polymer solution. The shift in

fluorescence spectrum reflects the change in solvent environment of C314T from a polar,

water-rich unimer solution to the non-polar, hydrophobic PPO core of F88 micelles.

The shift in C314T emission is small relative to the shift observed for some of the other

coumarin fluorophores. C314T is dissolved in polymer, even in unimer solutions at low

temperatures because it is so insoluble in pure water. Therefore, the change in local

environment polarity is not as extreme as the change in local environment of a slightly

more water-soluble coumarin. The fwhm also changes at exactly the temperature of

polymer micellization meaning that C314T is solubilized in micelles and the coumarin

is experiencing a wider distribution of local environments. In comparison to other

coumarins, the shift is small and the distribution of environments is changing only
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Figure 5.7: Temperature dependence of normalized emission and excitation spectra of
C314T in 25 w/v% Pluronic F88. Temperatures range from 2.5 to 90 ◦C.

slightly.

Coumarin 153

By comparison of the fluorescence spectra of C153 in some control solvents (Figure

5.9)and the spectra in solution of F88 (Figure 5.10), the C153 spectral peaks in F88

unimer solution are comparative to those of C153 in PEG 300. The C153 spectral peaks

in F88 micelles and hydrogel solutions at T> 22.5 ◦Care comparative to the spectrum

of C153 in PPO 2000.

Coumarin 153 has been well characterized previously using fluorescence spec troscopy.[27,

28, 24, 23, 29, 30, 31, 32, 12, 33, 34, 35] The steady-state emission peak frequency, νem,

can be assigned to a local polarity on the π* empirical polarity scale using the equation:

νem[103 cm−1] = 21.217 - 3.505π* defined by Horng, et.al.[24, 35] Similarly, using the

equation: νabs[103 cm−1] = 25.774 - 2.066π*, the peak excitation can also be assigned

to a value on the π* polarity scale.[24, 35] As a reference, the π* value of cyclohexane,

a non-polar solvent, is 0.00 and the value for dimethyl sulfoxide, a polar solvent, is 1.00

on the π* empirical polarity scale.[36] The π* local solvent polarity of C153 in F88

with increasing temperature is plotted in Figure 5.12. The values of π* can be found

in Appendix C. Using the emission peak, C153 in a unimer solution has local solvation
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Figure 5.8: Temperature dependence of C314T emission and excitation peak frequency
and normalized peak amplitude demonstrating the ability for C314T to detect the
unimer-to-micelle phase transition of F88.

with a polarity similar to dichloromethane with π* values at approximately 0.81. Upon

micellization, C153 is encapsulated in the presumably dry PPO core. According to the

emission peak frequency and the equations derived by Horng, et.al., in F88 micelles,

C153 is seeing solvation with a polarity similar to THF and benzene (π* = 0.58); a

slightly more non-polar solvent environment. Using the excitation peak frequencies of

C153 in F88 and the equation from Horng, et.al., C153 shows a similar trend in local

solvent environment polarity. These results are plotted in Figure 5.12 with increasing

temperature of F88 solution. According to the shift in excitation peak frequency, C153

in unimer solution has a solvation with polarity more polar than dimethyl sulfoxide

or formamide, polar solvents. Upon the micellization of F88, C153 changes local en-

vironment to have a polarity similar to pyridine or benzonitrile. This trend is similar

to that of the π* values found from the emission spectrum over changing tempera-

ture. The observable change in local solvent polarity corresponds with C153 being in

a unimer solution and then being encapsulated in the micellar core of A-B-A triblock

copolymer F88.[32] C153 is sensitive to the presence of water molecules, so the change

in solvation is a very good indicator that C153 is in the hydrophobic core in micellar

solution.[27, 32, 12] C153 is used in Chapter 4 to probe the hydrophobic cores of three

amphiphilic polymeric nanocarriers in a similar way.[35]

Coumarin 102
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Figure 5.9: Emission and excitation spectra of C153 in 6 solvents ranging in polarity:
DMSO (red), PEG 300 (orange), acetonitrile (yellow), PPO 2000 (green), CCl4 (blue),
and 1-pentane (purple).

By comparison of the fluorescence spectra of C102 in some control solvents (Figure

5.13)and the spectra in solution of F88 (Figure 5.14), the C102 spectral peaks in F88

unimer solution are comparative to those of C102 in PEG 300. The C102 spectral peaks

in F88 micelles and hydrogel solutions at T> 22.5 ◦Care comparative to the spectrum

of C102 in PPO 2000.

Coumarin 102 is a hydrophobic molecule, with similar structure to C153 and has a

methyl group in place of the trifluoromethyl group present in C153. This gives C102 a

slightly lower clogP value of 3.67.[37, 12] While C153 is localized primarily in the PPO

core of F88 micelles, C102, being slightly water-soluble, localizes in multiple regions:

the PPO core, in the PEO corona, and at the interface between the two regions of

the aggregate.[32, 12] Because C102 is slightly less hydrophobic than C153, the shift in

emission peak wavelength is only 13 nm and the shift in excitation is 18 nm. The shift

in both excitation and emission are caused by the minimal solubility of C102 in water

and upon micellization, C102 is solubilized in both the PPO core and in the PEO-water

corona of the F88 micelles. The distribution of local environments sampled by C102

does not change as much during F88 micellization compared to that of C153, which
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Figure 5.10: Temperature dependence of normalized emission and excitation spectra of
C153 in 25 w/v% Pluronic F88. Temperatures range from 2.5 to 90 ◦C.

localizes primarily in the micelle core.

The broader distribution of local environments sampled by C102 can be deduced

from the emission and excitation spectral fwhm values, which are broader than either

C314T or C153. This inhomogeneous broadening of the electronic spectra is a conse-

quence of the change in the distribution of local environments between core, corona,

and interfacial regions of the polymer aggregates.[32, 12] The fwhm does undergo a

change at the micellization temperature. Like C153, the emission spectrum of C102

becomes broader upon F88 micellization, indicating that the spectrum of C102 is shift-

ing because of a larger distribution of local environments. More information on the

spectral fwhm values can be found in Appendix C.

Coumarin 152

By comparison of the fluorescence spectra of C153 in some control solvents (Figure

5.16)and the spectra in solution of F88 (Figure 5.17), the C152 spectral peaks in F88

unimer solution are comparative to those of C152 in PEG 300. The C152 spectral peaks

in F88 micelles and hydrogel solutions at T> 22.5 ◦Care comparative to the spectrum of

C152 in PPO 2000. The excitation spectra of C152 are much broader than the spectra

in single solvents, indicating that C152 is localized in multiple solvent environments.
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Figure 5.11: Temperature dependence of C153 emission and excitation peak frequency
and normalized peak amplitude demonstrating the ability for C153 to detect the unimer-
to-micelle phase transition of F88.

The C152 emission spectrum shifts the most of all 7 coumarins over the unimer-

to-micelle phase transition of F88. C102 has intermediate solubility and comparatively

small molecular volume. The emission peak of C152 shifts 38 nm to lower wavelengths

(higher energies). C152 has a clogP value of 2.99 and a molecular volume of 209.9 Å3.

The spectral fwhm of C152 emission is the broadest of all seven of the coumarin

fluorophores and this broad distribution of local environments of C152 increases upon

micellization. This trend is also shown very clearly in the excitation spectrum of C152.

The peak shifts approximately 29 nm to lower wavelengths and the spectral width

narrows, showing a clear transition at 22.5 ◦C as well. Like the spectrum of C102, the

spectral shape of the C152 excitation spectrum shifts to show a more distinct separation

of local environments. The excitation peak lineshape analysis is described in detail in

Appendix D but the overall analysis concludes that when C152 is in an F88 micelle

solution, because of its intermediate solubility, it is soluble in both the F88 micelle core

and in the PEO corona, as well as in the bulk water.

C152 samples a broad range of local environments: bulk water, PEO corona, PPO

core, and interfacial regions. As the polymer solution changes from unimers to aggre-

gates with more distinct local environments, the distribution of C152 local environments

narrows, as shown by the temperature-dependent fwhm. The values for the spectral

linewidths can be found in Appendix C.
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Figure 5.12: Temperature dependence of local polarity (π*) from excitation and emis-
sion spectra of C153 in 25 w/v%Pluronic F88 solution.

It is also characteristic of fluorophores to show vibrational structure when solubilized

in less polar solvents, as shown in Figure 5.16.[9, 21, 10] If C152 is fluorescing from the

interior of an F88 micelle, this is the case in the very blue wavelengths of the excitation

spectrum.

Coumarin 337

By comparison of the fluorescence spectra of C337 in some control solvents (Figure

5.19)and the spectra in solution of F88 (Figure 5.20), the C337 spectral peaks in F88

unimer solution are comparative to those of C337 in PEG 300. The C337 spectral

peaks in F88 micelles and hydrogel solutions at T> 22.5 ◦Care also comparative to the

spectrum of C337 in PEG 300.

C337 is also a coumarin with intermediate solubility and has a clogP value of

2.64.[37] C337 is also of intermediate size in comparison with the other coumarins

used in this study. When solubilized in 25 w/v%Pluronic F88 aqueous solution, the

emission peak wavelength shifts to lower wavelengths at 22.5 ◦Cby 5 nm. 5 nm is

not a large shift in comparison to the shifts in the spectra of other coumarins, but the

higher solubility in water of C337 in comparison to the other coumarin molecules causes
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Figure 5.13: Emission and excitation spectra of C102 in 6 solvents ranging in polarity:
DMSO (red), PEG 300 (orange), acetonitrile (yellow), PPO 2000 (green), CCl4 (blue),
and 1-pentane (purple).

the likelihood of C337 localizing minimally in the core of the F88 micelles. The C337

molecule, much like C152, may be localized in multiple environments: the PPO micelle

core, the PEO corona, the bulk water, or at any of these interfaces. The fwhm of the

emission spectrum for C337 shifts corresponding to the micellization of the molecule,

becoming broader when C337 is in micelle solution. The overall fwhm of the emission

spectrum is relatively narrow in comparison to C152 or C153. This may be caused

by the coumarin primarily localizing in one environment, perhaps the PEO corona or

the bulk water. When the F88 polymer forms micelles, the distribution of local C337

environment, as shown by the fwhm of the emission, does shift, but not dramatically

relative to the other more hydrophobic coumarin probe molecules.

The excitation peak wavelength of C337 in aqueous F88 solution shifts to lower

wavelengths by approximately 13 nm when the polymer forms micelles. Again, a shift

is detected, but it is not as dramatic as that seen by C152 or C153. The excitation

spectrum is also narrow in comparison to the other coumarin moelcules. The fwhm

of the excitation spectrum is similar to that of C314T, being around 55-60 nm and

showing a very slight broadening at the micellization temperature, only within a few
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Figure 5.14: Temperature dependence of normalized emission and excitation spectra of
C102 in 25 w/v% Pluronic F88. Temperatures range from 2.5 to 90 ◦C.

nanometers. This indicates that C337 is not seeing a very significant change in local

polarity or distribution of environments between F88 unimer solution and aggregated

micelles.

Coumarin 151

By comparison of the fluorescence spectra of C151 in some control solvents (Figure

5.22)and the spectra in solution of F88 (Figure 5.23), the C151 spectral peaks in F88

unimer solution are comparative to those of C151 in PEG 300. The C151 spectral

peaks in F88 micelles and hydrogel solutions at T> 22.5 ◦Care also comparative to the

spectrum of C151 in PEG 300.

C151 has the second lowest clogP value of 1.94 of the seven coumarins, meaning

that the molecule is relatively water-soluble.[37] In both unimer and micelle solutions

of F88, the distribution of local environments as reported by fluorescence emission

are larger and the change in local polarity from unimer to micelle solution is much

smaller in comparison to more hydrophobic coumarins. There is only a 3 nm shift in

emission peak wavelength at 22.5 ◦Cand the broad fwhm of the emission spectrum spans

approximately 75 nm. The temperature-dependence of the emission peak wavelength

and fwhm are shown in Figures 5.24 and more information can be found in Appendix
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Figure 5.15: Temperature dependence of C102 emission and excitation peak frequency
and normalized peak amplitude demonstrating the ability for C102 to detect the unimer-
to-micelle phase transition of F88.

C.

Similarly, the excitation of C151 shifts as F88 transitions from unimers to micelles

in solution. The excitation peak shifts to higher wavelengths, meaning that the C151

is sampling more polar environment in the micelle solution. C151 is sampling local

environments outside the micelle aggregates once they are formed. The local environ-

ment of C151 in the bulk water is indeed more polar than a homogeneous solution of

polymeric unimers at low temperatures.

Coumarin 343−/Na+

By comparison of the fluorescence spectra of C343−/Na+ in some control solvents

(Figure 5.25)and the spectra in solution of F88 (Figure 5.26), the C343−/Na+ spectral

peaks in F88 unimer solution are comparative to those of C343−/Na+ in PEG 300. The

C343−/Na+ spectral peaks in F88 micelles and hydrogel solutions at T> 22.5 ◦Care

also comparative to the spectrum of C343−/Na+ in PEG 300.

On the solubility scale, C343− anion is the most hydrophilic of the coumarin fluo-

rophores used. It has a clogP of -1.08, meaning that C343− is water soluble. This anion

localizes in the bulk water of F88 polymer solution, whether the polymer is in unimer

or micelle form. In the emission spectrum of C343−, no observable shift is present upon

the micellization of F88 as shown in Figures 5.26 and 5.27. With regard to spectral

peak energies shown in Figure 5.27, this is an indication that C343− is not seeing a
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Figure 5.16: Emission and excitation spectra of C152 in 6 solvents ranging in polarity:
DMSO (red), PEG 300 (orange), acetonitrile (yellow), PPO 2000 (green), CCl4 (blue),
and 1-pentane (purple).

change in local environment and is not encapsulated by F88 micelles as polymer ag-

gregation occurs[32, 12] The emission spectrum of C343− does not change in spectral

width, indicating that its distribution of local environments is not changing either.

The excitation spectrum of C343− shifts gradually to higher energies as shown in

Figure 5.27, but does not show a sharp transition as do the other more hydrophobic

coumarins. However, the excitation spectrum of C343− broadens with the temperature-

dependent micellization of F88. This behavior is also seen in the spectra of C314T and

C337, but not in C153, C102, C151, or C152. The increasing fwhm of the C343−

excitation spectrum corresponds to a shift of the coumarin to a wider distribution of

solvation environments and can be clearly observed in Figures 5.26. C343− is reporting

fluorescence from a local environment of the water/ unimer polymer solution (where it

is both in bulk water and partially localized in F88 unimers) and as the F88 micellizes,

the local environment changes to bulk water and various interfacial environments on

the outside the F88 micelle aggregate.
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Figure 5.17: Temperature dependence of normalized emission and excitation spectra of
C152 in 25 w/v% Pluronic F88. Temperatures range from 2.5 to 90 ◦C.

Comparison of Coumarin Spectral Shifts

Figure 6.3 indicates that there is clearly a shift in local polarity for most of the coumarins

at 22.5 ◦C, the micellization temperature of the F88 polymer in solution. The emission

spectra of the six most hydrophobic coumarins shifts to higher energies. This shift

reveals that the more hydrophobic and intermediately soluble coumarins are report-

ing from more hydrophobic local environments as F88 aggregates. The water-soluble

coumarin, C343−/NA+ is not encapsulated by the polymer upon micellization, there-

fore the emission and excitation spectra of C343−/NA+ do not shift to higher energies

at 22.5 ◦C.[12]

Fluorescence Time Constants of Coumarins in F88 Solutions

The fluorescence time constants of coumarin solvatochromic probes are another indi-

cator of local polarity. If a coumarin molecule is in a more polar, water-rich solvent

environment, the fluorescence time constant will be smaller than if the fluorophore is in

a hydrophobic, non-polar environment.[10, 12] Coumarins in the bulk water, or PEG-

water interface will fluorescence time constants smaller than the same coumarin in the

non-polar PPO core of an F88 micelle aggregate. Because each of the coumarins has
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Figure 5.18: Temperature dependence of C152 emission and excitation peak frequency
and normalized peak amplitude demonstrating the ability for C152 to detect the unimer-
to-micelle phase transition of F88.

populations in multiple regions of F88 unimer, micelle and hydrogel solutions, multiple

fluorescence time constants are measured at each temperature. Figure 5.29 displays the

relative normalized amplitudes (αi,fl) and corresponding time constants (τi,fl) mea-

sured over the same temperature range as used for steady-state measurements. The

individual time constants of the seven coumarins do not show the sharp transition at

22.5 ◦Cas was present in the fluorescence shifts. Instead, the fractional amplitudes of

the individual time constants are changing, indicating that the population of coumarin

molecules in a particular local environment is changing to a different local environment.

Most of the coumarin fluorescence transients were fit to a 3-exponential decay func-

tion, loosely assigning each of the three individual time constants to a population of

coumarins in a particular local environment. The fluorescence time constants of each

of the seven coumarins measured are discussed in detail below.

Coumarin 314T Fluorescence Dynamics

Coumarin 314T has two fluorescence time constant distributions and both of these

change with the micellization of the polymer at 22.5◦C. As shown in Figure 5.30, the

smallest fluorescence time constant of C314T is about 400 ps in the F88 unimer solution

and this increases to 1 ns as the polymer forms micelles and C314T is solubilized inside

the hydrophobic core. The second, larger time constant is consistently around 4 ns. This

time constant increases and then decreases as micelles form in solution, but remains
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Figure 5.19: Emission and excitation spectra of C337 in 6 solvents ranging in polarity:
DMSO (red), PEG 300 (orange), acetonitrile (yellow), PPO 2000 (green), CCl4 (blue),
and 1-pentane (purple).

centered at 4 ns. The smaller time constants in unimer solution indicate that C314T is

solubilized by individual polymer unimers at low concentrations. While some polymeric

unimers completely encapsulate the coumarin molecules, some may be exposing C314T

partially to the PEG-water interface of the micelle corona.

Coumarin 153 Fluorescence Dynamics

Coumarin 153 also has two fluorescence time constants that change with the mi-

cellization of the polymer as shown in Figure 5.31. At low temperatures below 25◦C,

the first time constant at approximately 600 ps has small fractional amplitude. This

time constant increases and decreases to approximately 300 ps after the polymer forms

micelles at higher temperatures. The second, larger time constant with large fractional

amplitude is 2.8 ns in unimer solution and increases to 5 ns at the micellization tem-

perature. The fractional amplitude of the C153 population with this time constant

decreases from 0.8 to less than 0.1 as C153 is solubilized by F88 micelles . The largest

fluorescence time constant of C153 in F88 solution is approximately 3.8 ns in unimer

solution and increases to 4.7 ns in F88 micelles and the population associated with this

fluorescence time constant is increasing as F88 forms micelles and the majority of C153
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Figure 5.20: Temperature dependence of normalized emission and excitation spectra of
C337 in 25 w/v% Pluronic F88. Temperatures range from 2.5 to 90 ◦C.

is solubilized inside the hydrophobic core. The fluorescence time constant of coumarin

153 is known to be extremely sensitive to the presence of single water molecules, and

the large shift in fluorescence time constants upon micellization formation reflects this

quality.[38]

Coumarin 102 Fluorescence Dynamics

The fluorescence time constants of C102 in 25 w/v% F88 solution as shown in Figure

5.32 consist of three individual time constants. All three time constants experience a

change at 22.5 to 25 ◦C. The smallest time constants at 50 ps and at 1.5 ns merge to

become approximately 200 ps as small populations of C102 are solubilized outside of the

micelle, in the more polar bulk water solvent environment. The fractional amplitudes of

both of the smaller time constants decreases as C102 is solubilized by the F88 micelles.

The majority of the C102 population at low temperatures is loosely associated with

F88 unimers and is then solubilized inside the micellar PEG and PPO environments

at higher temperatures. According to the fractional amplitudes of C102 fluorescence

time constants, the majority of the C102 population in solution has a fluorescence time

constant around 6 ns when associated with the PPO of the F88 unimers in solution.

When the polymer aggregates, the 6 ns time constant shifts to 5 ns as C102 is most
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Figure 5.21: Temperature dependence of C337 emission and excitation peak frequency
and normalized peak amplitude demonstrating the ability for C337 to detect the unimer-
to-micelle phase transition of F88.

likely solvating in the PEG corona as well as the PPO core of F88 micelles. As more

C102 molecules are encapsulated by polymer micelles, the fractional amplitude of the

5 ns time constant increases.

Coumarin 152 Fluorescence Dynamics

Coumarin 152 is found to have a distribution of four individual fluorescence time

constants over the selected temperature range in Pluronic F88 solution. These time

constants range from 6 ps to over 5 ns with the highest amplitudes concentrated at

around 25 ps and 700 ps. As the polymer forms micelles, it is clear that C152 fluo-

rescence time constants change with polymer aggregation. Two larger time constants

appear at 2.5 and 4 ns at 22.5 ◦C. The fluorescence time constant at 700 ps with high

fractional amplitude shifts up to approximately 1 ns and then decreases gradually with

heating. The C152 population is distributed across more than one microenvironment

within the polymer solution and most of these microenvironments change with micel-

lization of the polymer. Changes in microenvironmen are is apparent by shifts in each

individual time constant. Coumarin 152 is only a moderately hydrophobic molecule in

comparison to C314T and C153. The intermediate polarity of C152 makes is moderately

soluble in water, PEG and PPO too. C152 samples many microenvironments of the

A-B-A triblock copolymer solution no matter what aggregation state the polymer may

be forming, but the large changes in distribution of C152 in these microenvironments



131

Figure 5.22: Emission and excitation spectra of C151 in 6 solvents ranging in polarity:
DMSO (red), PEG 300 (orange), acetonitrile (yellow), PPO 2000 (green), CCl4 (blue),
and 1-pentane (purple).

indicates the micellization of F88.

Coumarin 337

The fluorescence time constants of C337 shown in Figure 5.34 indicate three mi-

croenvironments of this intermediately water-soluble coumarin. The smallest two time

constants have small fractional amplitudes and are scattered across the temperature

range at approximately 20 ps and 200 ps. The shift at micellization temperature of the

polymer is not apparent for either of these time constants, but can be seen. The third,

larger time constant has high fractional amplitude and is constant at all temperatures

at 4.5 ns. The high fractional amplitude accounts for a high population of the C337

present in the PEG corona of the micelle solution and C337 associated with PEG en-

vironments in unimer solution. Because C337 has a nitrile group acting as a hydrogen

bond acceptor, it is soluble in water, PEG and PPO and so the local environment

distribution will not change significantly upon aggregation of the polymer.

Coumarin 151

The fluorescence time constants of C151 show three distinct microenvironments

within the F88 polymer solution at all temperatures measured. The fluorescence time
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Figure 5.23: Temperature dependence of normalized emission and excitation spectra of
C151 in 25 w/v% Pluronic F88. Temperatures range from 2.5 to 90 ◦C.

constants and fractional amplitudes are displayed in Figure 5.35. The smallest time

constant at low temperatures begins at approximately 80 ps and decreases to 40 ps

at polymer micellization. The second time constant begins at 310 ps and increases to

630 ps as F88 forms micelles. The third fluorescence time constant with the highest

fractional amplitude shifts slightly from 5 to 6 ns when F88 forms micelles in solution.

It is clear that during micelle formation, some C151 is solubilized in bulk water

solution instead of associating with single polymeric unimers such as may be the case

at low temperatures. Because C151 is water-soluble, the association of C151 with the

polymer aggregates is minimal. There is some association of C151 with F88 unimers

and micelles as indicated by shifts in the fluorescence time constants.

Coumarin 343−/Na+

The fluorescence time constants of C343−/Na+ reveal two distinct populations of

the coumarin in different microenvironments. The fluorescence time constants and

fractional amplitudes of C343−/Na+ in F88 solution are shown in Figure 5.36. The

smaller of the two time constants is 1 ns at low temperatures and decreases to 200 ps

at 22.5 ◦C. This shift in time constant indicates that population of C343− is moving

to a more polar environment as micelles are formed. These coumarin molecules are
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Figure 5.24: Temperature dependence of C151 emission and excitation peak frequency
and normalized peak amplitude demonstrating the ability for C151 to detect the unimer-
to-micelle phase transition of F88.

most likely weakly associated with polymeric unimers at low temperatures and are

solubilized in bulk water solution at high temperatures. The predominant time constant

of C343−/Na+ is 3.9 ns at all temperatures measured, indicating that most of the C343−

is located in the bulk water of the solution and the microenvironment does not change

when micelles are formed.[12, 32]

The average time constants show the general trend of the fluorescence time constants

of each coumarin molecular probe and are plotted in Figure 5.37. It is clear from

this graph that C152 has the largest change in average time constant from 1 ns to

almost 3 ns over the micellization of the F88 polymer. C153 also has a large jump

from under 3 ns to 4.6 ns between unimer and micelle solution. Intermediately soluble

coumarin fluorophores 151, C337, and C102 show very little change, although small

jumps in fluorescence time constants are present at 22.5 ◦C. The average fluorescence

time constant of C343−/Na+ shows no transiton because it is not sampling the change

in polarity from within the hydrophobic core of F88 micelles.[12]
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Figure 5.25: Emission and excitation spectra of C343−/Na+ in 6 solvents ranging in
polarity: DMSO (red), PEG 300 (orange), acetonitrile (yellow), PPO 2000 (green),
CCl4 (blue), and 1-pentane (purple).

5.2.4 Local Friction From Fluorescence Anisotropy

Fluorescence Polarization Anisotropy

The temperature-dependence of the polarization anisotropy parameters were measured

in both the steady-state and in the time-domain for each coumarin fluorophore in F88.

Figure 5.38 shows the steady-state r values and Figure 5.39 shows the r0 found in

from the time-dependent fluorescence anisotropy decays, r(t). In the steady-state, r

increases at the micellization temperature of the F88 solution for all of the coumarin

molecules accept for C343−/Na+, which shows no change in reorientation properties.

The limiting anisotropies (r0) found from TCSPC fluorescence transientsare all near

the 0.4 maximum limit for r0, meaning that all seven of the coumarins are not highly

depolarized and have larger reorientation time constants in viscous polymer solution

than in fluid solvents such as water. The individual rj values of each coumarin and the

corresponding reorientation time constants in the next subsection show the real changes

in reorientation properties.
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Figure 5.26: Temperature dependence of normalized emission and excitation spectra of
C343−/Na+ in 25 w/v% Pluronic F88. Temperatures range from 2.5 to 90 ◦C.

Reorientation Time Constants

The polarization anisotropy decay r(t) was found for each coumarin in 25 w/v% F88

at each experimental temperature. These depolarization anisotropy decays were fit

to a sum of two exponential equations revealing two reorientation time constants for

each coumarin. From r(t), the values of rrot,1, rrot,2, θrot,1, and θrot,2 are calculated

and plotted in Figure 5.40. While the rrot,j individual anisotropies are regarded as %

amplitudes for the respective individual reorientation time constants, θrot,j , the time

constants themselves give a quantitative measurement of the reorientational motions of

each coumarin in polymeric unimer, micelle, and gel solution.

The reorientation time constants shift at the micellization temperature of 22.5 ◦C

in this solution of F88 polymer. The local friction of each coumarin is increasing

corresponding to the increase in reorientation time constant, with the exception of

C343−/Na+ in which case the reorientational motions report no change in local fric-

tion besides a shallow decrease as expected from thermal motions. The increase in

reorientational motion of the other six coumarins from approximately 0 to 2 ns at

low temperatures to 4 to 9 ns at polymeric micelle formation and the increase from

200 to 800 ps at low temperatures to 350 ps to 1 ns at micelle formation show that
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Figure 5.27: Temperature dependence of C343−/Na+ emission and excitation peak
frequency and normalized peak amplitude demonstrating the lack of change in local
polarity of C343−/Na+ during unimer-to-micelle phase transition of F88.

Figure 5.28: Temperature dependence of peak emission and excitation frequency of 7
coumarins in 25 w/v%Pluronic F88 solution.

both populations of reorienting species within each coumarin sample are changing in

solvent environment microviscosity.[12] The smaller of the two reorientation time con-

stants is most likely a population of each coumarin outside the immediate PPO core

(either in the PEG or PEG-water micellar corona environment) and the larger of the

two reorientation time constants is most likely a population of each coumarin inside or

nearer to the hydrophobic PPO core of F88 micelles. The fractional amplitudes of each

time constant are also revealing. The smaller time constant shows a sharp decrease

in fractional amplitude (rrot,1), meaning that the relative of coumarins in the PEG or

PEG-water environment are decreasing. This is consistent with the hypothesis that at
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Figure 5.29: Temperature dependence of fluorescence time constant relative amplitudes
(left) and individual time constants (right) for 7 coumarins in 25 w/v%Pluronic F88
solution.

higher temperatures, the PPO environment dehydrates, forming the hydrogel.[32] This

dehydration would cause the population of hydrophobic coumarins in the more fluid

(water-rich) environment to decrease while the population in the more viscous PPO

core increases.

With the exception of the water-soluble C343− salt, the average reorientation time

constant for each coumarin in 25 w/v% A-B-A triblock copolymer solution clearly

indicates a change in local friction at the micellization temperature of the polymer.

The temperature dependence of the reorientation time constants of all seven coumarins

are shown in Figure 6.7. Coumarins 314t, C153, and C152 have the largest reorientation

time constants corresponding to high local friction in the PPO core of F88 micelles. The

reorientation time constants of the intermediately soluble coumarins (C102, C337, and

C151) indicate a smaller change in local friction than the more hydrophobic coumarins.
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Figure 5.30: Temperature dependence of fractional amplitudes (αi,fl) (left) and indi-
vidual fluorescence time constants (τi,fl) (right) for C314T in 25 w/v%Pluronic F88
solution.

C343− has no sharp change in reorientation time constant with increasing temperature

because most of the C343− population is not encapsulated by triblock copolymer.

Local Friction

Reorientation time constants can be related directly to the local viscosity the immediate

environment of C153 using the equation: 〈θrot〉polar = (58.1± 1.6) η(0.96±0.03) for a polar

solvent and the equation: equation 〈θrot〉non−polar = (34.8± 4.1) η(0.63±0.02) for a non-

polar solvent.[29] These equations are used for coumarin 153 specifically.[29, 32, 35]

Reorientational Volumes from Stokes-Einstein-Debye Hydrodynamics

From S-E-D hydrodynamic theory the effective volumes of reorientational motion may

be calculated using the reorientation time constants found from time-correlated single

photon counting measurements of each coumarin. The viscosity of Pluronic F88 solution

may be measured up until its gelation temperature and then be considered constant

at approximately 5x107 cP as a gel. While this may not be the true value of the gel’s

viscosity, the flow is too slow to measure on a reasonable time scale and not possible

using the instruments available to our labs. The bulk viscosity values used in this work
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Figure 5.31: Temperature dependence of fractional amplitudes (αi,fl) (left) and in-
dividual fluorescence time constants (τi,fl) (right) for C153 in 25 w/v%Pluronic F88
solution.

are taken from Grant, et. al.[32] The equation for S-E-D reorientational diffusion can

be found in Chapter 2.
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Figure 5.32: Temperature dependence of fractional amplitudes (αi,fl) (left) and in-
dividual fluorescence time constants (τi,fl) (right) for C102 in 25 w/v%Pluronic F88
solution.

5.3 Conclusions

The changes in local solvent environment for each coumarin solvatochromic probe were

observed by measurements of the steady-state and time-resolved fluorescence spectro-

scopy of each coumarin. Shifts in peak emission energy to higher energies indicated that

fluorophores such as coumarin 314T, 153, and 102 localized inside the polymer micelle

once the micelle was formed at its critical micellization temperature. Intermediately

soluble coumarins showed similar but less drastic shifts in steady-state emission towards

shorter wavelengths, indicating that a population of fluorophores such as coumarin 152,

337 and 151 were localized both in the core, corona, and interfacial regions of the poly-

mer micelle and possibly in the bulk water solvent environment. The most hydrophilic

coumarin probe, C343−/Na+ localized in the bulk water environment of the polymer

solution at all temperatures and fluorescence spectra indicate no change in local en-

vironment during the unimer-to-micelle phase transition of the polymer. Analysis of

the emission spectrum of C343−/Na+ shows that the fluorescence shifts little in peak

frequency, but the distribution of local environments changes from two very narrow

distributions to a wide variation distributed local environments as the A-B-A triblock
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Figure 5.33: Temperature dependence of fractional amplitudes (αi,fl) (left) and in-
dividual fluorescence time constants (τi,fl) (right) for C152 in 25 w/v%Pluronic F88
solution.

copolymer forms micelles.

Local polarity was characterized by the temperature dependence of the fluorescence

time constants of each coumarin fluorophore. Since the time constants decrease with

decreasing solvent polarity, the hydrophobic coumarins showed a decrease in time con-

stant with increasing temperature as they localized inside the non-polar micelle core.

Intermediately soluble coumarin fluorophores also showed a decrease in fluorescence

time constant and even showed a small increase in the smaller time constant of every

coumarin. This indicates that a small population of each coumarin was localized out-

side of the micelle in the bulk water once the polymer aggregates were formed. The

increasing smaller time constant shows that a small population is going from a more

non-polar to a more polar solvent environment. The dominating time constant around 4

to 5 ns for each of these intermediately soluble coumarins is decreasing, which indicates

the unimer-to-micelle phase transition. The coumarins with intermediate solubility are

solubilized in multiple regions of the core and the corona of the polymer aggregates.

The most hydrophilic coumarin 343−/Na+ shows a predominant time constant at

4.5 ns which is unchanging with micellization of the polymer, however, there is a small
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Figure 5.34: Temperature dependence of fractional amplitudes (αi,fl) (left) and in-
dividual fluorescence time constants (τi,fl) (right) for C337 in 25 w/v%Pluronic F88
solution.

population that shows a decrease in a small time constant of 1 ns, indicating that

some of the coumarin 343−/Na+ is seeing the change associated with the micellization

transition, perhaps in the corona of the micelle. All seven coumarins show a shift in

fluorescence time constant at the micellization temperature of 22.5 ◦C indicating a shift

in local polarity whether it be moving inside or outside the polymer aggregate. This

shift is dependent on the solubility of the coumarin probe molecule.

Reorientation time constants and depolarization anisotropy values were found for

each coumarin fluorophore at approximately 20 temperatures from 2.5 to 90.0 ◦C by

time-correlated single photon counting techniques and time-dependent fluorescence po-

larization anisotropy measurements. This shows that the reorientation time scales of

C153 were the largest, indicating that C153 is most rigidly solubilized within the hy-

drophobic core of F88 micelles. Coumarin C153, C152, and C314T all had similar

average volumes of reorientation around approximately 30 Å3 while the molecular vol-

umes of each of the coumarins is approximately 175 to 356 Å3.
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Figure 5.35: Temperature dependence of fractional amplitudes (αi,fl) (left) and in-
dividual fluorescence time constants (τi,fl) (right) for C151 in 25 w/v%Pluronic F88
solution.

Figure 5.36: Temperature dependence of fractional amplitudes (αi,fl) (left) and indi-
vidual fluorescence time constants (τi,fl) (right) for C343−/Na+ in 25 w/v%Pluronic
F88 solution.
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Figure 5.37: Temperature dependence of intensity-weighted average fluorescence time
constants, (〈τfluor〉) for 7 coumarins in 25 w/v%Pluronic F88 solution.

Figure 5.38: Temperature dependence of steady-state depolarization anisotropy, r0, for
7 coumarins in 25 w/v%Pluronic F88 solution.
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Figure 5.39: Temperature dependence of time-dependent depolarization anisotropy, r0,
for 7 coumarins in 25 w/v%Pluronic F88 solution.
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Figure 5.40: Temperature dependence of individual anisotropies (rrot,j) (left) and re-
orientation time constants (θrot,j) (right) for 7 coumarins in 25 w/v%Pluronic F88
solution.
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Figure 5.41: Temperature dependence of amplitude-weighted average reorientation time
constants (〈θrot〉) for 7 coumarins in 25 w/v%Pluronic F88 solution.
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Figure 5.42: Temperature dependence of S-E-D hydrodynamic volumes deduced from
reorientation time constants of 7 coumarins in 25 w/v%Pluronic F88 solution.
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Chapter 6

Future Directions

6.1 Overview

Fluorescence spectroscopy is a key tool used for the detection of molecular probes in

both uniform and complex solvent environments. The investigation of the trends in flu-

orescence spectral shifts, time constants, and reorientational motions for fluorophores

such as rilpivirine can also be applied to historically well-characterized solvatochromic

probe molecules like 7-aminocoumarins to investigate various regions of complex solu-

tions such as A-B-A triblock copolymer micelles. Rilpivirine is a newly characterized

molecule in the area of fluorescence spectroscopy. The possibilities for meaningful re-

search utilizing this physical characteristic of the HIV inhibitor are many and exciting.

6.2 Background of Emerging Fields

The characterization of the local solvent environment of dissolved coumarin probes,

and the HIV inhibitor, rilpivirine in various solvent environment including aggregated

polymer micelles in solution, combine the fields of polymer science, drug delivery, fluo-

rescence spectroscopy, and electronic structure. At the interface between these emerging

fields is the methodologies of fluorescence spectroscopy to physically characterize the

state of complex drug delivery solutions for improvement of both polymeric nanocarriers

and drug molecules themselves. Presented here is an overview of the background of de-

velopments in HIV treatments by DAPY non-nucleoside reverse transcriptase inhibitors

(NNRTIs) and some information on the use of amphiphilic polymers for applications in

drug delivery.
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6.2.1 DAPYs for Treatment of HIV

The development of new and effective HIV inhibitors involves the goal of finding

molecules that are easily adaptable to mutations in the reverse transcriptase protein

to which they bind.[1] Diarylpyrimidines (DAPYs) posses this characteristic, making

the group of NNRTIs effective in the inhibition of HIV replication.[2, 3] Rilpivirine,

a DAPY molecule found to have EC50 values under 0.1 nM[3, 4] for the inhibition

of HIV replication, is also a self-reporter of local environment; a helpful trait for the

investigation of drug delivery formulations and solutions containing this molecule.[5]

Figure 6.1: Structure of the rilpivirine (TMC 278, R278474), an NNRTI of HIV-1.

In comparison to two FDA-approved NNRTIs, efavirenz and nevirapine, rilpivirine

was found to have 4 times the potency of efavirenz in wild-type HIV-1 and over 200

times the potency of nevirapine in cell-based assays.[3] In assays of single and double-

point mutation forms of HIV-1, rilpivirine was found to be up to 10,000 times more

potent than nevirapine and almost 3,000 times more potent than efavirenz.[3] Because

HIV mutations are a major cause of drug resistance in HIV patients, rilpivirine may

be a solution to a significant problem in HIV treatment.[3, 2, 1] The ability of the

effectiveness of rilpivirine to withstand mutations in the binding site of RT is attributed

to its loose fit in the RT hydrophobic binding pocket.[1, 6]

Recent work on DAPYs (and some diaryltriazines, DATAs) dissolved in aqueous

buffer solutions, co-solvated with DMSO, PEG, or the surfactant, tylaxopol, has led

to the discovery that rilpivirine, like most DAPYs and DATAs, form nanoparticle ag-

gregates in the described solutions.[4] The average size of the aggregates varies with
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concentration and pH; two important parameters in the bioavailability of a formulated

solution.[4] The detection of the local solvent environment of rilpivirine and the presence

of aggregates in solution is an important application of the fluorescence spectroscopy

of DAPYs.

6.2.2 Amphiphilic Polymers for Applications in Drug Delivery

Amphiphilic block copolymers have been widely used for drug solublization and deliv-

ery applications.[7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] The aqueous solubility,

biocompatibility, and non-toxic nature of poly(ethylene glycol) (PEG) make this poly-

mer a key component in many biomaterials.[20, 21, 22] Pluronics F88 is an A-B-A

triblock copolymer that consist ofs poly(ethylene oxide)109-poly(propylene oxide)41-

poly(ethylene oxide)109 (PEO109-PPO41-PEO109). The amphiphilic nature of the F88

polymer causes it to form spherical micelles and ccb hydrogels in aqueous solution, vary-

ing with concentration and temperature.[23, 24] The micelles formed from aqueous F88

are useful for the encapsulation and solubilization of small hydrophobic molecules.[23]

6.3 Key Findings

There are several connected themes to the conclusions drawn from the preceding chap-

ters. Fluorescence spectroscopy is the tool used to investigate the local environments

of several chemical systems. This tool can be used to explore the differences between

local regions in solutions of amphiphilic polymers in the various phases of polymer ag-

gregation. Fluorescence spectroscopy can also be used to identify the polarity and local

friction of an unknown solvent environment of a fluorophore, whether it be a model

drug molecule such as a coumarin, or an HIV-1 inhibitor such as rilpivirine. The fluo-

rescence of rilpivirine has been found to be an easy method of detection and aggregate

identification for this highly potent drug.

6.3.1 Fluorescence Spectroscopy of Rilpivirine

The instigation of the research presented here was the discovery that rilpivirine is a

fluorescent molecule and the fact that rilpivirine is very hydrophobic presents challenges
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for efficient biological delivery. Recent work on the formation of rilpivirine aggregates

in solution also presented a challenge in terms of the spectroscopy of the rilpivirine in

solution. Fluorescence properties of unimer molecules and aggregated fluorophores in

solution are usually different from one another and rilpivirine is no exception.[25]

Figure 6.2: Emission of rilpivirine in some selected solvents. (DMSO, DMF, CH2Cl2,
1,2-DCB, toluene, and 2-MeTHF ) as well as 1 and 84 µM concentrations of rilpivirine
in aqueous solutions of A-B-A triblock copolymer F88 micelles

By dissolving rilpivirine in a variety of common solvents ranging in polarity, an

empirical scale is created for the fluorescence emission spectral energies, fluorescence

time constants, and reorientational dynamics. Figure 6.2 shows the emission spectra

of rilpivirine dissolved in DMSO, DMF, dichloromethane, 1,2-dichlorobenzene, and 2-

methyltetrahydrofuran. The rilpivirine emission spectrum in aqueous solution of 25

w/v% A-B-A triblock copolymer Pluronic F88 is presented for two concentrations of

rilpivirine: 1 µM where rilpivirine is in unimer form, and 84 µM where rilpivirine is ag-

gregate form. The emission of the rilpivirine unimers shows that the core environment

of F88 polymer micelles is less polar than 2-methyltetrahydrofuran. The peak of emis-

sion from rilpivirine aggregates is characteristic of only aggregates present in solution

and not of rilpivirine unimers in solution. This is an important discovery for the next
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Figure 6.3: Normalized emission spectra of 5.8 µM rilpivirine in 25 w/v% Pluronic F88
in aqueous solution with changing temperature.

investigation of rilpivirine in different aqueous phases of A-B-A triblock copolymer F88.

The local solvent polarity is not the only property of rilpivirine that is readily

detectable by fluorescence spectroscopy. Because the aggregate form of rilpivirine fluo-

resces at a lower energy than the unimer form of rilpivirine in solution, a second peak

is visible in the emission spectrum when both forms are present. In the temperature-

dependent emission spectrum of rilpivirine in Pluronic F88 solution, it is possible to

see the change in aggregation of the drug when the polymer is in unimer, micelle, and

hydrogel form in aqueous solution.

6.3.2 Hydrophobic Cores of Amphiphilic Star-like and Scorpion-like
Macromolecules

Amphiphilic star-like macromolecules (ASMs) are composed of four macromolecules

composed of an acylated mucic acid hydrophobic block and a polyethylene glycol (PEG)

hydrophilic block, covalently bonded at the core. NC6P5 and NC12P5, two ASM

molecules form macromolecular aggregates in aqueous solution above 1x10−7 mol/L at

37 ◦C. Amphiphilic scorpion-like macromolecules (AScMs) are single diblock molecules
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Figure 6.4: From Left to Right: Coumarin 153, M12P5, an amphiphilic scorpion-like
macromolecule, and NC6P5, an amphiphilic star-like macromolecule.

composed of the same acylated mucic acid block and PEG block. M12P5, an AScM,

forms micelles in aqueous solution at the same concentration and temperature. M12P5

and NC6P5 strucutres, along with the structure of fluorescence probe, coumarin 153

are shown in Figure 6.4.

The solvatochromic probe, C153 has fluorescence properties that are sensitive to

changes in local environment.[26, 27, 28, 23] These properties include emission wave-

length, fluorescence time constants, polarization anisotropies, and reorientation time

constants. By using these spectroscopic properties, the local polarity and friction of

the hydrophobic cores of ASMs and AScMs are compared. The AScM M12P5 forms

micelles of approximately 20 nm in diameter while the ASMs NC6P5 and NC12P5 form

macromolecular aggregates of approximately 30 and 40 nm in diameter, respectively.

The fluorescence emission of C153 dissolved in solutions of each of the three polymers

reports that the ASM aggregate cores are less polar than the flexible core of M12P5

micelles. Reorientational dynamics of C153 report that the local friction of the solvent

environment inside AScM aggregate cores is higher than the local friction inside the

AScM micellar core. Using Stokes-Einstein-Debye hydrodynamics, the effective local

friction is calculated for C153 in each polymer solution and these values are plotted in

Figure B-15. If a drug needs improved solubility and longer circulation time inside a
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biological system, the ASM polymers are more suitable than AScM micelles. If a drug

molecule need improved solubility, higher concentration, and a shorter release time,

AScM micelles may be the more appropriate choice.

Figure 6.5: Local frictions from θrot,j ’s.

6.3.3 Probing Regions of Aqueous A-B-A Triblock Copolymer Mi-
celles

Seven 7-aminocoumarin fluorescence probe molecule were each dissolved in aqueous so-

lutions of 25 w/v% A-B-A triblock copolymer F88. These coumarins, in order of increas-

ing aqueous solubility are: C314T, C153, C102, C152, C337, C151, and C343−/Na+.

Figure 6.6 depicts the various regions for which each coumarin is most dissolved in aque-

ous F88 micelles. In the temperature range from 2.5 to 90 ◦C, the polymer changes

phase from unimers (below 22.5 ◦C) to micelles (above 22.5 ◦C) to hydrogels (above 38

◦C). Using coumarin dyes of various polarities, the polarity and local friction of differ-

ent regions of these polymer phases in solution are measured and compared. While the
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Figure 6.6: Representation of local distribution of 7 coumarin fluorescence probes in
various regions of an amphiphilic A-B-A triblock copolymer micelle where red strands
are the PPO core and blue strands are the PEO corona.

intermediately water-soluble coumarin molecules are distributed across all solubility re-

gions of the micellar phase, the most hydrophobic coumarin dyes are located primarily

in the PPO core and C343−/Na+ is completely soluble in the aqueous phase of the solu-

tion. Figure 6.7 displays the average reorientation time constant of each coumarin with

the change in temperature of F88 solution. At exactly 22.5 ◦C, as micelles are formed,

the reorientation time constants of the coumarins dissolved in the micellar core increase

considerably. This slowing of reorientational motion is due to a change in local friction

as reported by each coumarin probe. The C343−/Na+, which is not dissolved inside the

micellar core, reports no change in local friction over the measured temperature range.

6.4 Future Directions

6.4.1 Rilpivirine and other Diarylpyrimidines

The findings presented here on the spectroscopy of rilpivirine can be utilized for various

applications. The development of medicinal formulations for rilpivirine are not yet

fully realized and the delivery mechanism for rilpivirine aggregates is not specifically

known.[3, 4, 6] The application of fluorescence spectroscopy methods, as described in

the preceding chapters may be useful in tracking aggregates, size scales and the local

environment of rilpivirine molecules directly.

There are several directions in which research could be based from the studies of
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Figure 6.7: Temperature dependence of amplitude-weighted average reorientation time
constants (〈θrot〉) for 7 coumarins in 25 w/v%Pluronic F88 solution.

rilpivirine presented here. Unfortunately, the absorption and fluorescence of rilpivir-

ine completely overlap with that of tryptophan. There are approximately 30 trypto-

phan residues in the RT protein that saturate the fluorescence signal detected from a

rilpivirine-bound RT solution. One solution to this problem would be to use a different

DAPY molecule that absorbs and emits at shorter wavelengths than rilpivirine and tryp-

tophan. If such a DAPY was bound to HIV-1 RT and this solution was measured using

fluorescence emission and polarization anisotropy, the polarity and local friction of the

RT binding pocket could be directly measured. This may provide insight into the loose

fitting of DAPYs in the binding pocket which gives this set of drugs good resistance to

mutations.[1] Other DAPYs and some diaryltriazines (DATAs) include R165335 (TMC

125), R147681 (TMC 120), and R152929.[4] All of these molecules have activity as HIV

inhibitors, but the spectroscopy has not yet been fully characterized.

A second experiment that could result from the fluorescence spectroscopy of rilpivir-

ine is the fluorescence microscopy and fluorescence lifetime imaging microscopy (FLIM)

of rilpivirine aggregates. Measurements of rilpivirine in aqueous buffer solutions confirm

that with UV optical fitlers, fluorescence microscopy has the ability to detect and image
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rilpivirine aggregates. Unfortunately, the tools were not available to take full advantage

of this novel experiment. Confocal fluorescence microscopy utilizes pinholes to focus

the plane of an image and fluorescence detection while increasing the contrast between

the image and the background. A confocal microscope with UV filters and UV-visible

wavelength sensitive detectors would be extremely useful for undertaking the study of

the interaction of rilpivirine aggregates with cells. Both the emission spectrum and the

fluorescence time constants of rilpivirine aggregates could be imaged if the method of

FLIM was used. Since rilpivirine aggregates have shorter fluorescence time constants

than the unimer form of rilpivirine, the contrast is hypothesized to be significant.

6.4.2 Amphiphilic Polymers for Applications in Drug Delivery

The development of drug delivery vehicles is widely expanding in the fields of synthetic

polymer chemistry and biomaterials.[29, 14, 8, 10, 11] The development of new polymers

with various core structures provides the need for methods to characterize the differ-

ences between these molecules. By fluorescence spectroscopy of solvatochromic probes

encapsulated in these nanocarriers as model drugs, the differences in core structure,

dynamics, polarity, and flexibility can be directly compared.

Future directions of this research involve the characterization of a variety of novel

ASMs and AScMs. The development of new polymeric nanocarriers for specific drug

molecules and delivery properties is changing both the properties of the hydropho-

bic cores and the PEG coronas as well.[30, 31] Functionalized PEG chains, branched

PEG chains, and charged molecules incorporated into the ASM and AScM structures

inevitably change the core and corona structure and solubility properties of the macro-

molecule aggregates and micelles.[32] The ability to compare these changes will be

helpful in characterizing the maximum potential for each of these nanocarrier poly-

mers.
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6.5 Summary

The HIV epidemic will not be cured overnight. Much hard work and research will

continue to go into the understanding and development of better methods and mech-

anisms for the inhibition of HIV replication. The non-nucleoside reverse transcriptase

inhibitor rilpivirine is a promising drug that has potent activity against HIV and is

effective despite the high mutation rate of the virus and is also a self-reporter of lo-

cal solvent environment and aggregation state. Fluorescence spectroscopy methods

are used to detect local solvent polarity of rilpivirine. In aqueous solutions of A-B-A

triblock copolymer Pluronic F88, the unimer and the aggregate form of the drug are

both identified in solution by fluorescence anisotropy measurements. The temperature

dependence of F88 polymer phase is detected by rilpivirine and the formation of rilpi-

virine aggregates as measured by the fluorescence spectrum. Analysis of time-resolved

emission spectra report that the solvent relaxation rates in the aggregate state occur

within the first 1 ns of the electronic excitation. The solvent relaxation with respect to

the unimer form of rilpivirine is slower, over 10 ns after excitation of rilpivirine.

The development of novel amphiphilic drug delivery polymers ASMs and AScMs

provide the need to characterize the differences in the encapsulated drug environment

for each macromolecular aggregate. AScM M12P5 micelles have a relatively polar,

flexible core while NC12P5 and NC6P5 ASMs have non-polar, rigid core environments

in which hydrophobic drugs would be encapsulated. These differences were measured

by the solvatochromic emission shift of coumarin 153 fluorescence from inside the core

of each nanocarrier in solution.

A selection of 7 solvatochromic coumarin fluorescence probes were dissolved in 25

w/v% solutions of Pluronic F88. The fluorescence peak wavelength of each coumarin

shifts in relation to the local solvent polarity of the fluorophore. The most hydropho-

bic coumarins, C314T, C153, and C102 display large shifts in temperature-dependent

emission spectrum at 22.5 ◦C, the temperature at which F88 aggregates to form mi-

celles, indicating that these coumarins are encapsulated in the poly(propylene oxide)

core of the micelles. The intermediately water-soluble coumarins, C152, C337, and
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C151 dissolved in multiple regions of the micelle core and corona, as shown by shifts in

emission peak wavelength and broad spectral widths. C343−/Na+, the most water sol-

uble coumarin of seven is completely soluble in the aqueous solvent environment of the

micelle solution and since the local solvent environment of the water does not change

with micelle formation, there is no shift in emission peak wavelength of C343−/Na+.

The fluorescence time constants of the more hydrophobic coumarins follow the same

trend, shifting to larger time constants upon micellization of F88, while the time con-

stants of C343−/Na+ do not shift. Reorientation time constants of the seven coumarins

report changes in local friction at the micellization temperature as well. The solubility

properties of each coumarin determine the distribution of regions in F88 micelle solu-

tions in which the coumarins are localized. The local solvent polarity and microviscosity

of the various regions of aqueous solutions of A-B-A triblock copolymer F88 unimers,

micelles, and hydrogels were characterized in each of these regions. This is a model for

characterizing the encapsulation environments in other polymeric nanocarriers.

When drug solubility and delivery formulations are directed at specific properties

such as aggregation state and retention time, the local environment of the encapsulated

drug is an important factor in effective design of the delivery system. The character-

ization of rilpivirine unimers and aggregates, as well as the fundamental spectroscopy

and structure of rilpivirine are applicable to characterization of the functionality of the

drug in biological systems. The methods of characterization of polymer phase and local

solvent regions of each phase are applied to polymers designed for hydrophobic drug

delivery. Using fluorescence methods, important differences in the core regions of drug

nanocarriers and the local environment and aggregations state of drug molecules such

as rilpivirine can be physically characterized on molecular length scales.
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Appendix A

Spectroscopy, Solvatochromism, and Electronic Structure

of Rilpivirine: a Potent Non-Nucleoside Reverse

Transcriptase Inhibitor

A:1 Fluorescence Quantum Yield

Fluorescence quatum yields of rilpivirine were obtained by comparing the emission to

a quantum yield standard sample, quinine sulfate in 0.1 M aqueous sulfuric acid. The

emission spectra were measured for rilpivirine in dichloromethane, dimethyl sulfoxide,

1,2-dichlorobenzene, and 1-pentane and for the quinine sulfate solution. These spec-

trum were measured in wavelength units of nm and the integral of each spectrum was

converted to reduced frequency by using I(ν̃) = λ2I(λ) where I(ν̃) is the integral of the

spectrum in reduced frequency untis of cm−1 and I(λ) is the integral of the spectral

intensity (in nm).[1, 2] The quantum yield for rilpivirine in each solvent was then found

by Eq. A-1 where A is the absorbance, n is the solvent refractive index, and R denotes

the corresponding properties for the reference standard, quinine sulfate.[1, 2]

φF = φFR

∫
I(ν̃)dν̃∫
IR(ν̃)dν̃

AR

A

n2

n2
R

(A-1)

The fluorescence quantum yields φF were calculated from Equation A-1 where∫
I(ν̃)dν̃ is the integral of the spectrum measured in units of cm−1, A is the absorbance

value, n is the refractive index of the solvent, and R denotes the corresponding prop-

erties for the reference standard which, in this case, is quinine sulfate in 0.1 M sulfuric

acid solution.[1, 2]

Quantum yield measurements were performed using a comparison with the stan-

dard, quinine sulfate in 0.1 M sulfuric acid (aq), in DMSO, in dichloromethane, and in
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Table A-1: Fluorescence quantum yields (φF ) measured using 268, 310, and 350 nm
excitation for measured emission in comparison with the standard fluorophore, quinine
sulfate.[1, 2]

Fluorophore Solvent n φF λex (nm)
quinine sulfate 0.1 M H2SO4 (aq) 1.333 0.548 350
rilpivirine DMSO 1.479 0.084 310
rilpivirine dichloromethane 1.424 0.122 350
rilpivirine 1,2-dichlorobenzene 1.551 0.366 350
rilpivirine 1-pentane 1.358 0.115 268

1-pentane and are presented in Table A-1. Depending on solvent and excitation wave-

length, the quantum yield of rilpivirine has a maximum of 0.366 in 1,2-dichlorobenzene

using 350 nm excitation. The average quantum yield found from these experiments is

approximately 0.172 (or 17.2%).

A:2 ZINDO Calculations of Rilpivirine: Dipole Moments and Ener-
gies of S0 →S’ and S”

The spectroscopy parameters found from ZINDO calculations of three structural con-

formations of rilpivirine are presented in Tables A-2, A-3, and A-4. Each table presents

ground and excited state dipole moments, energies of transitions from the ground state

to the first two excited states, and oscillator strengths for the corresponding transtions.

Table A-2 includes the aforementioned parameters for the conformation of rilpivirine

found from the anhydrous crystal structure.[3] Table A-3 includes the data for the con-

formation of rilpivirine found from the crystal structure of anhydrous rilpivirine crystal

co-crystallized with DMSO and Table A-4 includes the same data for the conforma-

tion of rilpivirine found from the x-ray diffraction of the drug bound to HIV-1 reverse

transcriptase.[4] The more polar solvents have larger dipole moments that interact with

the dipole moment of rilpivirine in solution, making the dipole moment slightly larger.

This dipole-dipole interaction is a significant cause of solvatochromic shift in rilpivirine

absorption and fluorescence.[1, 2, 5] This solvatochromic shift is evident in the transi-

tion energies from the ground to the first two excited states, analogous to absorption

energies. In more polar solvents, the absorption energy of the rilpivirine molecule is

generally lower than the absorption of rilpivirine in non-polar solvents.
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Figure A-1: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations
of the anhydrous crystal conformation with DMSO solvent dielectric in the electronic
states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Figure A-2: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations
of the anhydrous crystal conformation with water solvent dielectric in the electronic
states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Figure A-3: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations of
the anhydrous ·2 DMSO crystal conformation with 2-MeTHF solvent dielectric in the
electronic states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Figure A-4: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations
of the anhydrous ·2 DMSO crystal conformation with DMSO solvent dielectric in the
electronic states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Figure A-5: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations
of the anhydrous ·2 DMSO crystal conformation with water solvent dielectric in the
electronic states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Figure A-6: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations of
the anhydrous ·2 DMSO crystal conformation with 2-MeTHF solvent dielectric in the
electronic states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Figure A-7: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations
of the anhydrous ·2 DMSO crystal conformation with DMSO solvent dielectric in the
electronic states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Figure A-8: Molecular orbital surface plots of rilpivirine from ZINDO[6] calculations
of the anhydrous ·2 DMSO crystal conformation with water solvent dielectric in the
electronic states of orbitals contributing to the S0 →S’ and S0 →S” transitions.
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Table A-5 describes the contribution of each orbital configuration to the ground to

excited state transition using normalized coefficients (ci,j) for the anhydrous crystal

structure conformation of rilpivirine .

Table A-6 describes the contribution of each orbital configuration to the ground

to excited state transition using normalized coefficients (ci,j) for the anhydrous/ 2

DMSO crystal structure (with 1 rilpivirine:2 DMSO ratio) conformation of rilpivirine

. The 65→69 orbital configuration interaction is the largest contributor to the S0 →S’

transition and the 67→69 orbital configuration interaction is the largest contributor to

the S0 →S” transition.

Table A-7 describes the contribution of each orbital configuration to the ground

to excited state transition using normalized coefficients (ci,j) for the conformation of

rilpivirine found from the crystal structure of the drug bound to HIV-1 RT.

The HOMO to LUMO transition, as assigned by ZINDO methods, is the configura-

tion orbital transition 68→69. The normalized coefficients of this configuration in the

S0 →S’ transition to the excited state reflect that 68→69 is not the orbital configuration

that contributes the most to the electronic transition. In fact, for the examples listed in

the the tables A-5, A-6, and A-7, the coefficients for the 68→69 configuration are 0.047,

0.324, 0.317, 0.053, and 0.018 for various conformations of rilpivirine and SCRF solvent

parameters. In some cases, the 68→69 orbital configuration has negligible contribution

and so is not listed.
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Table A-5: Orbitals that contribute to 90% of the S0 →S’ and the S0 →S” transitions,
with corresponding coefficients (ci,j) from ZINDO-SCRF calculations of the anhydrous
crystal structure conformation of rilpivirine in 2-MeTHF (ε = 6.97, n = 1.405, and
rcavity = 6.046 Å), DMSO (ε = 46.71, n = 1.478, and rcavity = 5.556 Å), water (ε =
80.00, n = 1.333, and rcavity = 5.742 Å) solvent dielectric fields, and no solvent.
Solvent orbitals for S0 →S’ ci,j orbitals for S0 →S” ci,j

2-MeTHF 67→69 0.234 68→70 0.451
68→69 0.190 67→ 69 0.139
65→69 0.121 67→ 70 0.122
68→73 0.105 68→ 69 0.066
68→70 0.066 66→ 70 0.058
68→70 0.066 68→ 75 0.048
67→72 0.052 68→ 73 0.009
67→73 0.039 68→ 72 0.009
66→72 0.026 65→ 70 0.007

DMSO 67→69 0.452 68→70 0.541
68→69 0.296 66→70 0.116
68→70 0.066 67→70 0.091
68→73 0.041 67→69 0.078
68→75 0.024 68→77 0.055
66→70 0.017 68→69 0.047
66→69 0.013 68→75 0.008
67→70 0.013 62→71 0.007

water 67→ 69 0.445 68→70 0.509
68→ 69 0.279 66→70 0.105
68→ 70 0.069 67→70 0.0989
68→ 73 0.060 67→69 0.089
66→ 70 0.017 68→77 0.055
67→ 70 0.015 68→69 0.046
65→ 69 0.014 68→ 71 0.008
66→ 69 0.014 66→ 71 0.008
66→ 73 0.011 62→ 70 0.008
68→ 74 0.010 68→ 74 0.007

none 68→69 0.221 67→ 69 0.336
68→71 0.201 68→ 69 0.177
67→69 0.194 68→ 71 0.155
65→71 0.121 68→ 70 0.087
68→70 0.107 65→ 71 0.050
67→70 0.046 65→ 74 0.0246
63→71 0.015 67→ 70 0.024
67→71 0.011 62→ 71 0.018
65→74 0.009 68→ 74 0.015
59→74 0.009 67→ 71 0.014
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Table A-6: Orbitals that contribute to 90% of the S0 →S’ and the S0 →S” transitions,
along with corresponding coefficients (ci,j) from ZINDO-SCRF calculations of the anhy-
drous crystal structure (with 2 DMSO) conformation of rilpivirine in 2-MeTHF, DMSO,
and water solvent dielectric fields.
Solvent S0 →S’ ci,j S0 →S” ci,j

2-MeTHF 65→ 69 0.393 67→ 69 0.320
67→ 73 0.194 68→ 69 0.301
68→ 73 0.082 65→ 69 0.073
65→ 75 0.071 68→ 72 0.058
67→ 69 0.059 68→ 73 0.047
68→ 69 0.047 68→ 70 0.031
68→ 72 0.020 66→ 72 0.023
65→ 74 0.015 67→ 73 0.021
67→ 72 0.014 66→ 69 0.016
66→ 73 0.008 67→ 70 0.015

67→ 72 0.015
DMSO 67→69 0.482 65→69 0.545

68→69 0.324 67→72 0.242
68→73 0.051 65→73 0.084
68→70 0.030 68→72 0.065
68→75 0.017 65→75 0.025
66→70 0.012 66→72 0.011
66→69 0.009 67→69 0.004

water 67→69 0.464 65→69 0.521
68→69 0.317 67→72 0.242
68→73 0.071 65→74 0.073
68→70 0.031 68→72 0.073
66→70 0.012 65→73 0.036
66→73 0.012 66→72 0.011
66→69 0.009 67→69 0.010
67→70 0.008

none 68→69 0.640 67→71 0.158
67→69 0.066 68→69 0.146
66→71 0.040 68→71 0.141
68→71 0.038 66→71 0.108
67→71 0.036 67→70 0.056
68→73 0.028 63→71 0.051
68→75 0.026 68→73 0.047
67→70 0.019 65→71 0.042
65→69 0.012 67→69 0.039
65→71 0.008 68→70 0.023
66→69 0.008 65→69 0.021
65→73 0.006 66→74 0.017
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Table A-7: Orbitals that contribute to 90% of the S0 →S’ and the S0 →S” transitions,
along with corresponding coefficients (ci,j) from ZINDO-SCRF calculations of the HIV
RT-bound crystal structure conformation of rilpivirine in 2-MeTHF, DMSO, and water
solvent dielectric fields.
Solvent S0 →S’ ci,j S0 →S” ci,j

2-MeTHF 66→69 0.323 64→73 0.759
67→72 0.312 67→73 0.062
66→74 0.150 65→73 0.060
68→72 0.070 59→86 0.030
67→69 0.035 63→73 0.028
67→74 0.032 64→74 0.024
66→72 0.029 64→75 0.005

DMSO 67→69 0.295 67→69 0.180
66→69 0.151 66→69 0.169
67→72 0.131 68→70 0.147
66→73 0.062 67→72 0.124
68→69 0.053 68→69 0.066
67→73 0.051 65→70 0.040
65→69 0.048 66→73 0.039
66→72 0.043 68→72 0.030
68→70 0.039 65→73 0.023
68→73 0.019 66→72 0.020
68→72 0.014 67→70 0.018
65→70 0.012 68→76 0.017

water 66→69 0.281 67→69 0.282
67→72 0.228 68→70 0.199
67→69 0.132 68→69 0.086
66→73 0.108 66→69 0.070
67→73 0.051 65→70 0.060
66→72 0.048 67→72 0.051
68→72 0.0.035 68→74 0.038
68→69 0.018 67→70 0.028
65→69 0.013 66→73 0.017
68→73 0.013 68→73 0.016
68→70 010 68→72 0.015
66→74 0.010 68→71 0.012

65→73 0.010
63→70 0.009
64→69 0.009
65→71 0.008
62→70 0.006
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A:3 Fluorescence Dynamics

The rilpivirine fluorescence time constant is composed of multiple time constants. The

fluorescence transients of rilpivirine are consistently fit to a sum of four, five, or six

exponentials, and therefore has four, five or six component fluorescence lifetimes. In

actuality, the fluorescence lifetimes of rilpivirine are not only dependent on solvent

properties such as polarity or dielectric constant values. Figure A-9 and table A-8

shows the component relative amplitudes and the component tim constants of rilpivirine

plotted against the polarity of the solvent using the π* empirical polarity scale.[7, 8]

Figure A-9: Fluorescence time constants of rilpivirine versus solvent polarity in the π*
empirical polarity scale. Plotted are the intensity-weighted averages (left) and individ-
ual lifetimes from multi-exponential decays (right).
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Appendix B

Local Polarity and Microviscosity in the Hydrophobic

Cores of Amphiphilic Star-like and Scorpion-like

Macromolecules

B:1 Particle Size Analysis of Polymer Aggregates

B:1.1 Polymer Concentration Dependence

Dynamic light scattering measurements were made with a Nicomp 380 Particle Sizing

System as described in detail in the ‘Materials and Methods’ section. Aqueous solutions

of M12P5, NC12P5 and NC6P5 were measured using DLS for polymer concentrations

ranging from 1x10−9 M to1x10−3 M at 37◦C. The volume-weighted distributions of

these concentration-dependent particle diameters are shown for M12P5 in Figure B-1,

for NC12P5 in Figure B-2, and for NC6P5 in Figure B-3.

B:1.2 Temperature Dependence

Temperature-dependent particle sizes of each polymer were also measured using DLS. A

solution of 2x10−4 M M12P5, a solution of 5x10−5 M NC12P5 and a solution of 5x10−5

M NC6P5 were measured with DLS at 5◦C, 10◦C, 20◦C, 30◦C, 37◦C, 45◦C, and 55◦C.

The volume-weighted distributions of these temperature-dependent particle diameters

are shown for M12P5 in Figure B-4, for NC12P5 in Figure B-5, and for NC6P5 in

Figure B-6.
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Figure B-1: Volume-weighted particle diameters at varied concentrations of M12P5
solutions at 37◦C.

B:2 Solution Viscosity

Shear viscosities of M12P5, NC12P5 and NC6P5 aqueous solutions were measured

at 0.001 M polymer concentrations and the concentrations used for fluorescence mea-

surements ( 2x10−4 M M12P5, 5x10−5 M NC12P5, and 5x10−5 M NC6P5.) over a

temperature range of 5 to 70 ◦C. These temperature-dependent viscosities of the three

polymer solutions are shown in Figure S-7. The viscosity of pure water with various

temperatures is also plotted.[1] Notice that the solutions with polymer concentrations

used for fluorescence measurements have shear viscosities close to that of pure water

because the solutions are dilute.

B:3 Steady State Emission Spectral Linewidth

The steady state emission spectra of C153 in each of the three polymer solutions is

broader than in a single solvent solution as shown by Shirota and Castner[2] and by
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Figure B-2: Volume-weighted particle diameters at varied concentrations of NC12P5
solutions at 37◦C.

Matyushov and Newton[3]. The broader spectral linewidth indicates that C153 is lo-

calized in multiple environments within each nanocarrier and with a range of polarities.

This is especially true in the solution of NC12P5 star-like macromolecule. The full

spectral line-widths at half-maximum (FWHM) are plotted for C153 in each polymer

solution, in nm and cm−1 versus sample temperature in Figure B-8.

The broad frequency-width at half the maximum of the emission spectra of C153 in

both NC12P5 and NC6P5 suggest that C153 may be in a range of non-polar environ-

ments within the hydrophobic cores of the two star-like macromolecules.[3]

B:4 Effective polarity of C153 local environment in ASM and AScM
cores using the π* scale

Using the π* polarity scale[4], and work done by Horng, et.al.[5], the local solvent polar-

ity of C153 in each polymer solution can be calculated and compared to the polarity of

several common solvents. Horng, et.al. established a strong linear correlation between
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Figure B-3: Volume-weighted particle diameters at varied concentrations of NC6P5
solutions at 37◦C.

the π* solvent polarity scale and the peak fluorescence emission frequency via the rela-

tion ν̃em[10−3 cm−1] = 21.217 - 3.505π*.[5] C153 emission spectra in aqueous ASM and

AScM solutions can thus be compared directly with solvent polarities. According to the

π* scale, C153 is in a local environment in the M12P5 micelles with polarity similar to

that of dichloromethane (π* = 0.73) or chloroform (π* = 0.76).[4, 5] Inside the NC6P5

macromolecule, C153 experiences a solvent ranging in polarity from ethyl acetate(π* =

0.55) to tetrahydrofuran (π* = 0.58) or benzene (π* = 0.59).[4, 5] C153 encapsulated

inside the NC12P5 macromolecule has a solvent environment with polarity similar to

ethyl acetate or dimethyl carbonate (π* = 0.47).[4] This supports our findings that the

core of the scorpion-like M12P5 micelles is relatively polar compared to that of the two

ASMs. π* values are shown in Figure B-9.
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Figure B-4: Volume-weighted particle diameters at varied temperatures of 2x10−4 M
M12P5 aqueous solutions.

B:5 Fluorescence Dynamics

The time-resolved fluorescence emission decay at 530 nm of C153 in M12P5 was mea-

sured over a 70 ns TCSPC time window. The decay transients measured at magic

angle polarization were fit to a three-exponential equation. The average fluorescence

time constant was calculated using intensity weighting, 〈τfluor〉, as expressed in Equa-

tion B-1.[6, 7]

〈τfluor〉 =
n∑

i=1

αiτ
2
i

αiτi
(B-1)

The fluorescence decay transients of C153 in each polymer solution detected at

polarization angle of 54.7◦ (VM) relative to vertical polarization (90◦)were fit to multi-

exponential equations yielding exponential components in M12P5 solution and four

exponential components in each of the ASM solutions. The intensity-weighted average

of the time constants, 〈τfluor〉 from each of these exponential components is plotted in
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Figure B-5: Volume-weighted particle diameters at varied temperatures of 5x10−5 M
NC12P5 aqueous solutions.

Figure B-10 (details discussed in ‘Results and Discussion’). The amplitudes expressed

in percent of total amplitude for each component time constant is shown in Figure B:5.

The individual τi,fluor are plotted in Figure B-12. With regard to multiple fluores-

cence time constants, the distribution of C153 time constants correlates to the multiple

environments of C153 solubilization within each polymeric nanocarrier.[6] C153 has a

time constant that ranges with both solvent polarity and viscosity.[8] A range of local

polarity and friction is experienced by C153 in all three nanocarriers, as shown by the

individual component fluorescence time constants.

Fluorescence transients for C153 in both NC12P5 and NC6P5 were measured at

510 nm and these decay transients were fit to a four-exponential equation. The values

of 〈τfluor〉 from 5 to 70 ◦C for C153 in the M12P5 AScM ranged from 4.6 to 4.0 ns.

The values of 〈τfluor〉 from 5 to 70 ◦C for C153 in the NC12P5 star-like macromolecule

ranged from 5.6 to 5.1 ns. The values of 〈τfluor〉 from 5◦C to 70◦C for C153 in NC6P5
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Figure B-6: Volume-weighted particle diameters at varied temperatures of 5x10−5 M
NC6P5 aqueous solutions.

solution ranged from 5.5 to 4.1 ns.

The solvatochromic behavior of C153 in solvents representing a range of polarities

and solvent viscosities is detailed in other articles.[8, 9, 10] In one previous study,[10] the

fluorescence time constant of C153 in a polar (water-PEG) environment was measured

and shown to be different than the time constant of C153 in a water-free, hydrophobic

micelle core environment. In this study of ABA triblock copolymer Pluronic F88, the

fluorescence time constant of C153 was shown to shift from 2.8 ns in a polar, water-like

environment to approximately 4.6 ns in the hydrophobic, non-polar core of an ABA

triblock copolymer micelle.[10] From the comparison of intensity-weighted average flu-

orescence time constants of C153 in the three drug delivery polymers in the present

discussion, M12P5 shows a relatively non-polar core environment while NC12P5 has

a more extremely non-polar environment. The fluorescence time constants show that
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Figure B-7: Shear viscosities of M12P5, NC12P5 and NC6P5 in aqueous solutions at
concnetrations of 0.001M (top) and 2x10−4 M (AScM) and 5x10−5 M ASMs (bottom).

C153 is in a more polar environment in the M12P5 micelle than in the NC12P5 ag-

gregate. The NC6P5 unimolecular micelle aggregate core polarity, according to C153

lifetimes lays somewhere between the relatively polar M12P5 micelle core and the non-

polar core of the NC12P5 aggregate. This may result because NC6P5 has 96 fewer

aliphatic carbons in the core relative to the NC12P5 star-like macromolecule. The flu-

orescence lifetimes of C153 correlate well with steady-state fluorescence measurements

corresponding to local polarity of C153.

Graphs of the fluorescence time constants versus temperature for C153 in aqueous

solutions of M12P5, NC12P5, and NC6P5 are plotted here, along with plots of the
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Figure B-8: Steady state emission spectral fwhm in nm (top) and in cm−1 of C153 in
M12P5, NC12P5, and NC6P5 solutions.

component amplitudes, αi, time constants, τi,fluor, and the intensity-weighted average

time constants, 〈τfluor〉.

B:6 Predicted θrot for each unimer from SED and Van der Waals vol-
umes.

Stokes-Einstein-Debye hydrodynamics (Equation 9) relates the fluorophore reorienta-

tion time constant to the effective volume of reorientation.[6, 11] The estimated in-

cremental Van der Waals volumes of each polymeric unimer are used to predict the

reorientation of each single unimer.[12, 11] These predicted time constants are plotted

in Figure B:6 and lie between the second and third longest time constants of C153 as

measured by TCSPC methods.
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Figure B-9: Effective π* solubility scale of C153 local environment in M12P5, NC12P5
and NC6P5 solutions.

B:7 Effective Diameters for C153 Reorientation

If the C153 were tightly associated with the M12P5, NC6P5, or NC12P5 unimers or

aggregates, then each reorientation time constant might be identified with an effective

volume (or diameter) for the particles. If this assumption holds true, then this leads

to two and three effective volumes of reorientation for M12P5, and for NC6P5 and

NC12P5 respectively. The effective diameters derived from these volumes assuming

spherical dimensions are plotted in Figure 4.11 . With regard to the fastest motion of

C153 measured with time-resolved fluorescence anisotropy, similar reorientation time

scales are present in each of the polymer solutions.

B:8 Local Frictions

Using the equation 〈θrot〉polar = (58.1±1.6)η(0.96±0.03) where θrot is the time constant in

ps and η is local viscosity in cP, we calculated the local friction of C153 in each polymeric

nanocarrier.[13] We also find that the bulk viscosity of all three dilute solutions is that

of pure water and the local viscosity of C153 solvent environment is on the order of ten

to ten thousand times the viscosity of water .[13] These large local viscosities are due to

the dielectric friction of C153 with solvent molecules surrounding the fluorophore.[13]

The estimated local frictions found using θ1,rot, θ2,rot, and θ3,rot are plotted in Figure

B-15.
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Figure B-10: Intensity-weighted average fluorescence time constants of coumarin 153
in M12P5, NC12P5, and NC6P5 solutions.
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Figure B-11: Percent amplitudes (%αi,fluor) of each component C153 fluorescence time
constant, (τi,fluor), in M12P5, NC12P5, and NC6P5 solutions.
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Figure B-12: Component C153 fluorescence time constants (τi,fluor) in M12P5,
NC12P5, and NC6P5 solutions.
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Figure B-13: Predicted θrot for each unimer from SED and Van der Waals volumes.
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Figure B-14: Volumes of C153 Reorientation Calculated from S-E-D hydrodynamics
and θrot.
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Figure B-15: Local frictions from θrot,j ’s.
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Appendix C

Fluorescence Probing of Aqueous Copolymer Solutions

C:1 Solubilities and Molecular Volumes of Coumarins

The solubllity of coumarin dyes can be calculated using the clogP or calculated wa-

ter/octanol partition coefficient. A high clogP value denotes that the molecule is water

insoluble while a value closer to zero denotes water-solubility.[1]

Table C-1: Calculated logP (clog) and molecular volumes (Vm) of seven coumarin
molecules.[2, 3, 1, 4, 5]

Coumarin Vm (Å3) clogP
C314T 355.9 5.77
C153 245.5 4.08
C102 232.9 3.67
C152 209.9 2.99
C337 226.1 2.64
C151 174.8 1.94
C343− 239.7 -1.08

C:2 Spectral Lineshape Analysis

The lineshape of the fluorescence spectra of coumarins is indicative of the distribution

of local environments in which a coumarin is solubilized.[3] Populations of coumarin

probes in multiple local environments within a micelle solution will shift to either more

hydrophobic polymer regions or to more water-rich regions. By looking at the fwhm of

the emission or excitation spectrum, we can make some conclusions about the distribu-

tions of coumarin populations and whether the distribution in a particular environment

is becoming broader or more narrow upon micellization of F88.[3] Figure C-1 gives the

temperature dependence of the fwhm of the emission and excitation spectrum for each

coumarin fluorophore. The broadening of the emission spectrum of all of the coumarins
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Figure C-1: Temperature dependence of emission (left) and excitation (right) spectral
fwhm of 7 coumarins in 25 w/v%Pluronic F88 solution displaying changes in population
distribution upon F88 aggregation.

is indicative that all of the fluorophores are located in multiple environments and the

number of local environments is increasing upon F88 aggregation. The emission spectra

of C153, C102, and C152 broaden the most at the micellization temperature displaying

that these three coumarins are sampling both core, corona and interfacial regions of

F88 micelles in solution.

C:3 Spectral Energies From Fluorescence

In Chapter 5, the emission and excitation spectral peaks were plotted at approximately

20 temperatures in the range of 2.5 to 90 ◦C. These values the spectra of all seven

coumarins in aqueous solution of 25 w/v% Pluronic F88 are listed in Tables C-2, C-3,

C-4,C-5, C-6, C-7, and C-8. The spectral energies are presented in both wavelength

(nm) and reduced frequency (cm−1) units.
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Table C-2: Temperature dependence of emission and excitation peak energies of C314T
from fluorescence spectra in aqueous solution of 25 w/v% Pluronic F88.

Temp (◦C) λex (nm) ν̃ex (cm−1) λem (nm) ν̃em (cm−1)
5.0 449 22282 487 20516
10.0 448 22300 487 20523
15.0 448 22329 487 20531
17.5 447 22354 487 20539
20.0 446 22404 487 20552
22.5 442 22632 485 20613
25.0 435 22973 481 20777
27.5 434 23064 480 20851
30.0 433 23094 479 20857
32.5 433 23117 479 20866
35.0 432 23130 479 20865
37.5 432 23146 479 20868
40.0 432 23153 479 20866
45.0 432 23171 479 20872
50.0 431 23180 479 20872
55.0 431 23198 479 20870
60.0 431 23206 479 20868
70.0 430 23229 479 20872
80.0 430 23249 479 20883
90.0 430 23267 479 20889

C:4 Polarity of C153 Local Environment

The steady-state emission peak frequency, νem, can be assigned to a value on the

π∗ empirical polarity scale using equations derived from experiments by Horng, et.al.

Equation C-1 uses the peak emission frequency of C153 (in 103 cm−1), the π∗ value

of the C153 local environment can be estimated. From Equation C-2, using the peak

excitation frequency (in 103 cm−1), the C153 local environment can also be assigned

to a value on the π∗ empirical polarity scale..[6, 7, 8, 9] The calculated π∗ values are

listed in Table C-9 for temperatures from 2.5 to 90 ◦C.

νem = 21.217− 3.505π∗ (C-1)

νabs = 25.774− 2.066π∗ (C-2)

A transition in the local polarity environment of C153 occurs at 22.5 ◦C, the same
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Table C-3: Temperature dependence of emission and excitation peak energies of C153
from fluorescence spectra in aqueous solution of 25 w/v% Pluronic F88.

Temp (◦C) λex (nm) ν̃ex (cm−1) λem (nm) ν̃em (cm−1)
2.5 437 22871 544 18379
5.0 437 22906 544 18383
10.0 436 22926 543 18406
15.0 435 22974 541 18493
20.0 432 23131 539 18550
22.5 426 23485 531 18815
25.0 421 23763 522 19155
27.5 420 23821 521 19204
30.0 420 23837 521 19202
35.0 419 23881 521 19192
40.0 418 23905 521 19179
45.0 418 23923 522 19173
50.0 418 23930 522 19160
55.0 417 23953 523 19135
60.0 417 23965 523 19119
70.0 417 23972 524 19097
80.0 417 24000 524 19092
90.0 417 24007 524 19080

Table C-4: Temperature dependence of emission and excitation peak energies of C102
from fluorescence spectra in aqueous solution of 25 w/v% Pluronic F88.

Temp (◦C) λex (nm) ν̃ex (cm−1) λem (nm) ν̃em (cm−1)
2.5 400 25024 479 20887
5.0 399 25040 479 20897
10.0 399 25072 478 20917
15.0 398 25107 478 20935
17.5 399 25129 477 20944
20.0 397 25169 477 20963
22.5 396 25270 476 21004
25.0 390 25665 472 21188
27.5 386 25893 468 21377
30.0 385 25977 467 21428
35.0 384 26051 466 21465
40.0 386 26076 466 21461
45.0 383 26097 466 21453
50.0 383 26108 466 21448
55.0 383 26119 466 21441
60.0 383 26127 467 21431
70.0 383 26142 467 21431
80.0 382 26156 466 21437
90.0 382 26178 466 21451
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Table C-5: Temperature dependence of emission and excitation peak energies of C152
from fluorescence spectra in aqueous solution of 25 w/v% Pluronic F88.

Temp (◦C) λex (nm) ν̃ex (cm−1) λem (nm) ν̃em (cm−1)
2.5 399 25067 524 19080
5.0 399 25052 524 19082
10.0 398 25138 523 19104
15.0 396 25231 523 19137
17.5 395 25318 522 19167
20.0 390 25627 518 19301
22.5 383 26142 504 19822
25.0 380 26299 492 20334
27.5 380 26334 490 20391
30.0 379 26359 490 20414
32.5 378 26454 490 20431
35.0 377 26500 489 20447
40.0 377 26516 489 20447
45.0 377 26530 488 20502
50.0 377 26541 488 20517
55.0 376 26560 487 20529
60.0 376 26562 487 20546
70.0 376 26577 487 20550
80.0 376 26605 486 20565
90.0 370 27042 488 20490
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Table C-6: Temperature dependence of emission and excitation peak energies of C337
from fluorescence spectra in aqueous solution of 25 w/v% Pluronic F88.

Temp (◦C) λex (nm) ν̃ex (cm−1) λem (nm) ν̃em (cm−1)
2.5 456 21913 497 20107
5.0 457 21894 497 20107
10.0 456 21925 497 20108
15.0 456 21929 497 20111
17.5 456 21943 497 20115
20.0 455 21963 497 20124
22.5 453 22055 497 20156
25.0 449 22263 496 20233
27.5 448 22344 494 20283
30.0 447 22389 493 20295
32.5 446 22420 493 20301
35.0 446 22440 493 20304
40.0 445 22451 493 20304
45.0 445 22466 493 20294
50.0 445 22469 493 20298
55.0 445 22479 493 20290
60.0 445 22491 493 20281
70.0 445 22489 493 20284
80.0 445 22495 493 20266
90.0 444 22514 492 20307
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Table C-7: Temperature dependence of emission and excitation peak energies of C151
from fluorescence spectra in aqueous solution of 25 w/v% Pluronic F88.

Temp (◦C) λex (nm) ν̃ex (cm−1) λem (nm) ν̃em (cm−1)
2.5 373 26807 490 20419
5.0 373 26802 489 20436
10.0 374 26764 489 20439
15.0 374 26746 489 20454
17.5 374 26742 489 20452
20.0 375 26691 488 20504
22.5 376 26607 482 20737
25.0 376 26594 478 20927
27.5 376 26592 477 20969
30.0 376 26594 477 20981
32.5 376 26606 477 20974
35.0 376 26607 476 20986
40.0 375 26643 477 20963
45.0 375 26670 477 20954
50.0 375 26678 478 20929
55.0 375 26694 478 20917
60.0 374 26716 478 20911
70.0 374 26742 478 20914
80.0 373 26774 479 20889
90.0 373 26785 478 20918
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Table C-8: Temperature dependence of emission and excitation peak energies of
C343−/Na+ from fluorescence spectra in aqueous solution of 25 w/v% Pluronic F88.

Temp (◦C) λex (nm) ν̃ex (cm−1) λem (nm) ν̃em (cm−1)
2.5 425 23539 480 20845
5.0 425 23548 480 20839
10.0 423 23630 480 20842
15.0 422 23683 480 20845
20.0 422 23724 480 20851
22.5 421 23743 480 20851
25.0 421 23769 479 20856
27.5 420 23813 480 20851
30.0 419 23846 479 20862
35.0 418 23920 480 20853
40.0 417 23959 480 20853
45.0 417 23993 480 20852
50.0 416 24032 480 20849
55.0 416 24062 480 20846
60.0 415 24091 480 20846
70.0 414 24144 480 20846
80.0 413 24215 480 20845
90.0 412 24282 480 20849

temperature at which F88 forms micelles in aqueous solution. C153 fluorescence exci-

tation and emission are both reporting on the local solvent polarity of the PPO cores

of aqueous F88 micelles
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Table C-9: Temperature dependence of calculated π∗ values of C153 local environ-
ment from steady-state emission and excitation peak frequencies in aqueous solutions
of Pluronic F88.[6]

Temperature (◦C) π∗ (emission) π∗ (excitation)
2.5 0.809708 1.40501
5.0 0.808551 1.38827
10.0 0.80189 1.37861
15.0 0.777223 1.35541
20.0 0.760878 1.27928
22.5 0.685298 1.10811
25.0 0.58844 0.973589
27.5 0.574271 0.945369
30.0 0.574797 0.937399
35.0 0.577847 0.916458
40.0 0.581417 0.904853
45.0 0.583201 0.895996
50.0 0.586764 0.892394
55.0 0.593877 0.881573
60.0 0.598574 0.875461
70.0 0.604929 0.872124
80.0 0.606385 0.858478
90.0 0.609815 0.855411
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