
ABSTRACT  

BARBIERI, EDUARDO. Bacteria- and Virus-targeting Peptides for Biotechnology and 

Biomanufacturing Applications. Advised by Dr. Saad A. Khan, Dr. Jan Genzer, and Dr. Stefano 

Menegatti. 

 

Peptides, both natural and engineered, represent a group of molecules with great diversity in 

composition, structure, and applications. Specifically for biotechnology, peptides are present in 

antimicrobial therapeutics, insulin, anti-inflammatory agents, and scaffolds for affinity ligands. 

Unique chemical structure of amino acids, building blocks of peptides, offer countless possibilities 

to create new peptides for different applications. However, currently no formulations offer 

controlled loading and release of cationic peptides or explore peptides as affinity ligands for 

lentivirus. Thus, in this dissertation we explored different approaches to integrate antimicrobial 

peptides with polymeric surfaces or microgels. Development of different compositions of 

microgels composed of acrylate monomers generated systems with controlled loading and release 

profiles of antibacterial peptides, polymyxin B and bacitracin, from artificial sweat. In addition, 

we created a peptide library for selection of novel affinity ligands for purification of lentivirus 

particles from cell culture fluids using mild elution conditions and neutral pH. These findings 

contribute to the improvement of antibacterial peptides to fight antimicrobial resistance and offer 

a new platform for lentivirus purification. 

 

 

 

 

 

 



 

 

 

 

 

© Copyright 2023 by Eduardo Barbieri 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Bacteria- and Virus-targeting Peptides for Biotechnology and Biomanufacturing Applications 

 

 

 

by 

Eduardo Barbieri 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Chemical Engineering 

 

 

 

Raleigh, North Carolina 

2023 

 

 

 

APPROVED BY: 

 

_______________________                       ____________________________ 

Dr. Stefano Menegatti                                                           Dr. Jan Genzer 

Chair of Advisory Committee                                                                              

 

_______________________                       ____________________________ 

Dr. Saad Khan                                                                      Dr. Michael Daniele 

                                                                        

 

________________________ 

Dr. Lauren Schnabel                                                                     

  



 

ii  

 

DEDICATION  

From Tia Rosinha to Dr Stefeano Menegatti, to all my teachers and professors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii  

 

BIOGRAPHY  

Eduardo Barbieri was born in a town called Rio Bananal in the state of Espirito Santo, 

Brazil in November of 1992. In 2010, he received a technical degree in Agriculture from Instituto 

Federal do Espirito Santo simultaneously with his high school diploma. During high school, he 

conducted research with Dr. Nilton Commetti on hydroponic lettuce and with Dr. Patrícia Soares 

Furno Fontes on effect of potassium on passion fruit quality. For undergraduate studies, Eduardo 

moved to Rio de Janeiro in 2012 to study Chemical Engineering at Universidade Federal do Rio 

de Janeiro. In his junior year, Eduardo received a scholarship from the Brazilian Government to 

study abroad and spent two semesters at North Carolina State University (NCSU). During his 

undergraduate, Eduardo conducted research on membranes for endotoxin removal and 

hemodialysis with Dr. Karina Moita de Almeida and Dr. Helen Conceição Ferraz, organic 

synthesis of pyrroles for antibacterial activity with Dr. Barbara Vasconcellos da Silva, biomimetic 

membranes with Dr. Manish Kumar, and continuous downstream processes with Dr. Ashton 

Lavoie and Dr. Stefano Menegatti. After receiving his bachelor's degree, Eduardo returned to 

NCSU to attend the Chemical Engineering PhD program. For the first part of his PhD, Eduardo 

worked on peptide functionalized nonwovens under the supervision of Dr. Stefano Menegatti, Dr. 

Saad Khan, Dr. Jan Genzer, and Dr. Kirril Efimenko. For the second part of his PhD, his research 

focused on the development of peptide as affinity ligands for purification of lentivirus under the 

guidance of Dr. Stefano Menegatti. He also worked on bacteriophage encapsulation for 

enhancement of shelf life and resistance to acidic pH under the supervision of Dr. Efimenko and 

Dr. Stefano Menegatti. 

 

 



 

iv 

 

ACKNOWLEDGMENTS  

First, I would like to thank all my professors and teachers that contributed to my education. 

It was almost 25 years in school from kindergarten until the end of my PhD and I am very fortunate 

to have had amazing teachers. School has always been a safe place for me because of my teachers. 

I would like to specially thank Dr. Cometti and Dr Fontes for introducing me to scientific research 

in high school. I am thankful for my advisor Stefano Menegatti for his hard work on reviewing our 

papers, presentations, providing a lab with cutting edge equipment and consumables. Our 

relationship was not easy and full of ups and downs, but somehow, we survived each other. I would 

also like to thank Dr. Genzer for showing me the importance of the color code, the importance of 

Origin to plot graphs, and his kindness. From Dr. Khan, I am thankful for learning how people 

should manage an academic lab, the ability to remain calm even in hard situations, and that a little 

bit of sarcasm is okay. I would like to knowledge and thank Dr. Efimenko for all the help including 

guidance on my first polymerization and coming up with the idea of the bacteriophage project. I 

also would like to thank the rest of my advisory committee members for their guidance and 

support: Dr. Michael Daniele, and Dr. Lauren Schnabel. My favorite part of my of my PhD was 

working with cells that was only possible because Dr. Daniele kindly allowed us to conduct 

research in his lab. 

This research has been possible with funding from the Nonwovens Institute (NWI) and 

Merck Germany. I would like to thank both entities for providing not only financial support but 

also scientific expertise.  

During my PhD I had the opportunity to work with and learn from amazing classmates. 

From Dr. Genzerôs lab Steven Zboray, Sunyoung Woo, Yeongun Ko, Bradley Davis. Jason Miles, 

Dr. Pandi, Shreya Erramilli, and Russel Schmitz. From Dr. Menegattiôs lab Camden Cutright, 



 

v 

 

Srivatsan Ramesh, Ashton Lavoie, Joe Lavoie, Jinxin Fan, John Schneible, Raphael Prodromou, 

Kevin Day, Hunter Reese, Ryan Kilgore, Brandyn Moore, Carly Catella, Sobhana Sripada, Jacob 

LeBarre, Ka Zhang, Shriarjun Shastry, Yuxuan Wu, Wenning Chu, Arianna Minzoni, Juliana 

OôBrien, Will Smith. From Dr. Khanôs lab Tahira Pirzada, Mariam Sohail, Pallav Jani, Prottash 

Sarker, Zia, Vahid Rahmanian, Ria Corder, Barbara Vasconcelos de Faria, Siyao Wang, and 

Himendra Perera. Finally, from Dr. Danieleôs lab Katie Kilgour, Brendan Turner, Hannah Nissan, 

Jun Wang, Jack Twiddy, Halston Deal, Angelica Aroche, and Mahshid Hosseini. 

Special thanks to all CBE staff. Sandra Bailey for taking so much good care of all 

paperwork regarding graduate students in the department. Joan OôSullivan for being a friend while 

making sure we remain safe in the lab. Also, the undergraduate students that worked with me Kelly 

Nguyen, Gina Mollica, Casee Loudermilk, and Whitacre. Discovery of affinity ligands was 

catalyzed by Gina helping me to operate microfluid device. 

Finally thank you for my family and friends from Brazil that even far away supported me 

through this journey. 

Thank you. 

 

 

 



 

vi 

 

TABLE  OF CONTENTS 

DEDICATION ................................................................................................................................ ii  

TABLE OF CONTENTS ............................................................................................................... vi 

LIST OF TABLES ......................................................................................................................... xi 

LIST OF FIGURES ..................................................................................................................... xiv 

CHAPTER 1: Introduction  ...................................................................................................... 1 

1.1. Objective .......................................................................................................................... 1 

1.2. Dissertation Outline ......................................................................................................... 1 

CHAPTER 2: Potent antibacterial composite nonwovens functionalized with 

bioactive peptides and polymers .............................................................................................. 3 

2.1. Introduction ...................................................................................................................... 4 

2.2. Materials and methods ..................................................................................................... 6 

2.2.1. Materials ................................................................................................................... 6 

2.2.2. Synthesis of antibacterial peptides. ........................................................................... 8 

2.2.3. Synthesis of antibacterial polymers. ......................................................................... 9 

2.2.4. Coating of silicon wafers with polyethylene terephthalate (PET / silicon wafer) or 

polyethylene imine (PEI / silicon wafer). ......................................................................... 10 

2.2.5. Coating of PET / silicon wafers with poly(methylvinylether)-(maleic anhydride) 

(PMVEMA / PET / silicon wafer). ................................................................................... 10 

2.2.6. Antibacterial functionalization of PMVEMA / PET / silicon wafers. .................... 11 

2.2.7. Coating of PEI-silicon wafers with poly(acrylic acid) (PAA / PEI / silicon wafer).

........................................................................................................................................... 11 

2.2.8. Antimicrobial functionalization of PEI / silicon and PAA / PEI / silicon wafers... 11 

2.2.9. Analytical characterization of coated wafers .......................................................... 12 

2.2.9.1. Ellipsometry. .................................................................................................... 12 

2.2.9.2. Contact angle. .................................................................................................. 12 

2.2.9.3. Time-of-Flight Secondary Ionization Mass Spectrometry (ToF-SIMS). ........ 12 

2.2.10. Broth microdilution antimicrobial assays. ............................................................ 12 

2.2.11. Evaluation of antibacterial activity of coated wafers via contact assays with E. 

coli and S. aureus. ............................................................................................................. 13 

2.2.12. Evaluation of antifouling activity of coated wafers. ............................................. 14 

2.2.13. Functionalization of PET NWFs with PEI (PEI / PET NWFs). ........................... 14 

2.2.14. Adsorption of PAA and antibacterial peptides on PEI / PET NWFs. ................... 14 



 

vii  

 

2.2.15. Analysis of PAA/PEI/PET, PEI/PET, and PET NWFs by X-ray Photoelectron 

Spectroscopy (XPS). ......................................................................................................... 15 

2.2.16. Synthesis of PNIPAM-based hydrogel microparticles (microgels). ..................... 16 

2.2.17. Synthesis of 4-acrylamidobenzophenone (ABP).41 .............................................. 17 

2.2.18. Synthesis of UV-crosslinkable p(NIPAM-co-4-benzoylphenyl-acrylamide) 

(P(NIPAM-co-BPAM)). ................................................................................................... 17 

2.2.19. Dynamic Light Scattering (DLS) of PNIPAM-based microgels. ......................... 18 

2.2.20. Microscopy imaging of microgels. ....................................................................... 18 

2.2.21. FTIR Measurements of microgels. ....................................................................... 18 

2.2.22. Loading and release of AMPs on P(NIPAM-co-MAA -co-HEA) microgels. ....... 18 

2.2.23. UV crosslinking of P(NIPAM-co-MAA -co-HEA) microgels on PET and PP 

NWFs using P(NIPAM-co-BPAM). ................................................................................. 19 

2.2.24. Scanning Electron microscopy (SEM).................................................................. 20 

2.2.25. Antibacterial assays of NWFs. .............................................................................. 20 

2.2.26. Assessment of Primary Normal Human Epidermal Keratinocytes (HEKa) cell 

viability using Alarm blue assay. ...................................................................................... 21 

2.3. Results ............................................................................................................................ 21 

2.3.1. Synthesis and characterization of antimicrobial polymers and peptides ................ 21 

2.3.2. Design, construction, and analytical characterization of antibacterial substrates ... 23 

2.3.2.1. Covalent AMP conjugation.............................................................................. 24 

2.3.2.2. AMP adsorption. .............................................................................................. 28 

2.3.3. Antibacterial activity of peptide- and polymer-coated 2D substrates ..................... 31 

2.3.4. Construction and analytical characterization of antibacterial nonwoven fibermats 34 

2.3.5. Fabrication of microgels for AMP loading and release .......................................... 36 

2.3.6. Integration of antibacterial polymer coatings and microgels with PET and PP 

NWFs ................................................................................................................................ 41 

2.3.6.1. Integration of antibacterial polymer or microgels with NWFs. ....................... 41 

2.3.6.2. Antibacterial activity of AMP-loaded NWFs. ................................................. 43 

2.4. Conclusions .................................................................................................................... 46 

2.5. References ...................................................................................................................... 48 

2.6. Supplementary Information ........................................................................................... 51 

2.6.1. S1.1 NMR spectra of antimicrobial polymers. ....................................................... 51 

2.6.2. Properties and activity of antibacterial peptides and polymers (AMP) against E. 

coli and S. aureus. ............................................................................................................. 57 

2.6.3. Characterization of functionalized 2D PET substrates via ToF-SIMS. .................. 59 

CHAPTER 3: A continuous process for encapsulation of bacteriophage Felix 01 ........... 72 



 

viii  

 

3.1. Introduction. ................................................................................................................... 73 

3.2. Material and methods ..................................................................................................... 75 

3.2.1. Materials ................................................................................................................. 75 

3.2.2. Propagation of bacteriophage Felix 01 ................................................................... 75 

3.2.3. Encapsulation procedure ......................................................................................... 76 

3.2.4. Dynamic light scattering analysis. .......................................................................... 77 

3.2.5. Plaque assay ............................................................................................................ 77 

3.2.6. Confocal microscopy images .................................................................................. 78 

3.2.7. Transmission Electron Microscopy imaging .......................................................... 78 

3.2.8. Stability assays ........................................................................................................ 78 

3.2.8.1. Simulated gastric fluid (SGF) .......................................................................... 78 

3.2.8.2. Bile salts ........................................................................................................... 79 

3.3. Results ............................................................................................................................ 79 

3.3.1. Study of different mucin/guar gum formulation for Felix 01 encapsulation .......... 79 

3.3.2. Particle morphology studies .................................................................................... 81 

3.3.3. Stability studies of encapsulated Felix 01 ............................................................... 83 

3.4. Conclusions .................................................................................................................... 84 

3.5. References ...................................................................................................................... 85 

CHAPTER 4: Peptide ligands targeting the vesicular stomatitis virus G (VSV-G) 

protein for the affinity purification of lentivirus particles  .................................................. 87 

4.1. Introduction .................................................................................................................... 88 

4.2. Experimental .................................................................................................................. 91 

4.2.1. Materials ................................................................................................................. 91 

4.2.2. Production of lentivirus particles (LV). .................................................................. 92 

4.2.3. Buffer stability studies. ........................................................................................... 93 

4.2.4. Fluorescent labeling of LV particles, EVSV-G and FLVSV-G, and HEK293 HCPs.

........................................................................................................................................... 93 

4.2.5. Production and screening of the peptide library. .................................................... 94 

4.2.6. In silico design VSV-G-binding peptides and evaluation of VSV-G:peptide 

interactions. ....................................................................................................................... 95 

4.2.7. Amination and peptide conjugation of PorosÊ 50 OH resin. ................................ 97 

4.2.8. Purification of LV from HEK293 cell culture supernatant using peptide-Poros 

resins. ................................................................................................................................ 97 

4.2.9. Measurements of dynamic binding capacity........................................................... 98 

4.2.10. Stability of the peptide-Poros resins. .................................................................... 99 



 

ix 

 

4.2.11. Analytical characterization of chromatographic fractions .................................. 100 

4.2.11.1. p24 ELISA and HEK293 HCP ELISA. ....................................................... 100 

4.2.11.2. RT-qPCR...................................................................................................... 100 

4.2.12. DNA quantification. ............................................................................................ 100 

4.2.13. Fluorescence flow cytometry (FFC). .................................................................. 100 

4.3. Results .......................................................................................................................... 101 

4.3.1. Selection of chromatographic buffers for library screening ................................. 101 

4.3.2. Identification of LV-targeting candidate peptide ligands ..................................... 102 

4.3.3. Evaluation of candidate peptide ligands in dynamic conditions ........................... 105 

4.3.4. Optimizing LV purification by adjusting the composition of the chromatographic 

buffers ............................................................................................................................. 108 

4.3.5. In silico discovery and experimental evaluation of VSV-G-binding peptides ..... 113 

4.3.6. Dynamic binding capacity and alkaline stability of peptide-Poros resins ............ 120 

4.4. Conclusions .................................................................................................................. 125 

4.5. References .................................................................................................................... 127 

4.6. Supplementary Information ......................................................................................... 134 

CHAPTER 5: Downstream process development for lentivirus purification from 

recombinant fluids ................................................................................................................ 142 

5.1. Introduction. ................................................................................................................. 143 

5.2. Materials and methods ................................................................................................. 145 

5.2.1. Materials ............................................................................................................... 145 

5.2.2. Peptide functionalization of resins ........................................................................ 146 

5.2.3. LV production and harvesting .............................................................................. 147 

5.2.4. Binding studies of LV in competitive conditions using peptide-functionalized 

resins. .............................................................................................................................. 147 

5.2.5. Confocal Imagining of GKEAAFAA-Poros after loading of fluorescent tagged LV 

particles. .......................................................................................................................... 148 

5.2.6. Polishing, buffer exchange and sterile filtration steps .......................................... 148 

5.2.7. Analytical procedures for LV assessment............................................................. 149 

5.2.7.1. Transduction assay ......................................................................................... 149 

5.2.7.2. HEK293 HCP ELISA and p24 ELISA .......................................................... 149 

5.3. Results .......................................................................................................................... 150 

5.3.1. LV production ....................................................................................................... 150 

5.3.2. Effect of gene on interest size (GOI) on LV purification ..................................... 152 

5.3.3. Effect of spacer on peptide GKEAAFAA ............................................................ 153 



 

x 

 

5.3.4. Comparison of different resin substrates for attachment of peptide GKEAAFAA.

......................................................................................................................................... 154 

5.3.5. Membranes as an alternative substrate to chromatography resins for LV 

purification ...................................................................................................................... 155 

5.3.6. A lab scale process for LV purification ................................................................ 157 

5.4. Conclusions .................................................................................................................. 158 

5.5. References .................................................................................................................... 160 

5.6. Supplementary information ......................................................................................... 162 

CHAPTER 6: Conclusion and Future Work ..................................................................... 163 

6.1. Summary ...................................................................................................................... 163 

6.2. Future Work ................................................................................................................. 164 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xi 

 

LIST OF TABLE S 

Table 2.1.  Mass of monomers used to synthesize microgels. All microgels were 

crosslinked with 4% w/w BIS. .............................................................................. 16 

Table 2.2.  Logarithmic (log10) reduction values of microbial loading of E. coli and S. 

aureus cells contacted with the antibacterial substrates. ...................................... 31 

Table 2.3.  Logarithmic (log10) reduction values of microbial loading measured with E. 

coli and S. aureus contacted with antibacterial NWFs. ........................................ 36 

Table 2.4.  Logarithmic (log10) reduction values of microbial loading measured with E. 

coli and S. aureus contacted with microgel-coated NWFs loaded with 

antimicrobial peptides. .......................................................................................... 44 

Table S2.1.  Physicochemical properties of antibacterial peptides and their MIC values 

determined via broth microdilution assay. ............................................................ 58 

Table S1.2.  MIC values of antibacterial polymers determined via broth microdilution 

assay. ..................................................................................................................... 59 

Table 3.1.  Different formulations of mucin and guar gum were tested for encapsulation 

of bacteriophage. Particle size and zeta potential were determined by DLS 

analysis. ................................................................................................................. 80 

Table 3.2.  Values of bacteriophage encapsulation efficacy determined by mass balance 

and initial evaluation of stability at pH 2.5 with 30 minutes contact time. .......... 81 

Table 4.1.  Composition of chromatographic buffers utilized for the purification of LVs 

using peptide-functionalized Poros resins. ........................................................... 98 

Table 4.2.  Primers and probe sequences for LV quantification by qPCR. .......................... 100 

Table 4.3.  Values of LV yield measured via p24 ELISA (1, viral particles), qPCR (2, viral 

genomes), and transduction assay in HT1080 cells (3, transducing units), 

together with clearance of HEK293 HCPs obtained by purifying LVs from a 

HEK293 CCCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL; HCP 

titer ~ 0.3 mg/mL) using peptide-Poros resins and control PorosÊ 50 HE 

Heparin and CaptureSelectÊ Lenti VSVG affinity resins. The purification 

processes comprised a loading step in 20 mM phosphate buffer with 75 mM 

NaCl at pH 6.5, at the RT of either 1 or 3.5 minutes; elution was conducted in 

20 mM citrate buffer with 0.5 M MgCl2 at pH 6.0. ............................................ 108 

Table 4.4.  Values of LV recovery measured via p24 ELISA (total particles), qPCR (total 

viral genomes), and transduction assay in HT1080 cells (transducing particles), 

together with clearance of HEK293 HCPs and DNA obtained by purifying LVs 

from a HEK293 CCCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL; 
HCP titer ~ 0.3 mg/mL) using FEKISNAE, GEFENINW-, and GKEAAFAA-



 

xii  

 

Poros resins. All purification processes comprised a loading step conducted at 

the RT of 1 minute. The values of yield were measured via transduction activity 

on HT1080 cells. ................................................................................................. 110 

Table 4.5.  LV purification using an optimized chromatographic protocol. Values of LV 

recovery measured via p24 ELISA (total particles) and qPCR (total viral 

genomes), logarithmic removal value of HEK293 host cell proteins (HCP 

LRV), and residual double-strand DNA obtained via chromatographic 

purification of LV particles from a HEK293 CCF (LV titer ~1010 vp/mL, 

corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) using peptide-Poros 

resins. The equilibration and washing steps were conducted using 50 mM 

PIPES buffer with 100 mM NaCl at pH 7.4 (RT: 1 min); elution was conducted 

using 50 mM PIPES buffer with 0.65 M NaCl at pH 7.4 (RT: 1 min). .............. 112 

Table 4.6.  Values of dissociation constant (KD,in silico) of the complexes formed by LDL-

R-mimetic peptides designed in silico and the peptides identified via library 

screening with VSV-G obtained via molecular docking and dynamics 

simulations in explicit solvent conditions that mimic the binding (ionic 

strength of 150 mM and pH of 7.4) and elution (A: 0.7 M and pH 7.4; B: 1 M 

and pH 6.0) buffers. ............................................................................................ 116 

Table 4.7.  LV purification using LDL-R-mimetic peptides designed in silico. Values of 

yield (1: LV genomes measured via qPCR; 2: transducing LV particles 

measured via flow cytometry), logarithmic removal value of HEK293 host cell 

proteins (HCP LRV), and residual double-strand DNA obtained via 

chromatographic purification of LV particles in bind-and-elute mode from a 

HEK293 CCCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL; HCP 

titer ~ 0.3 mg/mL) using LDL-R-mimetic peptide-Poros resins. The 

equilibration and washing steps were conducted using 50 mM PIPES buffer 

with 100 mM NaCl at pH 7.4 (RT: 1 min); elution was conducted using 50 mM 

PIPES buffer with 0.65 M NaCl at pH 7.4 (RT: 1 min)ééé.. ....................... 119 

Table 4.8.  Values of dynamic LV binding capacity (DBC10%) of peptide-Poros resins 

loaded with HEK293 CCCF (LV titer ~1010 vp/mL, corresponding to ~108 

TU/mL; HCP titer ~ 0.3 mg/mL) at the residence time of either 1 or 2 min. The 

LV titer in the effluent was measured via real time qPCR (vg/mL) and 

transduction assay (TU/mL). .............................................................................. 122 

Table S4.1.  Sequences and biophysical properties of 8-mer peptides selected via library 

screening against mature LV particles, EVSV-G, and FLVSV-G. The sequences 

were identified via Edman degradation of the selected library beads. The values 

of isoelectric point (pI) and Grand Average Hydropathy index (GRAVY) were 

calculated based on the amino acid sequences and assuming an amidated C-

terminus to represent the conjugation of the peptide to the chromatographic 

resin. .................................................................................................................... 137 



 

xiii  

 

Table S4.2.  Evaluation of the candidate peptide sequences via LV purification in flow. 

Values of LV yield (viral particles measured via p24 ELISA and viral genomes 

measured via qPCR), logarithmic removal value of HEK293 host cell proteins 

(HCP LRV), and residual double-strand DNA obtained via chromatographic 

purification of LV particles in bind-and-elute mode from a clarified HEK293 

cell culture harvest (LV titer: ~1010 vp/mL, corresponding to ~108 TU/mL; 

HCP titer: ~0.3 mg/mL) using the peptides identified by screening the 8-mer 

peptide-ChemMatrix library against either (1) mature LV particles, (2) EVSV-

G, or (3) FLVSV-G targets, and conjugated on aminated Poros resins; The 

equilibration and washing steps were conducted using 20 mM phosphate with 

75 mM NaCl at pH 6.5 (RT: 3.5 min); elution was conducted using 20 mM 

citrate buffer with 0.5 M MgCl2 at pH 6.0. ......................................................... 138 

Table S4.3.  Pairwise interactions between the active residues on VSV-G and the targeted 

residues on LDL-R CR2 (PDB ID: 5OYL) and CR3 (5OY9) domains. ............ 140 

Table 5.1.  Values of LV recovery after LV loading and elution by transduction assay. ..... 154 

Table 5.2.  Properties and performance of chromatography resins investigated for 

synthesis of peptide GKEAAFAA. Resins were packed in 1 mL column, 

equilibration and washing conducted with 50 mM PIPES 100 mM NaCl pH 

7.4, and elution 50 mM PIPES 1 M NaCl at1 minute resident. .......................... 155 

Table 5.3.  Values of dynamic binding capacity at 10% breakthrough (DBC10%) on 

membranes functionalized with peptides FEKISNAE and GKEAAFAA. ......... 156 

Table 5.4.  Values of LV recovery and HCP log reduction for Natrix membranes 

functionalized with peptides GKEAAFAA and FEKISNAE. Experiments were 

conducted using 50 mM PIPES 100 mM NaCl pH 7.4 as equilibration and 

washing buffer, same buffer but 1 M NaCl as elution, and 0.1 M glycine, 2 M 

NaCl pH 2.0 as stripping buffer. LV clarified material was loaded at 3 

membrane volume (MV)/min followed by washing for 50 MV at same rate and 

elution, stripping and equilibration steps conducted with 50 MV at 10 

MV/mLééé ................................................................................................... 156 

Table 5.5.  Values of recovery, host cell protein removal, concentration factor e total 

particles (TP) to infectious particles (IP) ratio .................................................... 158 

 

 

 

 

 

 

 

 

 



 

xiv 

 

LIST OF FIGURES 

Figure 2.1.  Construction and antimicrobial functionalization of PMVEMA-PET-silicon 

wafers. (A) A self-assembled monolayer (SAM) of APTES was initially 

formed on activated (i.e., UV/O3-treated) silicon wafers; (B) A thin film of 

PET was deposited by spin-coating a solution of PET onto APTES-silicon 

wafers. The aminolysis reaction (nucleophilic addition-elimination) of the 

ester bonds in PET chains by the free amine groups on APTES results in the 

formation of a network of amide bonds anchoring the PET film to the APTES-

silicon wafers; (C) second aminolysis of the PET layer by EDA or TREN; (D) 

covalent crosslinking of PMVEMA chains to the underlying aminated PET 

film by forming a network of amide bonds between the primary amine groups 

displayed on PEI and the maleic anhydride moieties of PMVEMA; (E) 

conjugation of antibacterial peptides or polymers. ............................................... 26 

Figure 2.2.  (A) Values of thickness and contact angles measured throughout the 

subsequent steps of coating silicon wafer with APTES, PET, PET amination 

with TREN, PMVEMA, and AMPs KRRWRIWLV-NH2, polymyxin B, 

daptomycin, bacitracin, PAEMA, P(NIPAM-co-AEMA-co-GUMA). (B) ToF-

SIMS analysis of PMVEMA / PET-silicon wafers before (bottom - blue) and 

after the conjugation of KRRWRIWLV-NH2 (top ï mangenta) in DMF; ToF-

SIMS scans reporting the 2D distribution of (C and D) the guanidinium ion 

fragment (CH6N3
+, E) characteristic of arginine, (F and G) the 1 pyrrolinium 

ion fragment (C4H8N
+, H) and (I and J) 3 methylideneindol 1 ium ion 

fragment (C9H8N
+, K) characteristic of tryptophan on PMVEMA / PET / 

silicon wafer before and after conjugation of KRRWRIWLV-NH2 peptide. ....... 27 

Figure 2.3.  Construction and antibacterial functionalization of PAA-PEI-silicon wafers. 

(A) A layer of PEI has initially formed onto UV/O3-treated silicon wafers PEI 

deposition followed by annealing at 100 ęC; (B) a layer of PAA is formed onto 

PEI-coated silicon wafer via incubation in PAA solution; (C) adsorption of 

daptomycin on PEI/silicon wafers; adsorption of (D) polymyxin B, (E) 

bacitracin, (F) KRRWRIWLV-NH2, and (G) P(NIPAM-co-AEMA-co-

GUMA) (H) onto PAA-PEI-silicon wafers. ......................................................... 29 

Figure 2.4.  (A) Values of thickness and contact angles following the adsorption of PEI, 

daptomycin, PAA, polymyxin B, bacitracin, KRRWRIWLV-NH2, P(NIPAM-

co-AEMA-co-GUMA), and PAEMA on silicon wafers. ToF-SIMS analysis of 

(B) PEI / silicon wafer before (bottom - red) and after (top - magenta) the 

adsorption of daptomycin; ToF-SIMS scans reporting the 2D distribution of (C 

and D) the 3 ammoniopropanoyl ion fragment (C3H8NO+, E), and (F and G) 

the 3 methylideneindol 1 ium ion fragment (C9H8N
+, H) characteristic of 

tryptophan on PEI / silicon wafer before and after adsorption of daptomycin. 

ToF-SIMS analysis of (I) PAA / PEI / silicon wafer before (bottom - blue) and 

after (top - green) the adsorption of polymyxin B; ToF-SIMS scans reporting 

the 2D distribution of (J and K) the phenylmethyl ion fragment (C7H8
+, L) 

characteristic of phenylalanine, and (M and N) the (5-



 

xv 

 

aminopentylidene)azanium ion fragment (C5H13N2
+, O) characteristic of lysine 

on PAA / PEI / silicon wafer before and after adsorption of polymyxin B. ......... 30 

Figure 2.5.  Confocal fluorescence microscopy images of 2D antimicrobial substrates 

following LIVE/DEAD BacLight bacterial viability assay using SYTOTM 9 

(green, exc/em: 485/498 nm) and propidium iodide (red, exc/em: 535/617 nm): 

(A) PET /, (B) PEI / PET /, (C) PAA / PEI / PET /, and (D) polymyxin B / PAA 

/ PEI / PET / silicon wafers were exposed to E. coli cells and stained with 

propidium iodide; (E) PET /, (F) PEI / PET /, (G) PAA / PEI / PET /, and (H) 

polymyxin B / PAA / PEI / silicon wafers were exposed to E. coli cells and 

stained with SYTOTM 9; (I) PET /, (J) PEI / PET /, and (K) daptomycin / PEI / 

PET/ silicon wafers were exposed to S. aureus cells and stained with propidium 

iodide; (L) PET /, (M) PEI / PET /, and (N) daptomycin / PEI / PET / silicon 

wafers were exposed to S. aureus cells and stained with SYTOTM 9. Scale bar 

50 µm. ................................................................................................................... 33 

Figure 2.6.  XPS analysis of unmodified, PEI-coated, and PAA / PEI / coated spun-bond 

PET NWFs. Expansion of binding energy regions characteristics of oxygen, 

nitrogen and carbon after functionalization of NWFs with PEI or PAA. ............. 35 

Figure 2.7.  Loading studies of AMPs on PET and PP NWFs. AMP loading capacity of 

PET NWFs coated with either PEI or PEI-PAA layers. ....................................... 35 

Figure 2.8.  Loading capacity of bacitracin in microgels. Loading studies of microgels 

based on formulations with different mol% of MAA, HEA, and NIPAM. .......... 38 

Figure 2.9.  Loading and release studies of antibacterial peptide Polymyxin B on microgels 

composed of NIPAM, MAA, and 4 mol% bisacrylamide. Loading (A) in 

P(NIPAM-co-MAA) mol% (96:0), (91:5), and (81:15) and release of 

polymyxin B at 37 ęC in artificial sweat based solution from P(NIPAM-co-

MAA) (B) (91:5) and (C) (81:15); the dotted curves represent the Korsmeyer-

Peppas kinetic model utilized to fit the release data. ............................................ 39 

Figure 2.10.  Release studies of bacitracin loaded in microgels with different mol% of 

NIPAM, MAA, and HEA at 37 ęC in artificial sweat based solution. Microgel 

compositions pNIPAM-co-MAA -co-HEA 81:15:0, 66:30:0, 36:60:0, 

66:15:15, 51:30:15, 21:60:15, 51:15:30, 36:30:30, 6:60:30; the dotted curves 

represent the Korsmeyer-Peppas kinetic model utilized to fit the release data. ... 41 

Figure 2.11.  Loading studies of AMPs on PET and PP NWFs. Loading capacity of (A) 

bacitracin and (B) polymyxin B on PET (red bars) and PP (blue bars) NWFs 

upon several cycles (0, 1, 3, or 5) of deposition and crosslinking of P(NIPAM-

co-MAA -co-HEA) microgels to the fiber network. .............................................. 43 

Figure 2.12.  Cytocompatibility study of antimicrobial and native PET and PP NWFs on 

normal human epidermal keratinocytes (HEKa). The values of cell viability 

are expressed with respect to HEKa cells. ............................................................ 45 



 

xvi 

 

Figure S2.1. 1H-NRM spectrum of (A) PAEMA; (B) P(GUMA-co-AEMA) (98:2); 

P(NIPAM-co-AEMA-co-GUMA) with NIPAM:AEMA:GUMA ratios of (C) 

(81:19:0), (D) (81:4:15), (E) (56:44:0), (F) 56:2:42, and (G) P(NIPAM-co-4-

acrylamidobenzophenone). The ratio between the areas of the peaks 

corresponding to the aromatic hydrogens of BPAM (7.76, 7.58, and 7.48 ppm) 

and the methylene hydrogen of NIPAM (3.99 ppm) indicated a NIPAM:BPAM 

ratio of 99.3:0.7. .................................................................................................... 52 

Figure S2.2.  Intensity of (A) NH4
+ and (B) CNO- fragment ions measured on native and 

EDA or TREN / PET  / silicon wafer or EDA; the values were normalized 

against the intensity values measured on TREN / PET / silicon wafer. 

Intensities were normalized with respect to TREN signals.. ................................ 60 

Figure S2.3.  Positive ToF-SIMS mass spectra of (A) polymyxin B on PMVEMA / TREN / 

PET / silicon wafer; (B) bacitracin on on PMVEMA / TREN / PET / silicon 

wafer; (C) daptomycin on PMVEMA / TREN / PET / silicon wafer; (D) 
KRRWRIWLV-NH2 on PMVEMA / TREN / PET / silicon wafer; (E) 
P(NIPAM-co-GUMA-co-AEMA)  on PMVEMA / TREN / PET / silicon wafer; 
(F) PAEMA on PMVEMA / TREN / PET / silicon wafer; (G) PMVEMA / TREN 

/ PET / silicon wafer; and (H) PET / silicon wafer. ............................................... 61 

Figure S2.4.  Scanning ToF-SIMS images of C5N2O2
+ fragment on (A) polymyxin B on 

PMVEMA / TREN / PET / silicon wafer and (B) PMVEMA / TREN / PET / 

silicon wafer; C9H8N
+ fragment on (C) daptomycin on PMVEMA / TREN / 

PET / silicon wafer and (D) PMVEMA / TREN / PET / silicon wafer; 

C5H10N2O2
+ fragment on (E) KRRWRIWLV-NH2 on PMVEMA / TREN / 

PET / silicon wafer and (F) PMVEMA / TREN / PET / silicon wafer; C4H10N2
+ 

fragment on (G) PAEMA on PMVEMA / TREN / PET / silicon wafer and (H) 

PMVEMA / TREN / PET / silicon wafer; C9H19N2O
+ fragment on (I) 

P(NIPAM-co-GUMA-co-AEMA) on PMVEMA / TREN / PET / silicon wafer 

and (J) PMVEMA / TREN / PET / silicon wafer; and C4H12N2O2
+ fragment on 

(K) bacitracin on PMVEMA / TREN / PET / silicon wafer and (L) PMVEMA 

/ TREN / PET / silicon wafer. ............................................................................... 62 

Figure S2.5.  Positive ToF-SIMS mass spectra of (A) Bacitracin loaded on PAA / PEI / 

silicon wafer; (B) PAEMA loaded on PAA / PEI / silicon wafer; (C) 

P(NIPAM-co-AEMA-co-GUMA) loaded on PAA / PEI / silicon wafer; (D) 

Polymyxin B loaded on PAA / PEI / silicon wafer; (E) KRRWRIWLV-NH2 

loaded on PAA / PEI / silicon wafer; (F) PAA / PEI / silicon wafer; (G) 

Daptomycin loaded on PEI / silicon wafer; (H) PEI / silicon wafer. .................... 63 

Figure S2.6.  Scanning ToF-SIMS images of C9N8N
+ fragment on (A) KRRWRIWLV-NH2 

loaded on PAA / PEI / silicon wafer and (B) PAA / PEI / silicon wafer; 

C4H10N2
+ fragment on (C) PAEMA loaded on PAA / PEI / silicon wafer and 

(D) PAA / PEI / silicon wafer; C9H19N2O
+ fragment on (E) P(NIPAM-co-

AEMA-co-GUMA) loaded on PAA / PEI / silicon wafer and (F) PAA / PEI / 



 

xvii  

 

silicon wafer; C6H10N3O2
+ fragment on (G) Bacitracin loaded on PAA / PEI / 

silicon wafer and (H) PAA / PEI / silicon wafer. ................................................. 64 

Figure S2.7.  ATR-IR analysis of microgels P(NIPAM-co-MAA -co-HEA) with (A) 

(36:60:0); (B) (66:30:0); (C) (81:15:0); (D) (91:5:0); (E) (96:0:0); (F) 

(21:60:15); (G) (51:30:15); (H) (66:15:15); (I) (81:0:15); (J) (6:60:30); (K) 

(36:30:30); (L) (51:15:30); (M) (60:0:30) monomer ratios. Peak Assigment at: 

1712 cm-1 MAA (O-C=O), 1640 cm-1 NIPAM (N-C=O), 1545 cm-1 MAA (N -

H), 1515 cm-1 MAA (N-H), 1460 cm-1 all components (C-H), 1261 cm-1 MAA 

and HEA (C-O), 1172 cm-1 MAA and HEA (C-O), and 1080 cm-1 HEA (O-C-

C)........................................................................................................................... 65 

Figure S2.8.  DLS analysis of microgels in water. Values of PDI, size, and ɕ-potential of 

microgels composed of monomers NIPAM, MAA, HEA, and 4% 

bisacrylamide as crosslinkeréé ......................................................................... 66 

 Figure S2.9.  Images of PNIPAM-based microgels. (A) Trasmission Electron Microscopy 

image of P(NIPAM-co-MAA) microgles (PNIPAM:MAA = 36:60). (B) 

Confocal microscopy images of fluorescein-stained P(NIPAM-co-MAA) 

microgels (PNIPAM:MAA = 36:60); scale bars: 10 µm (red) and 40 µm (blue).

............................................................................................................................... 67 

Figure 3.1.  Schematic diagram of encapsulation step-up used for bacteriophage 

encapsulation. Under constant stirring, acetone and a solution of bacteriophage 

with mucin and guar gum were continually added to a glass reactor. 

Simultaneously, particle suspension was continuously collected from reactor 

at same rate as acetone was added. ....................................................................... 77 

Figure 3.2.  Confocal microscopy images of bacteriophages in green and guar gum and 

mucin in red after encapsulation. .......................................................................... 82 

Figure 3.3.  Transmission Electron Microscopy images of (A) particles after encapsulation 

of bacteriophages in mucin:guar gum (10:1) formulation and (B) 

bacteriophages in phage bufferéééé ............................................................. 82 

Figure 3.4.  Stability studies of bacteriophage encapsulated in mucin/guar gum (10:1 m/m 

ratio). (A) Number of Felix 01 plaques after contact with simulated gastric 

fluid at pHs 2.0, 2.5, 3.5 or PBS for 5, 30, 60, and 90 minutes. (B) Shelf-life 

studies of encapsulated bacteriophage up to 4 weeks at 4, 25, or 40 ºC. .............. 84 

Figure 4.1.  Identification of candidate LV-binding peptide sequences. (A) A screening 

mix was initially formulated containing red-fluorescently labeled HEK293 

HCPs at the titer of 0.3 mg/mL and either green-fluorescently labeled LVs at 

the titer of ~109 TU/mL or green-fluorescently labeled VSV-G proteins 

(EVSV-G and FLVSV-G) at the titer of 0.2 mg/mL; (B) aliquots of 100 ɛL of 

8-mer peptide-ChemMatrix library beads equilibrated in 20 mM PBS with 75 

mM NaCl at pH 6.5 were incubated with 250 ɛL of screening mix for 30 

minutes at room temperature; (C) the beads were washed and individually fed 



 

xviii  

 

to a microfluid bead sorting device connected to a fluorescent microscope, 

wherein (D) each bead that displays high green fluorescence emission and 

green-to-red signal ratio was retained, whole all other beads were discarded; 

(E) every retained bead was washed with 20 mM citrate buffer with 0.5 M 

MgCl2 pH 6.0 for 5 minutes and imaged again; (F) beads that did not show loss 

of green fluorescence emission were discarded, whereas (G) beads that lost 

fluorescence signal were collected in 96-well plates; (H) after washing with 

0.1 M glycine pH 2.5, water and 30% acetonitrile in water (v/v), the collected 

beads were individually analyzed by Edman degradation on PPSQ-33A protein 

sequencer (Shimadzu, Kyoto, Japan) to identify the peptide sequences carried 

thereupon; finally, (I) the sequences identified by screening the library against 

full LV particles, EVSV-G ectodomain, and FLVSV-G FL were grouped in 

homology plots via Weblogo. ............................................................................. 105 

Figure 4.2.  Values of LV recovery measured via p24 ELISA (total particles), qPCR (total 

viral genomes), and transduction assay in HT1080 cells (transducing particles), 

and clearance of HEK293 HCPs (orange histogram) obtained by purifying LVs 

from a HEK293 CCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL; 

HCP titer ~ 0.3 mg/mL) using GKEAAFAA-Poros resins; the loading step was 

operated at the RT of 1 minute. The values of yield were measured via p24 

ELISA (green histogram), qPCR (blue histogram), and transduction activity on 

HT1080 cells (teal histogram). ........................................................................... 112 

Figure 4.3.  Complexes formed by VSV-G with peptides (A) C-

cyclo[GSRQFVADSDRD]C-GSG (red), (B) C-cyclo[GSRSFVGDSDRD]C-

GSG (magenta), (C) FEKISAAE-GSG (green), (D) FEKISNAE-GSG (blue), 

(E) GKEAAFAA-GSG (teal), (F) SRQFVCDSDRD-GSG (yellow), (G) 

SRTFVCDSDRD-GSG (orange), and (H) SVFRIGLSD-GSG (mustard). The 

VSV-G and LDL-R are presented as grey and wheat cartoons, respectively; the 

interacting amino acids on VSV-G and LDL-R are in dark blue and red, 

respectively. The putative binding sites identified via druggability study of the 

solvent-accessible surface of VSV-G are presented as wheat, light blue, light 

green, and light brown surfaces. ......................................................................... 115 

Figure 4.4.  Breakthrough curves obtained by loading a HEK293 CCF (LV titer ~1010 

vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) on (A) 

FEKISNAE-, (B) GKEAAFAA-Poros resins at the residence time of either 1 

or 2 min. The LV titer in the effluent was measured via real time RT-qPCR 

(vg/mL) and transduction assay (TU/mL). ......................................................... 121 

Figure 4.5.  Caustic stability study of (A) GKEAAFAA-, (B) FEKISAAE-Poros resins 

conducted as consecutive cycles of LV purification from the HEK293 CCCF 

with intermediate CIP with 0.5 M NaOH (15 CVs at the RT of 1 min followed 

by 30 minutes of static contact time). ................................................................. 124 

Figure S4.1.  Relative infectivity of LV samples in chromatographic buffers. LV particles 

were incubated at the initial titer of 5.0 107 TU/mL in citrate-, phosphate-, and 



 

xix 

 

histidine-based buffers with different added salts (NaCl or MgCl2 at different 

concentrations) and pH for 30 minutes at 25 °C. The relative infectious titers 

are calculated as the ratio of the transduction activity in HT1080 cells of the 

LV samples relative to that of LV particles in DMEM mediumééé ............ 134 

Figure S4.2.  Calibration curve for the determination of the surface density of primary amine 

groups on modified Poros resin. The data points were obtained by analyzing 

aqueous solutions of ethanolamine at different concentrations via Kaiser 

(ninhydrin) test. ................................................................................................... 134 

Figure S4.3.  LV purification from a clarified HEK293 cell culture harvests. Chromatograms 

obtained by purifying LV particles in bind-and-elute mode from a HEK293 

CCCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 

mg/mL) using peptide-based adsorbents (A) EHFEHWSE, (B) EWKAAFIW, 

(C) FEKISNAE, (D) GKEAAFAA-, and (E) SKSAAEHE-Poros resins. The 

equilibration and washing steps were conducted using 50 mM PIPES buffer 

with 100 mM NaCl at pH 7.4 (RT: 1 min); elution was conducted using in 50 

mM PIPES buffer with 0.65 M NaCl at pH 7.4 (RT: 1 min). ............................. 135 

Figure S4.4.  Complexes formed by VSV-G with the (A) CR2 and (B) CR3 domains of 

LDL-R (PDB IDs: 5OYL and 5OY9, respectively). The VSV-G and LDL-R 

are presented as light blue and wheat cartoons, respectively; the interacting 

amino acids on VSV-G and LDL-R are in dark blue and red, respectively. ...... 136 

Figure 5.1.  LV titers by transduction assays and host cell protein (HCP) concentrations 

determined by ELISA after production of lentivirus testing three difference cell 

culture media, Peak Expression, BalanCD, and LV-Max and transfer plasmid 

(A) pALD-LentiEGFP-K or (B) dCAS9-VP64-GFP. ........................................ 151 

Figure 5.2.  Comparison of three different transfection reagents, TransIT, PEIpro, and LV-

Max transfection for production of lentivirus with transfer plasmid pALD-

LentiEGFP-K and packing plasmids pALD-Rev-K, pALD-VSV-G-K, and 

pALD-GagPol-K. HEK293F cell density was equal to 4·106 cells/mL for 

TransIT and LV-Max and 2.5·106 cells/mL for PEIpro, viability higher than 

98% and cultured in BalanCD media. Plasmid:transfection reagent ratio (m/v) 

and total plasmid concentration per mL of cell culture (A) 1:3, 1 µg/mL; (B) 

1:1.85, 1.6 µg/mL; (C) 1:3, 3 µg/mL, (D) 1:3, 1.6 µg/mL, (E) 1:3, 2.5 µg/mL, 

(F) 1:1, 2.5 µg/mL, (G) 1:2.5, 2.5 µg/mL. .......................................................... 152 

Figure 5.3.  AKTA chromatogram of LV purification from HEK293T CCF fluid loaded 

into a 1 mL column functionalized with GKEAAFAA-Poros. Equilibration and 

washing steps were conducted with 50 mM PIPES 100 mM NaCl pH 7.4, and 

elution 50 mM PIPES 0.65-1 M NaCl pH 7.4. Absorbance signal was 

monitored at 280 nm wavelength. ....................................................................... 153 

Figure 5.4.  Lab scale process overview for purification of lentivirus from HEK293F cell 

culture fluid (CCF). Clarification is composed of centrifugation to remove cells 



 

xx 

 

followed by microfiltration to remove cell debris. Clarified CCF is loaded on 

a peptide functionalized resin followed by polishing on a CaptoCore700 resin. 

Purified LV is further concentrated, and buffer exchanged using centrifugal 

filters before final sterile filtration. ..................................................................... 158 

Figure S5.1.  Confocal images of Poros beads after loading of purified LV particles labeled 

with Syto 12 fluorescent dye. .............................................................................. 162 



   

1 

 

CHAPTER 1: Introduction  

1.1. Objective 

This dissertation is divided into three different parts with three different objectives. For the 

first part the goal was to develop different mechanisms to integrate antibacterial peptides on 

polymeric surfaces, microgels and nonwovens. The second objective was to create a system for 

encapsulation of bacteriophage Felix 01 for improvement of stability at low pH and prolong shelf 

life. Finally, the last goal was to discover and optimize peptides as affinity ligands for purification 

of lentivirus. 

1.2. Dissertation Outline 

Chapter 2 reports different methods to integrate antibacterial peptides in silicon wafers 

coated with different polymers, for example, poly(ethylene terephthalate), poly(acrylic acid), and 

poly(maleic anhydride) copolymers. Moreover, it shows how different formulations of microgels 

composed of N-isopropylacrylamide, methacrylic acid, and 2-hydroxyethyl acrylate affect loading 

and release profile of bacitracin and polymyxin B. Finally, it investigates antibacterial and 

biocompatibility assays for peptide functionalized materials. 

Chapter 3 describes a continuous method for encapsulation of bacteriophage Felix 01 using 

mucin, guar gum, and acetone. It reveals particle morphology by transmission electron 

microscopy, and mucin/guar gum interaction with bacteriophages by confocal microscopy. In the 

end, it reports stability of encapsulated viruses to acidic pH, high temperatures and bile salts.  

Chapter 4 highlights the need for novel affinity ligands for the purification of lentivirus 

particles. After, it described in silico and experimental methods for screening and selection of 

peptide as affinity ligands for lentivirus. Followed by assessment of peptides dynamic binding 

capacities at different resident times and virus quantification by transduction assay, enzyme-linked 
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immunoassay (ELISA) and reverse transcription-quantitative polymerase chain reaction (RT-

qPCR) techniques.  

Chapter 4 further described performance of peptides as affinity ligands to LV by studying 

viruses packing different genes of interest (GOI) and peptide conjugation to different types of 

chromatography resins. Moreover, it shows performance of membrane as an alternative substrate 

for peptide attachment and LV purification. This chapter also proposes a lab scale set of unit 

operations for development of LV downstream process. 

Chapter 5 summarizes the current work and provides recommendations for future work.  

 



   

3 

 

CHAPTER 2: Potent antibacterial composite nonwovens functionalized with bioactive 

peptides and polymers 

By Eduardo Barbieri, Camden C. Cutright, Saad A. Khan, Kirill Efimenko, Jan Genzer, and 

Stefano Menegatti 

 

 *  An adapted version of this chapter has been published in Advanced Materials Interfaces. 

 

Abstract 

This study presents a set of strategies for producing potent antibacterial fabrics by 

functionalizing nonwoven fiber mats (NWFs) with antimicrobial peptides and polymers (AMPs). 

The incorporation of AMPs was initially optimized on 2D substrates by evaluating conjugation on 

a poly(maleic anhydride) copolymer coating vs. adsorption on polycationic/anionic films and 

microgels. The evaluation of the resulting surfaces against S. aureus and E. coli highlighted the 

superior antibacterial activity of poly-ionic films loaded with daptomycin and polymyxin B as well 

as microgels featuring controlled release of bacitracin and polymyxin B. These formulations were 

translated onto spun-bond polypropylene and polyethylene terephthalate NWFs. The poly-ionic 

coatings were either covalently anchored or physically adsorbed onto the surface of the fibers, 

while the microgels and antibacterial polymers were adsorbed and photo-crosslinked thereon using 

a UV-crosslinkable benzophenone-based polymer. Selected formulations loaded with bacitracin 

and polymyxin afforded a 105-fold reduction of S. aureus and E. coli in artificial sweat, 

respectively, on par with commercial antibacterial NWFs. The proposed antibacterial fabric, 

however, outperformed its commercial counterparts in terms of biocompatibility, showing 

virtually no adverse effect on Human Epidermal Keratinocytes. Collectively, these results 
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demonstrate affordable and scalable routes for developing antimicrobial nonwoven fiber mats that 

efficiently eliminate resilient pathogenic bacteria. 

 

2.1. Introduction  

The prevalence of bacterial and fungal infections among hospitalized patients, deployed 

troops, and healthcare workers highlights the urgent need for next-generation textiles capable of 

preventing and halting the proliferation of pathogenic microorganisms.1,2 Antimicrobial resistance 

(AMR) is currently responsible for 700,000 deaths per year worldwide, and its incidence is 

expected to rise 10-fold by 20503. The Center for Disease Control and Prevention (CDC) reports 

more than 2.8 million AMR-related infections every year in the United States, resulting in 35,000 

deaths.4 Overuse of antibiotics in clinics is considered a key factor contributing to the rise of 

AMR.5,6 The growing consensus indicates that reversing this trend requires the development of 

new materials that deliver antimicrobial agents to pathogenic microorganisms, thus reducing the 

risk of infection and the need for antibiotics.7,8 

In this context, nonwoven fabrics (NWFs) are an ideal platform for delivering antimicrobial 

agents, being ubiquitous in environments where the risk of bacterial contamination is higher,9 and 

chiefly in clinics, where NWFs are extensively utilized as personal protective equipment (PPE), 

clothing, face masks, gauze pads, and wipes. Their usage has grown from 264,000 tons in 2012 to 

351,000 tons in 2018.10 Widespread application of antimicrobial NWFs in hospitals can 

significantly reduce the risk of contamination by pathogenic microorganism, offering protection 

to healthcare workers and patients. Current antimicrobial NWFs are manufactured using silver 

nanoparticles, copper, or quaternary ammonium  compounds.11ï13 These agents can cause adverse 

reactions in patients, including allergies, and damage the beneficial microbial communities.14ï19 In 
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the industrial production of antimicrobial nonowovens, these agents are typically mixed with 

polymeric pellets prior to spunbond or meltblown processing;20,21 this strategy, however, is rather 

wasteful since most of the antimicrobial payload remains unused within the fibers. Other methods 

include layer-by-layer coating of polymers followed by chlorination,22,23 poly(acrylic acid) 

grafting on nonwovens fibers followed by the immobilization of antimicrobial (bio)polymers, such 

as chitosan,24 or  coating with poly(2-hydroxyethyl methacrylate) via gamma radiation.25 

Promising alternative to conventional antimicrobials is offered by antimicrobial peptides (AMPs) 

and peptide-inspired polymers, which show superior potency and biocompatibility together with a 

substantially lower risk of inducing AMR.26 

AMPs are amphiphilic molecules comprising 11-50 amino acids, particularly rich in 

cationic and hydrophobic residues.27 The mechanism of action of AMPs typically relies on the 

lysis of the cell membrane or translocation into the cytoplasm.28 Currently, more than 3,000 AMPs 

are registered in the Antimicrobial Peptide Database, including sequences derived from plants, 

bacteria, archaea, fungi, protists, animals, or via de novo design.29 Of clinical relevance are 

bacitracin, daptomycin, enfuvirtide, and vancomycin, which the FDA has approved for treating 

various antimicrobial infections in humans.30 The key advantages of AMPs are broad-spectrum 

activity against viruses (e.g., human papillomavirus, hepatitis B), resilient Gram-positive (e.g., S. 

aureus), and Gram-negative (e.g., E. coli, P. aeruginosa, K. pneumonia) bacteria, fungi, and 

protozoa;31 lower likelihood of causing AMR compared to traditional antimicrobials,32 and lower 

toxicity and immunogenicity compared to commercial antibiotics;33 and affordable manufacturing 

at scale.34 

This study seeks to devise strategies to integrate AMPs within NWFs efficiently, 

affordably, and scalably. We initially optimized the loading of AMPs upon model substrates that 
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mimic the surface of the fibers in NWFs by comparing covalent conjugation vs. physical 

adsorption. Conjugation was accomplished using a thin layer of a poly(maleic anhydride)-based 

polymer that enables efficient ligation of amine-derivatized AMPs, whereas adsorption was 

performed using poly-ionic films and microgels as AMP-loaded depots. Surface functionalization, 

characterized via ellipsometry, contact angle, and time of flight secondary ion microscopy (ToF-

SIMS) indicated successful functionalization of substrates and coatings. Testing these substrates 

against S. aureus and E. coli highlighted the superior antibacterial activity of poly-ionic films 

loaded with daptomycin and polymyxin B. Selected formulations were translated onto spun-bond 

polypropylene and polyethylene terephthalate NWFs: poly-ionic coatings were initially formed 

directly onto the surface of the fibers via conjugation or adsorption, while microgels with optimal 

composition were photo-crosslinked thereon using the UV-reactive polymer p(NIPAM-co-4-

benzoylphenyl-acrylamide). These methods were developed using affordable ingredients and 

designed to enable continuous manufacturing under efficient use of materials. Selected 

formulations loaded with bacitracin and polymyxin B afforded a strong reduction of S. aureus and 

E. coli, while displaying superior compatibility to human skin cells than a control commercial 

product. Collectively, these results demonstrate affordable and scalable routes for developing 

antimicrobial nonwoven fiber mats that efficiently eliminate resilient pathogenic bacteria.  

 

2.2. Materials and methods 

2.2.1. Materials 

(3-Aminopropyl)triethoxysilane (APTES), poly(methyl vinyl ether-alt-maleic anhydride) 

(PMVEMA), tris(2-aminoethyl)amine (TREN), ethylenediamine (EDA), 2-chlorophenol, toluene, 

N-isopropylacrylamide (NIPAM), methacrylic acid (MAA ), 2-hydroxyethyl acrylate (HEA), 2-
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aminoethylmethacrylamide (AEMA), bis-acrylamide (BIS), acryloyl chloride, 4-

aminobenzophenone, 2,2ǋ-Azobis(2-methylpropionitrile) (AIBN), ammonium persulfate (APS), 

sodium dihydrogen phosphate dihydrate (NaH2PO4.2H2O), sodium chloride (NaCl), Kaiser assay 

kit, triethylamine (TEA), 1H-pyrazole-1-carboxamidine hydrochloride (HPC), sodium 

bicarbonate, hydrochloric acid (HCl), polyacrylic acid (PAA), polyethyleneimine (PEI), Dey-

Engley neutralizing broth, thioanisole, anisole, ethane-1,2-dithiol, glucose, in vitro toxicology 

assay kit (Resazurin based) were obtained from MilliporeSigma (St. Louis, MO). Silicon wafers 

were obtained from Silicon Valley Microelectronics (Santa Clara, CA). Poly(ethylene 

terephthalate) (PET) copolymer (Eastapak 9921) pellets were provided by Eastman Chemical 

Company. N,Nǋ-Dimethylformamide (DMF), dichloromethane (DCM), HPLC-grade acetonitrile, 

fluorescein, tetrahydrofuran (THF), bacitracin from Bacillus licheniformis,  daptomycin, and 

polymyxin B sulphate (7500 IU/mg) were obtained from ThermoFisher Scientific (Waltham, MA). 

Trifluoroacetic acid (TFA), Fmoc/tBu-protected amino acids, piperidine, diisopropylethylamine 

(DIPEA), N-Methyl-2-pyrrolidone (NMP), hexafluorophosphate azabenzotriazole tetramethyl 

uronium (HATU), and rink amide resin were purchased from ChemImpex (Wood Dale, Illinois). 

BBLTM Mueller Hinton Broth (MHB) and DifcoÊ Nutrient Broth were purchased from Becton 

Dickinson - BD (Sparks, MD). Beef extract and soya peptone were purchased from VWR (Radnor, 

PA). Tryptic Soy Broth was obtained from Teknova (Hollister, CA). Yeast extract and granulated 

agar were purchased from Genesee Scientific (San Diego, CA). Staphylococcus aureus (ATCC 

6538P) and (ATCC 25923), Escherichia coli (ATCC 8739), and (ATCC 25922) cells were 

obtained from Microbiologics (St. Cloud, MN). Primary Epidermal Keratinocytes cells (HEKa), 

Dermal Cell Basal Media, and Keratinocyte Growth Kit were purchased from American Type 

Culture Collection (AATC) (Manassas, VA). Spunbond poly(ethylene terephthalate) (PET, 50 
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gsm) was donated by The Nonwovens Institute at NC State University. Spunbond polypropylene 

(PP, 50 gsm) was provided by O&M Halyard, Inc. (Alpharetta, GA). A commercial PP-based 

antimicrobial nonwoven fabric (30 gsm) was donated by an industrial collaborator and utilized in 

this study as control. 

 

2.2.2. Synthesis of antibacterial peptides.  

Arginine and tryptophan rich peptides were synthesized on rink amide resin (100-200 

mesh, functional density of 0.92 mmol per g resin) or Fmoc-Trp(Boc)-Wang resin (100-200 mesh, 

functional density of 0.73 mmol per g resin) via Fmoc/tBu strategy using a Biotage Alstra Initiator 

(Biotage, Uppsala, Sweden). Briefly, the resin was initially deprotected using 20% v/v piperidine 

in DMF (50 eq.) for 20 min at room temperature; amino acid conjugation was performed by 

incubating the resin with a solution of Fmoc/tBu-protected amino acid at 0.5 M (5 equivalents 

(eq.) compared to the functional density of the resin) and HATU at 0.5 M (5 eq.) in DMF, and a 

solution of DIPEA at 0.5 M (10 eq.) in NMP for 5 min at 75 ºC; the completion of the amino acid 

conjugation reactions was monitored via Kaiser test. After coupling each amino acid, the Fmoc 

group was removed using 20% v/v piperidine in DMF for 20 min at room temperature. N-terminal 

acetylation of the peptides was conducted by incubating the resins with a 2 M solution of acetic 

anhydride (50 eq.) and DIPEA (50 eq.) in NMP at room temperature; the completion of the 

acetylation reaction was monitored via Kaiser test. Finally, peptides deprotection and cleavage 

from the resin were conducted using reagent R (90:5:3:2 TFA/thioanisole/EDT/anisole) for 2 hrs 

at room temperature under stirring. The peptides were precipitated in ice-cold diethyl ether and 

petroleum ether, freeze-dried, and purified using a Biotage Sfar Bio C18 D - Duo 300 A column 

installed on a Isolera Prime (Biotage, Uppsala, Sweden) by running a linear gradient of 
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water:acetonitrile (0.1% formic acid) from 95:5 to 0:90. Peptide purity was assessed by reverse 

phase chromatography using a bioZen 2.6 µm peptide XB-C18 (50 x 4.6 mm) column 

(Phenomenex, Torrance, CA) installed on a Waters 2695 high-performance liquid chromatography 

(HPLC) system (Milford, MA), by running a linear gradient of water:acetonitrile (0.1% formic 

acid) from 95:5 to 0:100 while continuously monitoring the UV absorbance of the effluent at 280 

nm and 220 nm.  

 

2.2.3. Synthesis of antibacterial polymers.  

Poly(N-isopropyl acrylamide-co-2-aminoethyl acrylamide) (P(NIPAM-co-AEMA)) 

polymers with NIPAM:AEMA monomer feed ratios of 80:20, 50:50, and 0:100 were synthesized 

via free radical polymerization.35 In preparing the 50:50 ratio, 0.3 g of NIPAM and 0.44 g of 

AEMA were initially dissolved in 100 mL of MilliQ water, degassed with N2, and gradually heated 

until 70 ºC. After 1 hr, 40 mg of APS were added, and the reaction was allowed to proceed for 24 

hrs at 70 ºC under N2 atmosphere and stirring. Heating was then removed, and the reaction was 

allowed to reach room temperature. The polymer solutions were dialyzed against MilliQ water in 

SnakeSkinÊ Dialysis Tubing (Thermo Scientific, Waltham, MA) with a nominal cut-off of 10 

kDa for 3 days, with water changes every 24 hrs. The polymers were finally lyophilized and stored 

at 4 ºC. For modification of AEMA to 2-guanidinoethyl methacrylamide (GUMA), a solution of 

HPC (1.1 eq. with respect to the amount of AEMA) and TEA (1.1 eq.) in MilliQ water was added 

dropwise to the aqueous solutions of P(NIPAM-co-AEMA) polymers at 20 mg/mL and allowed 

to react for 48 hrs at room temperature. The polymer solutions were dialyzed against MilliQ water, 

lyophilized, and stored at 4 ºC. The final mol% of each monomer in the polymers were determined 

via 1H NMR using an Avance NEO 700 MHz NMR (Bruker, Billerica, MA). The nominal 
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NIPAM:AEMA monomer ratio of 80:20, 50:50, and 0:100 were utilized to generate a larger 

ensemble of antibacterial P(NIPAM-co-AEMA-co-GUMA) polymers to evaluate if NIPAM 

affects antibacterial performance of polymers at room temperature versus 37 ºC. 

 

2.2.4. Coating of silicon wafers with polyethylene terephthalate (PET / silicon wafer) or 

polyethylene imine (PEI / silicon wafer). 

 Silicon wafers were cut into 1.5 cm x 1.5 cm squares, cleaned with methanol, dried with a 

stream of N2, and oxidized in an ultraviolet/ozone (UVO) cleaner (Model 42, Jelight, Irvine, CA) 

for 5 min. Activated wafers were incubated in 10 mL of 1% v/v APTES in dried toluene for 10 

min, and rinsed sequentially with toluene, methanol, and water, resulting in an APTES monolayer 

on the silicon (APTES-silicon) wafers. PET films were fabricated following the method described 

by Castillo et al.36 Briefly, PET pellets were dissolved in 2-chlorophenol at the concentration 1.0% 

w/w under heating and filtered using 0.2 ɛm PTFE filters to remove any particulates. The PET 

solution at room temperature was spin-coated on top of the APTES-silicon wafers at 4,000 rpm 

for 90 seconds. Alternatively, the activated wafers were incubated directly with 1 mL of a solution 

of PEI in MilliQ water at 20 mg/mL for 5 min at room temperature and 10 min at 100 ºC. The 

excess of PEI was removed by copiously rinsing the wafers with MilliQ water. Wafers were dried 

for 1 hr at atmospheric pressure and then under vacuum for 24 hrs. 

 

2.2.5. Coating of PET / silicon wafers with poly(methylvinylether)-(maleic anhydride) 

(PMVEMA / PET / silicon wafer). 

 The PET / silicon wafers (Section 2.4) were initially placed in a solution of either TREN 

or EDA at the concentration of 334 mM in methanol for 30 min at 60 ºC. Following incubation, 



   

11 

 

the wafers were rinsed with methanol and dried using a stream of N2. The aminated PET films 

were then coated using a 1% w/w PMVEMA in THF at 3,000 rpm for 60 sec. After drying in air, 

the PMVEMA-PET-silicon wafers were cured at 120 ºC for 2 hrs. Unbound PMVEMA was 

removed by sonication in THF and copiously rinsing the wafers with THF. Wafers were dried for 

1 hr at atmospheric pressure and then under vacuum for 24 hrs. 

 

2.2.6. Antibacterial functionalization of PMVEMA / PET / silicon wafers.  

The PMVEMA-PET-silicon wafers (Section 2.5) were incubated in solutions of AMPs at 

0.5 mg/mL in MilliQ water or DMF at room temperature. After 3 hrs, the samples were sonicated 

for 10 min and rinsed with MilliQ water or DMF. Samples were dried using a stream of N2. 

 

2.2.7. Coating of PEI-silicon wafers with poly(acrylic acid) (PAA / PEI / silicon wafer).  

The PEI-silicon wafers (Section 2.4) were incubated in an aqueous solution of PAA at 16 

mg/mL and pH 4.3 for 10 min at room temperature, rinsed with water and dried using a stream of 

N2. 

 

2.2.8. Antimicrobial functionalization of PEI / silicon and PAA / PEI / silicon wafers. 

The PEI-silicon wafers (Section 2.4) were incubated in an aqueous daptomycin solution at 

0.5 mg/mL for 5 min at room temperature. Alternatively, PAA / PEI / silicon wafers (Section 2.7) 

were incubated in an aqueous solution of either polymyxin B, bacitracin, PAEMA, P(NIPAM-co-

GUMA-co-AEMA) or KRRWRIWLV-NH2 at 0.5 mg/mL for 5 min. Following incubation, all 

wafers were copiously rinsed with MilliQ water and dried using a stream of N2. 
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2.2.9. Analytical characterization of coated wafers 

2.2.9.1. Ellipsometry.  

The thickness of the polymer layers deposited on the silicon wafers was measured using a 

VASE ellipsometer (J.A. Woollam, Co., Inc., Lincoln, NE) at a 70° angle of incidence. A custom 

fitting model for the Cauchy layer model for PET, PMVEMA, and antibacterial peptides and 

polymers was implemented to analyze the raw data and obtain thickness values. 

2.2.9.2. Contact angle.  

Contact angles of the uncoated and coated silicon wafers were measured using a Ramé-

Hart contact angle goniometer equipped with a CCD camera (Model 100-00, Ramé-Hart, Netcong, 

NJ). A drop of water was dispensed on the surface of the wafers, allowed to equilibrate for 30 sec, 

and imaged to measure the contact angle between the surface and the water drop. Six 

measurements were taken on each sample at different locations and averaged. 

2.2.9.3. Time-of-Flight Secondary Ionization Mass Spectrometry (ToF-SIMS).  

The antimicrobial wafers were analyzed using a TOF SIMS V (ION TOF, Inc. Chestnut 

Ridge, NY) instrument equipped with a Bin m+ (n = 1 - 5, m = 1, 2) liquid metal ion gun, Cs+ 

sputtering gun, and electron flood gun for charge compensation. Both the Bi and Cs ion columns 

were oriented at 45° with respect to the sample surface normal. Samples were analyzed under 

vacuum (5.0 x 10-9 mbar) to avoid contamination of the surfaces. 

 

2.2.10. Broth microdilution antimicrobial assays.  

The values of a minimum inhibitory concentration of peptides and polymers were assessed 

by broth microdilution assay.37 Briefly, peptide and polymer stock solutions, respectively, at 128 

µg/mL and 1280 µg/mL, were initially prepared by diluting aqueous solutions with MHB media. 
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Each stock solution was utilized to prepare serial dilutions in 96-well polypropylene microtiter 

plates, specifically 2-fold for peptides (128 µg/mL, 64 µg/mL, 32 µg/mL, 16 µg/mL, 8 µg/mL, 4 

µg/mL, 2 µg/mL, 1 µg/mL, 0.5 µg/mL, and 0.25 µg/mL) and 10-fold for polymers (P(NIPAM-co-

AEMA-co-GUMA) (81:19:0; 81:4:15; 56:44; 56:2:42; 0:100:0; 0:3:97)). In parallel, suspensions 

of E. coli and S. aureus cells grown for 4 hrs (OD600 ~ 0.1) at 37 ºC were diluted to a final 

concentration of ~ 106 cfu/mL in MHB media. A volume of 50 µL of bacteria suspension was 

added to each well followed by incubation for 18-24 hrs at 37 ºC; the polymers were also tested at 

room temperature. Following incubation, the minimum inhibitory concentration (MIC) was 

measured as the lower peptide concentration at which no bacterial growth was observed. All 

experiments were conducted in triplicate using growth controls (i.e., no peptide or polymer added) 

and sterility control of the MHB media (i.e., no bacteria or peptide/polymer added). 

 

2.2.11. Evaluation of antibacterial activity of coated wafers via contact assays with E. coli 

and S. aureus.  

E. coli (ATCC 8739) and S. aureus (ATCC 6538P) cells were initially grown in the media 

recommended by ATCC38 at 37 ºC and 200 rpm for 4 hrs and concentration adjusted 107-108 

cfu/mL. A volume of 10 µL of E. coli or S. aureus cell suspension were placed on top of coated 

silicon wafers, covered with a plastic slide, and incubated at 37 ºC. After 18 hrs, the surfaces of 

the coated silicon wafers were rinsed with 90 µL of Dey-Engley neutralizing buffer. Aliquots of 

10 µL of neutralizing buffer were withdrawn from the surface and utilized to prepare serial 10-

fold dilutions, which were placed on agar plates with appropriate growth media and incubated at 

37 ºC. After 18 hrs, the number of cells were visualized counted. 
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2.2.12. Evaluation of antifouling activity of coated wafers. 

 E. coli (ATCC 25922) and S. aureus (ATCC 25923) cells were initially grown in trypticase 

soy broth at 37 ºC and 200 rpm until an OD600 ~ 0.4 was achieved. Coated silicon wafers were 

placed in 6 well plates and together with 3 mL of bacterial suspension with OD600 ~ 0.1. After 3 

days, samples were gently removed from plates and rinsed with PBS. The cells on the surface of 

the silicon wafers were fluorescently died using a LIVE/DEAD BacLight Bacterial Viability Kit 

(Molecular Probes, Invitrogen, NY) following the procedure recommended by the manufacturer.39 

After staining, surfaces were imaged using Zeiss LSM 880 confocal microscope (Carl Zeiss, 

Thornwood, NY). 

 

2.2.13. Functionalization of PET NWFs with PEI (PEI / PET NWFs). 

PET NWFs were cut in 2.5 x 2.5 cm squares and placed in 20 mg/mL of PEI in ethanol at 

70 ºC. After 3 hrs, samples were removed from heat, rinsed with ethanol, sonicated for 30 min, 

and dried in an oven at 100 ºC. The presence of PEI in the NWFs was confirmed by the Kaiser 

assay (MilliporeSigma, St. Louis, MO). 

 

2.2.14. Adsorption of PAA and antibacterial peptides on PEI / PET NWFs. 

The PEI / PET NWFs were incubated in an aqueous solution of daptomycin at 25 µg/mL, 

overnight under stirring. The samples were then rinsed with MilliQ water and dried under vacuum 

for 24 hrs. Alternatively, the PEI / PET NWFs were incubated in an aqueous solution of PAA at 

16 mg/mL and pH 4.3 overnight; the resulting PAA / PEI / PET NWFs were incubated in an 

aqueous solution polymyxin B at 100 µg/mL, overnight under stirring. The residual concentration 

of daptomycin in the supernatants was quantified by reverse phase chromatography (RP-HPLC) 
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using a BioZen 2.6 µm peptide XB-C18 (50 x 4.6 mm) column (Phenomenex, Torrance, CA) 

installed on a Waters 2695 high-performance liquid chromatography (HPLC) system (Milford, 

MA), by running an isocratic solution of 33:67 acetonitrile:water (0.1% v/v formic acid) while 

continuously monitoring the UV absorbance of the effluent at 280 nm. The residual concentration 

of polymyxin B in the supernatants was monitored by analyzing the collected supernatants using 

a PierceTM Quantitative Fluorometric Peptide Assay (ThermoFisher Scientific, Waltham, MA). 

The loading of daptomycin on PEI / PET NWFs and polymyxin B on PAA / PEI / PET NWFs 

were calculated by mass balance. 

 

2.2.15. Analysis of PAA/PEI/PET, PEI/PET, and PET NWFs by X-ray Photoelectron 

Spectroscopy (XPS). 

 The surface chemical composition of the surface of the PAA / PEI / PET, PEI / PET, and 

PET NWFs were analyzed using a Kratos Analytical Axis Ultra spectrometer equipped with a 

PHOIBOS 150 analyzer. The XPS used an Al monochromated X-ray source. 
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2.2.16. Synthesis of PNIPAM -based hydrogel microparticles (microgels). 

 PNIPAM microgels with a variable molar ratio of PNIPAM, MAA , and HEA monomers 

were synthetized following the method described by Brown et al.40 The amounts of monomers 

utilized for the different microgel formulations are listed in Table 2.1. The monomers were 

initially dissolved in 200 mL of water, mixed with 194 mg BIS, degassed with N2, and gradually 

heated until 70 ºC. After 1 hr, 57 mg of APS solubilized in 1 mL of MilliQ water were added, and 

the reaction was allowed to proceed for 5 hrs at 70 ºC, in N2 atmosphere, and under stirring at 200 

rpm. Heating was then removed, and the reaction mixture was allowed to reach room temperature. 

The microgel suspension was dialyzed against MilliQ water in SnakeSkinÊ Dialysis Tubing 

(nominal cut-off 10 kDa, Thermo Scientific, Waltham, MA) for 3 days, with water changes every 

24 hrs. Finally, the microgels were dried by lyophilization. 

 

Table 2.1. Mass of monomers used to synthesize microgels. All microgels were crosslinked with 

4% w/w BIS. 

Nominal monomer ratio 
PNIPAM:MAA:HEA* 

NIPAM (g) MAA (g) HEA (g) 

91:5:0 3.18 0.13 0 
81:15:0 2.90 0.41 0 
66:30:0 2.45 0.85 0 
36:60:0 1.45 51.65 0 
66:15:15 2.35 0.41 0.55 
51:30:15 1.89 0.84 0.57 
21:60:15 0.84 1.83 0.62 
51:15:30 1.81 0.40 1.09 
36:30:30 1.33 0.84 1.13 
6:60:30 0.24 1.82 1.23 
81:0:15 2.78 0 0.53 
66:0:30 2.26 0 1.05 
96:0:0 3.31 0 0 

* The extended form of the monomer weight ratio utilized in microgel synthesis is PNIPAM:MAA:HEA:BIS = X:Y:Z:4. 
However, while the ratio of PNIPAM, MAA, and HEA in the polymerization mix was varied, bis-acrylamide (BIS) was 
employed at a constant ratio of 4% w/w. Therefore, the Table reports only the values of the PNIPAM:MAA:HEA 
ratio. 
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2.2.17. Synthesis of 4-acrylamidobenzophenone (ABP).41 

In a round bottom flask, 1 g of 4-aminobenzophenone was dissolved in 20 mL of DMF 

under stirring in an ice bath and mixed with 400 µL of TEA and 1.050 mL of acryloyl chloride 

added dropwise. The mixture was allowed to react overnight at room temperature in N2 atmosphere 

and under stirring. The resulting monomer was precipitated in 400 mL of cold MilliQ water, 

titrated to pH 4 using concentrated aqueous HCl, and separated by centrifugation. The compound 

was resuspended in saturated sodium bicarbonate solution, centrifuged, and dried under vacuum. 

The final mass of 0.8 g corresponded to a 63% yield. 1H NMR (600 MHz, CDCl3): ŭ 7.85 (d, 2H), 

7.78 (d, 2H), 7.72 (d, 2H), 7.59 (t, 1H), 7.49 (t, 2H), 7.45 (s, 1H), 6.50 (s, 1H), 6.29 (dd, 1H), 5.85 

(d, 1H). 13C NMR (150 MHz, CDCl3) 141.60, 137.81, 133.33, 132.27, 131.66, 130.75, 129.89, 

128.88, 128.30, 119.00. 

 

2.2.18. Synthesis of UV-crosslinkable p(NIPAM -co-4-benzoylphenyl-acrylamide) 

(P(NIPAM -co-BPAM)). 

 The P(NIPAM-co-BPAM) polymer was synthetized following the method described by 

Ramesh et al.42 In a Schlenk flask, 1.9 g of NIPAM, 0.2 g of ABP, and 27 mg of AIBN were 

dissolved in 30 mL of dioxane under argon atmosphere. After removing the oxygen from the 

reaction mixture by 4 freeze-pump-thaw cycles, the reaction was activated by heating to 70 ºC and 

allowed to react for 15 hrs in Ar atmosphere and under stirring (300 rpm). The resulting polymer 

was separated by precipitation in cold petroleum ether, followed by filtration and drying under 

vacuum. 
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2.2.19. Dynamic Light Scattering (DLS) of PNIPAM -based microgels. 

 The microgels prepared as described in Section 2.2.16 were suspended in MilliQ water 

(resistivity: 18.6 Mɋ cm) at 0.1 mg/mL and analyzed by dynamic light scattering (DLS) using a 

Malvern Nano ZSP instrument (Malvern, UK). Cumulant analysis of the spectra was performed to 

determine the z-average size and polydispersity (PDI) of the samples. 

 

2.2.20. Microscopy imaging of microgels.  

The microgels were imaged by Transmission Electron Microscopy (TEM) according to 

procedure described by Ramesh et al.42. For confocal microscopy imaging, the microgels were 

suspended in an aqueous solution of fluorescein at 5 µg/mL, incubated overnight under stirring, 

centrifuged at 20,000 xg for 10 minutes to remove unloaded dyes, resuspended in water, and 

imaged using Zeiss LSM 880 confocal microscope (Carl Zeiss, Thornwood, NY). 

 

2.2.21. FTIR Measurements of microgels. 

Fourier-transform infrared spectroscopy (FTIR) data were collected by performing 128 

scans with a 4 cmī1 resolution in an attenuated total reflection (ATR) mode with Ge crystal on a 

Nicolet 6700 spectrometer and analyzed using OMNIC software. All spectra were processed by 

advanced ATR correction followed by baseline correction. 

 

2.2.22. Loading and release of AMPs on P(NIPAM -co-MAA -co-HEA) microgels. 

Aqueous solutions of polymyxin B sulphate or bacitracin at 0.1 mg/mL were incubated 

with the PNIPAM-based microgels (Section 2.2.15) at the ratio of 0.1 mg peptide per mg of 

microgel and incubated overnight at room temperature under stirring. After centrifuging the 

suspensions at 20,000 g for 10 min, the microgels were copiously rinsed with MilliQ water and 
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centrifuged again to remove free peptides. To conduct the release studies, 0.1 mL of peptide-loaded 

microgels were exposed to 1 mL of human sweat-based solution (86 mM NaCl, 14 mM NaH2PO4, 

pH 5.5) (ISO105-E04-2008E);43 0.2 mL aliquots of supernatant were collected at defined time 

points and replaced with fresh artificial sweat. The concentration of bacitracin in the supernatants 

was quantified by reverse phase chromatography using a Gemini 5 µm NX-C18 (100 x 4.6 mm) 

column (Phenomenex, Torrance, CA) installed on a Waters 2695 high-performance liquid 

chromatography (HPLC) system (Milford, MA) by running an isocratic solution of 25:25:50 

methanol:acetonitrile:aqueous KH2PO4 at 0.05 M and pH 6.0, while continuously monitoring the 

UV absorbance of the effluent at 254 nm.44 Polymyxin B was monitored by analyzing the collected 

supernatants using a PierceTM Quantitative Fluorometric Peptide Assay (ThermoFisher Scientific, 

Waltham, MA). The temporal profiles of peptide release were fit against the Korsmeyer-Peppas 

kinetic model (Equation 1),69 which describes the release of small molecules from hydrophilic 

matrices: 

Equation 1  ὑὸ 

Wherein Q(t) is the cumulative release of peptide at time t, QÐ is the maximal peptide release 

(t Ÿ Ð), K is the release rate constant and n is the release exponent: n < 0.5 denotes Fickian 

diffusion, whereas n > 0.5 indicates that spatial rearrangement of the polymer chains occurs within 

the microgels and contributes to peptide transport. 

 

2.2.23. UV crosslinking of P(NIPAM -co-MAA -co-HEA) microgels on PET and PP NWFs 

using P(NIPAM -co-BPAM).  

PET or PP NWFs were cut in 2.5 cm x 2.5 cm squares, sonicated for 5 min in ethanol, dried 

in oven at 70 ºC, and their initial mass was recorded. A volume of 0.15 mL of aqueous suspension 

of P(NIPAM-co-MAA -co-HEA) microgels (NIPAM:MAA :HEA:BIS = 6:60:30:4) or a 
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suspension of P(NIPAM-co-MAA ) microgels (NIPAM:MAA :BIS = 91:5:4 or 81:15:4) in ethanol 

at 10 mg/mL was incubated with the NWF samples, to which 0.15 mL of solution of P(NIPAM-

co-BPAM) (Section 2.2.18) at 10 mg/mL in ethanol was added. The samples were dried at 100 ºC 

for 10 min, cooled to room temperature, and exposed to UV light (2 mW/cm2) for 5 min on each 

side to allow P(NIPAM-co-BPAM) crosslink the PNIPAM based microgels to the substrate NWFs. 

Four additional rounds of microgel deposition and crosslinking were performed, after which the 

samples were sonicated for 10 min, rinsed in ethanol or water, dried, and weighted. Samples were 

incubated in polymyxin B or bacitracin solutions at 100 µg/mL under stirring overnight. The 

residual concentration of peptide in the supernatants was quantified as described in Section 2.2.22. 

Alternatively, an aqueous solution of PAEMA or P(NIPAM-co-AEMA-co-GUMA) (56:2:42) at 

10 mg/mL was deposited and crosslinked on PET or PP NWFs as described for the microgels. 

 

2.2.24. Scanning Electron microscopy (SEM).  

The morphology of the microgel/polymer-coated PET and PP NWFs was assessed by field 

emission scanning electron microscopy (FEI SEM) using a Verios 490L microscope 

(ThermoFisher Scientific, Waltham, MA). SEM images were captured at an accelerating voltage 

of 5 kV under vacuum. 

 

2.2.25. Antibacterial assays of NWFs.  

Polymyxin B-, bacitracin-, and daptomycin-loaded NWFs were tested against E. coli 

(ATCC 8739) and S. aureus (ATCC 6538P) cells, respectively. Bacteria strains were grown as 

described in Section 2.2.11. The cells were then collected by centrifugation at 4,000 g for 5 min, 

resuspended in artificial sweat, centrifugated, and resuspended one more time. The concentration 
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of bacteria was adjusted to 107-108 cfu/mL using artificial sweat. Individual bacitracin-, polymyxin 

B-, or daptomycin-loaded NWFs (~30 mg of fabric) were placed in a 6-well plate and exposed to 

25 µL of S. aureus or E. coli cell suspension at 37 ºC for 3 hrs. The samples were rinsed with 225 

µL of Dey-Engley neutralizing buffer, serially diluted, placed in agar plates, and incubated for 18 

hrs at 37 ºC before colony counting. 

 

2.2.26. Assessment of Primary Normal Human Epidermal Keratinocytes (HEKa) cell 

viability using Alarm blue assay.  

HEKa cells were initially grown in Dermal Cell Basal Media supplemented with 

Keratinocyte Growth Kit at 37 ºC and 5% CO2. After cells reached 70-80% confluence, they were 

passaged to 24 well plates at 50,000 cell/well and grown in the same conditions, with the addition 

of 2 mM CaCl2. After cells reached 70% confluence, the PET and PP NWFs samples unmodified 

or modified as described in section 2.2.23 (~ 10 mg) were placed in contact with the cells for 24 

hrs, followed by a performance of Alamar Blue assay according to manufacturerôs instructions 

(MilliporeSigma, St. Louis, MO).45 Fluorescence signal of the supernants were read using a plate 

reader (exc/em: 560/590 nm) (BioTek, Winooski, VT). The values of cell viability were expressed 

as the ratio of the fluorescence signal of the reduced form of resazurin relative to that of untreated 

cells. 

 

2.3. Results 

2.3.1. Synthesis and characterization of antimicrobial polymers and peptides 

Antimicrobial polymers and peptides (AMPs) form a diverse class of bioactive compounds, 

spanning a wide range of compositions and physicochemical properties, and derived from natural 

https://www.bing.com/search?q=winooski+vermont&filters=ufn%3a%22winooski+vermont%22+sid%3a%2208179d36-b48b-03ed-a4ae-7f0470fd3b2d%22+catguid%3a%22fc796787-0b7a-5105-3f86-c4b5327db815_acb135c0%22+segment%3a%22generic.carousel%22+gsexp%3a%22fc796787-0b7a-5105-3f86-c4b5327db815_cmVsL29yZ2FuaXphdGlvbi5vcmdhbml6YXRpb24uaGVhZHF1YXJ0ZXJzfFRydWU.%22&FORM=SNAPST
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sources or via de novo design.29 The peptides considered in this study (Table S2.1) include (i) 

natural compounds polymyxin B, a mixture of potent antibiotic peptides utilized to treat 

pneumonia, and urinary infections or skin infections caused by Gram-negative bacteria,46 as well 

as daptomycin and bacitracin, both used for treating skin infections caused by Gram-positive 

bacteria;47,48 (ii)  synthetic peptides poly-lysine, KRRWRIWLV-NH2, R4W4-NH2, R4W4, and Ac-

R4W4K-NH2, which have been introduced in prior studies on antibacterial applications.49,50 These 

peptides were initially screened by our team against E. coli and S. aureus, adopted in this study as 

model Gram-negative and Gram-positive bacteria, respectively, owing to their persistence in 

clinics.1 The values of minimum inhibitory concentration (MIC) obtained via microdilution assays 

point at polymyxin B, bacitracin, daptomycin, and KRRWRIWLV-NH2 as potent AMPs (Table 

S2.1); the other sequences showed higher values of MIC (i.e., less potency) and were not further 

evaluated. 

Inspired by poly-lysine and polyarginine, we also synthesized cationic polymers 

P(NIPAM-co-AEMA) and P(NIPAM-co-AEMA-co-GUMA) as candidate synthetic AMPs. 

AEMA monomers display primary amines that mimic lysine residues, whereas GUMA monomers 

display guanidyl groups that mimic arginine residues. A set of P(NIPAM-co-AEMA-co-GUMA) 

with different AEMA:GUMA monomer ratio were produced from a common precursor P(NIPAM-

co-AEMA) by converting the pendant primary amines to guanidyl groups via reaction with HPC.51 

The values of NIPAM:AEMA:GUMA monomer ratio ï namely, 0:100:0, 0:98:2, 81:19:0, 81:4:15, 

56:44:0, and 56:2:42 ï were confirmed by 1H NMR (Figure S1). The MIC values of these AMPs, 

reported in Table S2, indicate a stronger antibacterial activity against S. aureus. Notably, the 

NIPAM-rich AMPs displayed a temperature-dependent antimicrobial activity against S. aureus. 

As the temperature increases, the polymer chains undergo a phase transition into globular 
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structures, whose core is rich in NIPAM monomers while the surface displays AEMA moieties to 

the aqueous surrounding. Accordingly, at higher temperatures, the surface of P(NIPAM-co-

AEMA) globules become increasingly PAEMA-like, and their MIC converges to that of PAEMA. 

Among the tested AMPs, PAEMA and P(NIPAM-co-AEMA-co-GUMA) (56:2:42) presented the 

top antibacterial activity against both E. coli and S. aureus and were therefore selected for 

integration into NFWs.  

 

2.3.2. Design, construction, and analytical characterization of antibacterial substrates 

Developing antimicrobial textiles is a complex task requiring concurrent optimization of 

many design parameters. Nonwoven fibermats (NWFs) are typically manufactured using 

materials, such as polyolefins or polyesters, that are rather inert and require the addition of a 

reservoir material ï either in the form of a thin layer or particles coating the fibers ï to load an 

efficacious amount of AMPs. Accordingly, the format and composition of the reservoir material 

and the identity and payload of the AMPs require careful optimization. Furthermore, optimizing 

the formulation of an antimicrobial textile should account for the material properties of its 

components and for affordable and rapid production at scale.  

However, the heterogeneity of the fiber network in industrial NWFs is not compatible with 

lab-scale studies, which, by operating on small samples, can be affected by significant errors and 

fail to return correct design-function correlations. We resolved to begin our design optimization 

studies using substrates prepared by depositing a thin layer of polyethylene terephthalate (PET) on 

silicon wafers to circumvent these issues. This substrate reproduces the chemical composition and 

the geometry of fibersô surface in NWFs. The diameter of the fibers in spun-bond nonwovens (10-

35 ɛm) is much larger than the thickness of polymer films (~100 nm) or the diameter of microgels 
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(< 1 ɛm) used as reservoirs for loading the active ingredient. Accordingly, with respect to studying 

the loading and release of antimicrobial agents, PET-coated silicon wafers mimic well the surface 

of fibers in NWFs, while their uniformity and reproducibility enable a thorough investigation using 

a large number of small sample replicates. 

In this study, we devised two alternative routes to create antibacterial substrates based on 

covalent conjugation and physical adsorption of AMPs. This enabled comparing the role of display 

and payload amount of the antibacterial activity of the composite fabric. 

 

2.3.2.1. Covalent AMP conjugation.  

The strategy to achieve covalent conjugation of AMPs on the substrates is presented in 

Figure 2.1. Briefly, a thin PET film was initially deposited via spin coating onto silicon wafers 

primed with a self-assembled monomolecular (SAM) layer of aminopropyl triethoxy silane 

(APTES). Following the amination of the PET film surface, a thin layer of poly(methyl vinyl ether-

alt-maleic anhydride) (PMVEMA) was deposited via spin-coating. Finally, the surface of 

PMVEMA was decorated with antimicrobial peptides or polymers. The subsequent steps of 

deposition result in a composite wherein the various layers are connected by a dense network of 

amide bonds. Specifically, the amide bonds are formed by aminolysis the ester groups in the PET 

chains by the terminal amines on APTES, the nucleophilic substitution by the aminated PET to the 

anhydride groups of the PMVEMA chains, and the substitution by amine-derivatized AMPs to the 

anhydride groups of PMVEMA. 

The progression of surface coating and antibacterial functionalization was monitored via 

contact angle measurements, ellipsometry, and time of flight secondary ionization mass 

spectrometry (ToF-SIMS). The summary of the results in Figure 2.2 documents the formation of 

subsequent layers. First, the film thickness values measured via ellipsometry increased upon 
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subsequent depositions and functionalization. The basal layer of PET (~ 20 nm) deposited via spin 

coating was meant to simulate the surface of the fiber of a PET NWF, thus serving as a model for 

optimizing the antibacterial coating (Section 3.3). The values of contact angle followed the 

expected changes in hydrophilicity upon subsequent functionalization steps: (i) the basal values of 

56.3° and 77.7° for the APTES monolayer, and the PET film were in line with published 

literature;52,53 (ii)  a decrease from 77.7° to 72.3° was observed upon amination of PET with TREN 

(note: TREN was chosen for amination as the ToF-SIMS analysis demonstrated that a significantly 

higher density of TREN was achieved on the PET layer compared to EDA, Figure S2.2); (iii) a 

small increase to 76.4° was then registered upon depositing the PMVEMA layer; (iv) different 

variations in the contact angle were registered upon conjugation of AMPs, ranging from sharp 

decreases produced by hydrophilic species KRRWRIWLV-NH2 (53.5°), daptomycin (51.1°), and 

PAEMA (47.9°), to milder decreases caused by amphiphilic species polymyxin B (69.4°), 

bacitracin (64.4°), and P(NIPAM-co-AEMA-co-GUMA) (66.7°). 
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Figure 2.1. Construction and antimicrobial functionalization of PMVEMA -PET-silicon 

wafers. (A) A self-assembled monolayer (SAM) of APTES was initially formed on activated (i.e., 

UV/O3-treated) silicon wafers; (B) A thin film of PET was deposited by spin-coating a solution of 

PET onto APTES-silicon wafers. The aminolysis reaction (nucleophilic addition-elimination) of 

the ester bonds in PET chains by the free amine groups on APTES results in the formation of a 

network of amide bonds anchoring the PET film to the APTES-silicon wafers; (C) second 

aminolysis of the PET layer by EDA or TREN; (D) covalent crosslinking of PMVEMA chains to 

the underlying aminated PET film by forming a network of amide bonds between the primary 

amine groups displayed on PEI and the maleic anhydride moieties of PMVEMA; (E) conjugation 

of antibacterial peptides or polymers. 

The final film thickness values achieved upon the final antibacterial functionalization step 

varied rather widely among different AMPs. Specifically, the conjugation of peptides 

KRRWRIWLV-NH2, daptomycin, and bacitracin, which was conducted in DMF, resulted in a 

thickness growth of 2 ï 4 nm, commensurate with the formation of a monomolecular peptide layer. 

Conversely, the deposition of polymyxin B, PAEMA, and P(NIPAM-co-GUMA-co-AEMA) was 

conducted in water, due to the poor solubility of these AMPs in DMF. It resulted in a remarkable 

increase in thickness (~ 20 nm), likely due to the formation of aggregates on the PMVEMA 

surface. The topical presence of peptide KRRWRIWLV-NH2 on the films was confirmed by ToF-

SIMS analysis focused on the mass fragments associated with arginine, and tryptophan (Figure 
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2.2); notably, the 2D ToF-SIMS scans demonstrated uniform distribution of the peptide on the 

substrates. The corresponding data for other AMPs and polymers is reported in Figures S2.3 and 

S2.4. 

 

 

Figure 2.2. (A) Values of thickness and contact angles measured throughout the subsequent steps 

of coating silicon wafer with APTES, PET, PET amination with TREN, PMVEMA, and AMPs 

KRRWRIWLV-NH2, polymyxin B, daptomycin, bacitracin, PAEMA, P(NIPAM-co-AEMA-co-

GUMA). (B) ToF-SIMS analysis of PMVEMA / PET-silicon wafers before (bottom - blue) and 

after the conjugation of KRRWRIWLV-NH2 (top ï mangenta) in DMF; ToF-SIMS scans reporting 

the 2D distribution of (C and D) the guanidinium ion fragment (CH6N3
+, E) characteristic of 

arginine, (F and G) the 1 pyrrolinium ion fragment (C4H8N
+, H) and (I  and J) 3 methylideneindol

1 ium ion fragment (C9H8N
+, K ) characteristic of tryptophan on PMVEMA / PET / silicon wafer 

before and after conjugation of KRRWRIWLV-NH2 peptide. 
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2.3.2.2. AMP adsorption.  

The method introduced in this work to prepare antibacterial substrates via non-covalent 

loading is presented in Figure 3. Briefly, silicon wafers were initially coated with a thin layer (~ 

2 nm) of poly(ethylene imine) (PEI); thermal annealing of the PEI-silicon system were conducted 

to ensure the formation of a stable PEI layer. A second thin layer of poly(acrylic acid) (PAA, ~ 1.5 

nm) was then deposited via adsorption by incubation in aqueous solution of PAA. The dense 

network of ionic interactions between the polycationic PEI and the polyanionic PAA ensures the 

adhesion of the layers, making covalent crosslinking superfluous. Owing to their high charge 

density, the PEI and PAA bilayers serve as ideal substrates for adsorbing an antibacterial payload: 

accordingly, daptomycin (anionic, pI = 3.8) was loaded onto PEI / silicon wafers, whereas cationic 

polymyxin B, KRRWRIWLV-NH2, bacitracin, PAEMA, and P(NIPAM-co-AEMA-co-GUMA) 

(56:2:42), were loaded onto PAA / PEI / silicon wafer. 

 The surface coating and antibacterial functionalization were monitored via contact angle 

measurements, ellipsometry, and ToF-SIMS (Figure 2.4). Both PEI and PAA layers were very 

thin, since the repulsion among PEI chains or PAA chains enables removing the polymer chains 

that are not strongly anchored by electrostatic binding during the copious rinsing conducted after 

deposition. The values of contact angle of PEI and PAA layers align with the values reported in 

the literature.54,55 We note that daptomycin and bacitracin also created thin layers ï 0.7 nm and 1.1 

nm, respectively ï indicating the formation of a monomolecular layer of agent. Conversely, 

polymyxin B, KRRWRIWLV-NH2, PAEMA, and P(NIPAM-co-AEMA-co-GUMA) formed a 

thick layer. Among these AMPs, polymyxin B, in particular, has been reported to form self-

assembled or supra-molecular structures with polyanionic polymers, resulting in nanoparticle-like 

structures.56 The ToF-SIMS analysis of the polymyxin B-loaded substrates, however, indicated 
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that the chemical composition of both the PAA / PEI / silicon wafer and the AMP-loaded surface 

is uniform, thus excluding the presence of aggregates or particulates (Figures 2.4, S2.5 and S2.6). 

 
                                

Figure 2.3. Construction and antibacterial functionalization of PAA-PEI-silicon wafers. (A) 

A layer of PEI has initially  formed onto UV/O3-treated silicon wafers PEI deposition followed by 

annealing at 100 ęC; (B) a layer of PAA is formed onto PEI-coated silicon wafer via incubation in 

PAA solution; (C) adsorption of daptomycin on PEI/silicon wafers; adsorption of (D) polymyxin 

B, (E) bacitracin, (F) KRRWRIWLV-NH2, and (G) P(NIPAM-co-AEMA-co-GUMA) (H) onto 

PAA-PEI-silicon wafers. 
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Figure 2.4. (A) Values of thickness and contact angles following the adsorption of PEI, 

daptomycin, PAA, polymyxin B, bacitracin, KRRWRIWLV-NH2, P(NIPAM-co-AEMA-co-

GUMA), and PAEMA on silicon wafers. ToF-SIMS analysis of (B) PEI / silicon wafer before 

(bottom - red) and after (top - magenta) the adsorption of daptomycin; ToF-SIMS scans reporting 

the 2D distribution of (C and D) the 3 ammoniopropanoyl ion fragment (C3H8NO+, E), and (F and 

G) the 3 methylideneindol 1 ium ion fragment (C9H8N
+, H) characteristic of tryptophan on PEI / 

silicon wafer before and after adsorption of daptomycin. ToF-SIMS analysis of (I ) PAA / PEI / 

silicon wafer before (bottom - blue) and after (top - green) the adsorption of polymyxin B; ToF-

SIMS scans reporting the 2D distribution of (J and K ) the phenylmethyl ion fragment (C7H8
+, L ) 

characteristic of phenylalanine, and (M  and N) the (5-aminopentylidene)azanium ion fragment 

(C5H13N2
+, O) characteristic of lysine on PAA / PEI / silicon wafer before and after adsorption of 

polymyxin B.  
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2.3.3. Antibacterial activity of peptide- and polymer-coated 2D substrates 

Table 2.2. Logarithmic (log10) reduction values of microbial loading of E. coli and S. aureus cells 

contacted with the antibacterial substrates. 

 

The antibacterial performance of the antimicrobial substrates was tested against E. coli and 

S. aureus by conducting contact assays (Table 2.2). As anticipated, the peptides that presented a 

higher reduction of bacteria onto the functionalized silicon wafers ï namely, polymyxin B and 

daptomycin ï were those that showed the lowest values of microbial inhibitory concentration 

(MIC) based on microdilution assay (Table S.2.1). With the exception of polymyxin B, all AMPs 

showed insufficient antibacterial activity when covalently conjugated onto PMVEMA. Similar 

results were reported by Wu et al., who showed that peptide CP1C lost its antibacterial activity 

following surface immobilization but maintained it upon adsorption.57 The orientation of surface-

conjugated peptides is a critical factor determining their activity.58 In this study, the loss of 

antimicrobial power by the AMPs can be attributed to the unfavorable display onto PMVEMA. 

Moreover, the carboxylic groups produced by the hydrolysis of the anhydride moieties drive the 

Substrate 
S. aureus 

log10 reduction 
E. coli 

log10 reduction 

PET / silicon wafer No activity No activity 
TREN / PET / silicon wafer No activity No activity 

PMVEMA / TREN / PET / silicon wafer No activity No activity 
Daptomycin / PMVEMA / TREN / PET / silicon wafer 1.88 Not tested 

KRRWRIWLV-NH2 / PMVEMA / TREN / PET / silicon wafer No activity No activity 
P(NIPAM-co-AEMA-co-GUMA) / PMVEMA / TREN / PET / silicon wafer No activity 1.69 

PAEMA / PMVEMA / TREN / PET / silicon wafer No activity No activity 
Bacitracin / PMVEMA / TREN / PET / silicon wafer 1.34 Not tested 

Polymyxin B / PMVEMA / TREN / PET / silicon wafer Not tested > 5.01 
PEI / silicon wafer  No activity No activity 

PAA / PEI / silicon wafer No activity No activity 
  Daptomycin / PEI / silicon wafer > 5.12 Not tested 

Polymyxin B / PAA / PEI / silicon wafer Not tested > 5.01 
KRRWRIWLV-NH2 / PAA / PEI / silicon wafer 0.95 1.59 

PAEMA / PAA / PEI / silicon wafer No activity 1.14 
P(NIPAM-co-AEMA-co-GUMA) / PAA / PEI / silicon wafer No activity 0.46 

Bacitracin / PAA / PEI / silicon wafer 1.83 Not tested 
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adhesion of the conjugated AMPs onto the PMVEMA layer, further reducing their display. 

Conversely, the AMP-loaded substrates prepared via physical adsorption presented stronger 

antimicrobial activity. In particular, polymyxin B- and daptomycin-coated wafers cleared more 

than 99.999% of E. coli and S. aureus cells. Wafers coated with peptide KRRWRIWLV-NH2, and 

polymers PAEMA and P(NIPAM-co-AEMA-co-GUMA) showed a lower ï albeit still significant 

ï reduction of the bacterial load. The lower antimicrobial activity of these substrates may be 

attributed to the milder native potency of these AMPs compared to polymyxin B and daptomycin, 

and their stronger binding to the underlying PEI or PAA layer. Similar results were reported by 

Majhi and Mishha,59 who showed that the antibacterial activity of peptides decreases when coated 

on glass (negative charged) vs. polystyrene or stainless steel. 
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Figure 2.5. Confocal fluorescence microscopy images of 2D antimicrobial substrates following 

LIVE/DEAD BacLight bacterial viability assay using SYTOTM 9 (green, exc/em: 485/498 nm) and 

propidium iodide (red, exc/em: 535/617 nm): (A) PET /, (B) PEI / PET /, (C) PAA / PEI / PET /, 

and (D) polymyxin B / PAA / PEI / PET / silicon wafers were exposed to E. coli cells and stained 

with propidium iodide; (E) PET /, (F) PEI / PET /, (G) PAA / PEI / PET /, and (H) polymyxin B 

/ PAA / PEI / silicon wafers were exposed to E. coli cells and stained with SYTOTM 9; (I)  PET /, 

(J) PEI / PET /, and (K)  daptomycin / PEI / PET/ silicon wafers were exposed to S. aureus cells 

and stained with propidium iodide; (L)  PET /, (M)  PEI / PET /, and (N) daptomycin / PEI / PET / 

silicon wafers were exposed to S. aureus cells and stained with SYTOTM 9. Scale bar 50 µm. 

 

Having demonstrated the highest antibacterial performance upon contact assays, the 

substrates loaded with daptomycin and polymyxin B were further characterized to determine 

antibiofilm activity. To this end, PAA / PEI / silicon wafers loaded with polymyxin B were 
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incubated in culture media with E. coli (ATCC 25922) cells, which are known to form biofilms.60 

As shown in Figure 2.5, both PAA and PEI layers show a mild basal antimicrobial activity 

compared to PET-coated silicon wafers, although E. coli cells manage to form colonies thereupon. 

On the other hand, Polymyxin B-loaded substrates completely prevented cell adhesion even after 

3 days of incubation. Similar results were obtained using S. aureus (ATCC 25923) cells, also 

known to form biofilms:61 PEI / silicon wafers reduced, yet without eliminating, cell adhesion, 

whereas daptomycin-loaded substrates completely prevented the formation of S. aureus colonies 

(Figure 2.5K).  

 

2.3.4. Construction and analytical characterization of antibacterial nonwoven fibermats 

The methods introduced for coating silicon wafers were adapted to spun-bond PET NWFs. 

The fibers were first coated with PEI, and the second layer of PAA was formed on PEI / PET 

NWFs via dip coating in aqueous PEI. The analysis of the composite fabrics via X-ray 

photoelectron spectroscopy (XPS) confirmed the formation of PEI and PAA layers (Figure 2.6).62 

Specifically, PET NWFs shows no N signal, which appeared only after reaction with PEI; 

subsequent coating with PAA lowered the N signal. The modification of PET NWFs was further 

confirmed, albeit indirectly, by the increase in the loading capacity of AMPs (Figure 2.7). Unlike 

native PET, which has a low AMP loading capacity, the anionic outer layer of PAA / PEI / PET 

NWFs can load up to 1.1 ɛg of polymyxin B, a cationic AMP (Table S2.1), per mg of NWF. 

Coating with PEI increases the daptomycin loading capacity 5.5-fold, from 0.056 ɛg per mg of 

native PET to 0.297 ɛg per mg of PEI-coated fabric. 
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Figure 2.6. XPS analysis of unmodified, PEI-coated, and PAA / PEI / coated spun-bond PET 

NWFs. Expansion of binding energy regions characteristics of oxygen, nitrogen and carbon after 

functionalization of NWFs with PEI or PAA. 

  

Figure 2.7. Loading studies of AMPs on PET and PP NWFs. AMP loading capacity of PET 

NWFs coated with either PEI or PEI-PAA layers.   
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The antibacterial performance of native PET and modified PET NWFs was tested against 

E. coli and S. aureus by conducting contact assays over 3 hrs (Table 2.3). Notably, polymyxin B 

/ PAA / PEI / PET showed a minimum of 4.3 log10 reduction of E. coli, while daptomycin / PEI / 

PET displayed a 3.2 log10 reduction. The lower activity of daptomycin-coated fabrics with respect 

to polymyxin B-coated fabric may be attributed to the difference in AMP payload (0.3 µg 

Daptomycin per mg NWF vs. 1.14 µg per mg NWF). 

 

Table 2.3. Logarithmic (log10) reduction values of microbial loading measured with E. coli and S. 

aureus contacted with antibacterial NWFs. 

 

Substrate 
S. aureus 

log10 reduction 
E. coli 

log10 reduction 

PET No activity No activity 

PEI / PET No activity 0.05 

Daptomycin / PEI / PET 3.2 Not tested 

PAA / PEI / PET 0.2 No activity 

Polymyxin B / PAA / PEI / PET Not tested >4.3 

 

 

2.3.5. Fabrication of microgels for AMP loading and release 

As shown above, antimicrobial fabrics prepared by adsorbing AMPs on the apical layer of 

polymer coating the fabrics feature a range of AMP loading capacities, resulting in different values 

of bacterial load reduction against Gram-positive and Gram-negative organisms. To improve the 

consistency and potency of antimicrobial fabrics, we sought to employ hydrogel microparticles 

(microgels) as reservoirs for the loading and sustained release of AMPs. We anticipated that the 

load capacity and release kinetics, and yield of AMPs depend on the monomers' chemical 

composition and their copolymerization ratio. Accordingly, we resolved to utilize three monomers 
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ï namely, N-isopropylacrylamide (NIPAM), methacrylic acid (MAA ), and hydroxyethyl acrylate 

(HEA) ï combined at different ratios (Table 2.1) and crosslinked by bisacrylamide to form 

microgels of ~ 1 ɛm diameter. NIPAM is an amphiphilic monomer widely utilized to synthesize 

polymers with thermo-responsive phase behavior.63 Its primary amide bond promotes interaction 

with AMPs via hydrogen bonding. MAA  is a pH-responsive64 monomer used in commercial 

formulations for enteric coatings,65 whose anionic character (pKa ~ 4.565) is critical to ensure high 

AMP loading via long-range electrostatic interaction when the microgels are contacted with AMP 

solutions. Finally, HEA monomers, whose polarity is substantially lower than NIPAM, form 

hydrophobic bonds with AMPs and thus play a key role in reducing the kinetics of AMP release 

in aqueous environment (i.e., sustained release). The three monomers are non-toxic and are widely 

used in drug delivery, biosensing, enzyme immobilization, and eukaryotic cell and tissue 

engineering.66ï68 In this study, microgels were prepared by radical polymerization and initially 

characterized by ATR-IR (Figure S2.7) to verify the abundant presence of amide (NIPAM, peak 

at 1643 cm-1), carboxyl (MAA , 1705 cm-1), and ester (HEA, 1725 cm-1) groups.  

The values of ɕ-potential of the microgels are coherent with the nominal monomer ratio 

(Figure S2.8): decreasing the density of MAA  monomer lowers the negative charge. Even with 

MAA  absent, the HEA monomers impart some negative charge, due to the mild acidity of the OH 

groups. The same is noted when MAA  and HEA are combined; at fixed density of MAA , if the 

ratio of HEA has increased, a slight increase in negative charge is registered. Similarly, the values 

of ɕ-potential of the peptides in solutions at physiologic pH were coherent with the data of 

isoelectric point in the literature (Table S1): polymyxin B is cationic at all values of pH, bacitracin 

is cationic for pH 4 and 7, and anionic for pH 10.0; finally, daptomycin is anionic at all values of 

pH. Accordingly, polymyxin B and bacitracin loaded efficiently on the anionic microgels, owing 
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to the strong electrostatic interaction (Figures 2.8 and 2.9), reaching values as high as 95.2 ɛg of 

AMP per mg of microgels; conversely, microgels did not show detectable loading of daptomycin.  

The size of the microgels measured via dynamic light scattering (DLS, Figure S2.8) 

averaged well below 2 µm, suggesting that the particles can find easy access into the fiber network 

of NWFs and form a uniform coating on the surface of all the fibers. As anticipated, the 

hydrodynamic diameter of the microgels increased with the MAA  monomer ratio, due to the 

electrostatic repulsion between the anionic monomers displayed on the monomer chains. 

Furthermore, microgels constructed with low MAA  and high HEA ratios tend to present high size 

polydispersity (PDI), suggesting the HEA-driven formation of aggregates during and after 

polymerization. The microgels, imaged via TEM and confocal microscopy images (Figure S2.9), 

showed circular shape and a diameter of ~ 1 µm, in line with prior measurements.54 

 

Figure 2.8. Loading capacity of bacitracin in microgels. Loading studies of microgels based on 

formulations with different mol% of MAA , HEA, and NIPAM. 
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Figure 2.9. Loading and release studies of antibacterial peptide Polymyxin B on microgels 

composed of NIPAM, MAA , and 4 mol% bisacrylamide. Loading (A) in P(NIPAM-co-MAA ) 

mol% (96:0), (91:5), and (81:15) and release of polymyxin B at 37 ęC in artificial sweat based 

solution from P(NIPAM-co-MAA ) (B) (91:5) and (C) (81:15); the dotted curves represent the 

Korsmeyer-Peppas kinetic model utilized to fit the release data. 

 

As anticipated, the loading of bacitracin was primarily determined by the anionic character 

of the microgels. Introducing MAA  monomers in the polymer chain substantially increased 

bacitracin loading from <10 ɛg per mg of microgels to >50 ɛg per mg; further increasing the MAA  

monomer ratio to 30% 60% generated additional increments in AMP loading. The addition of HEA 

also promoted bacitracin loading, which reached its highest value at 0.1 mg of peptide per mg of 

microgels built with a nominal NIPAM:MAA :HEA monomer ratio of 6:60:30. Together with 

assisting bacitracin loading, HEA monomers play a key role in controlling its release kinetics: 

specifically, increasing the HEA density decreased the release rate, likely due to hydrogen bonding 

and between bacitracin and the HEA monomers (Figure 2.10). The release curves follow the 

Korsmeyer-Peppas kinetic equation (Table S3), consistently featuring a release exponent n < 0.5, 
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which denotes release via ordinary Fickian diffusion.69 We also note that the chromatographic 

analysis used to quantify the payload release showed no degradation of the peptides over the 20 

days of the study (Figure S2.10), thus indicating that the peptide is stably stored within the 

microgel-loaded fabrics. 

Sustained release over 3 weeks is ideal for antibacterial applications: the peptide is released 

at a sufficiently high amount to exert an effective antibacterial activity, yet without rapidly 

depleting the reservoir, thus maintaining the antimicrobial activity of the fabric constant for weeks; 

for comparison, most of the systems reported in the literature release the entirety of their AMP 

payload in just 24 hrs.70,71 This is the first hydrogel-based system to achieve a truly sustained 

release of small antibacterial peptides. 

The MAA  monomer ratio was also found to strongly determine the uptake and release of 

polymyxin B. Specifically, increasing the MAA  monomer ratio from 0% to 5% and 15% led to a 

growth of polymyxin B loading from 14.3 to 50.6 and 62.3 ɛg per mg of microgels. Notably, the 

introduction of HEA monomers was not necessary to achieve sustained release; the microgels 

constructed with 5% MAA , in fact, afforded a 70% release within 3 weeks, while their counterparts 

constructed with 15% MAA  released only 20% of their payload. 
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Figure 2.10. Release studies of bacitracin loaded in microgels with different mol% of NIPAM, 

MAA , and HEA at 37 ęC in artificial sweat-based solution. Microgel compositions pNIPAM-co-

MAA -co-HEA 81:15:0, 66:30:0, 36:60:0, 66:15:15, 51:30:15, 21:60:15, 51:15:30, 36:30:30, 

6:60:30; the dotted curves represent the Korsmeyer-Peppas kinetic model utilized to fit the release 

data. 

 

2.3.6. Integration of antibacterial polymer coatings and microgels with PET and PP NWFs 

2.3.6.1. Integration of antibacterial polymer or microgels with NWFs.  

We then sought to integrate the selected antimicrobial polymer coatings (i.e., PAEMA and 

P(NIPAM-co-AEMA-co-GUMA) with monomer ratio of 56:2:42) and microgels (i.e., P(NIPAM-

co-MAA -co-HEA) with monomer ratios of 6:60:30 and 81:15:0 for rapid and sustained release of 

bacitracin, respectively, and P(MAA -co-NIPAM) with monomer ratios of 5:91 for sustained 

release of polymyxin B) on commercial spun-bond NWFs. 
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The adhesion of the polymer coatings onto PP and PET fibers was achieved following the 

methods developed in Section 2.2.23. To anchor the microgels or antibacterial polymers stably 

onto the surface of the fibers, we introduced a photo-crosslinkable polymer, P(NIPAM-co-4-

benzoylphenyl-acrylamide), P(NIPAM-co-BPAM). When exposed to UV light, the benzophenone 

moieties displayed by P(NIPAM-co-BPAM) generate a radical that can react with the methylene 

carbons of PP/PET and the polymer chains forming the microgels, thus anchoring them to the 

surface of the fibers (Figure S2.11). The characterization of the polymer via 1H NMR confirmed 

a NIPAM:BPAM ratio of 99.3:0.7 (Figure S2.1G). The amount of microgels anchored on the 

fibers was controlled by repeating cycles of deposition and photo-crosslinking. 

SEM imaging documented the homogeneous coating of PP and PET fibers by polymer 

layers (Figure S2.12) and microgels (Figure S2.13 and S2.14). These results were corroborated 

by the gravimetric analysis of the composite fabrics (Table S2.4 and Figure S2.13D,H,L ). 

Specifically, the mass of the antimicrobial composite fabric increased steadily with the number of 

microgel depositions and crosslinking, growing up to 20% upon five application cycles. 

Accordingly, the antimicrobial loading grew with the microgel-to-NWF ratio, reaching values as 

high as 22.3 ɛg of bacitracin per mg of composite NWF and 5.3 ɛg of polymyxin B per mg of 

composite NWF (Figure 2.11). In line with peptide absorption in suspended microgels (Figure 

2.8), NWFs coated with P(NIPAM-co-MAA -co-HEA) (6:60:30) microgels loaded a higher 

amount of peptide compared to NWFs coated with P(NIPAM-co-MAA -co-HEA) (81:15:0) 

microgels. These values indicate that microgels provide a superior depot for AMP loading; for 

example, the polymyxin B payload was consistently ~5-fold higher than the amount of PEI / PAA 

polymer layer coating the fibers.  
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Figure 2.11. Loading studies of AMPs on PET and PP NWFs. Loading capacity of (A) bacitracin 

and (B) polymyxin B on PET (red bars) and PP (blue bars) NWFs upon several cycles (0, 1, 3, or 

5) of deposition and crosslinking of P(NIPAM-co-MAA -co-HEA) microgels to the fiber network. 

 

2.3.6.2. Antibacterial activity of AMP-loaded NWFs.  

The composite fabrics loaded with antimicrobial peptides and polymers were evaluated 

against E. coli and S. aureus cells suspended in artificial sweat via contact assay (residence time: 

3 hrs).43 As shown in Table 2.4, the selected NWFs coated with microgels loaded with bacitracin 

and polymyxin  B, as well as NWFs coated with layers of PAEMA or P(NIPAM-co-AEMA-co-

GUMA) afforded a >5 log reduction (i.e., less than 1 in 100,000 bacterial cells survived); similarly, 

to a commercial available antibacterial NWFs. Notably, the NWFs coated with native P(NIPAM-

co-MAA -co-HEA) and P(NIPAM-co-MAA ) microgels (i.e., no AMP payload) demonstrated a 

basal antimicrobial activity ï coherent with the known antibacterial properties of polymethacrylic 

acid72 ï affording a 100-fold reduction in bacterial cell density. This suggests that, even after the 

complete release of the AMP payload, the depleted composite fabrics maintain a robust 

antibacterial effect that prevents colonization by subsequent adventitious agents. 
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Table 2.4. Logarithmic (log10) reduction values of microbial loading measured with E. coli and S. 

aureus contacted with microgel-coated NWFs loaded with antimicrobial peptides. 

 

An essential property of antimicrobial fabrics for topical application is their 

biocompatibility with the hostôs integument (e.g., the patientôs skin). We, therefore, contacted 

samples of the composite AMP-loaded fabrics with human skin cells (i.e., normal human 

epidermal keratinocytes, HEKa) and determined their viability after 24 hrs of contact to simulate 

the extended topical application of the composite fabrics (Figure 2.12). While some of the 

composite fabrics, such as PAEMA / PP and P(NIPAM-co-AEMA-co-GUMA) / PET caused 

substantial damage to skin cells, most of the antimicrobial microgel-coated NWFs appeared to be 

rather benign. Notably, the viability of the cells in contact with functionalized fabrics (78 ï 83%) 

was higher than that of cells in contact with native PET and PP (71% and 68%, respectively) or 

commercial antimicrobial NWFs (31%). The reason may be found in the potential leaching of 

cytotoxic compounds from the native fibers. Recent studies have investigated the impact of 

compounds ï such as phthalates released by PET and polymerization initiators released by PP, 

PET, and PBT ï on mammalian cells.73,74 Conversely, the microgel-coated fabrics are likely to 

Substrate 
S. aureus 

log10 reduction 

E. coli 

log10 reduction 

Bacitracin / P(NIPAM-co-MAA -co-HEA) (6:60:30) / PET >5.53 Not tested 

P(NIPAM-co-MAA -co-HEA) / PET (6:60:30) 1.99 Not tested 

Bacitracin / P(NIPAM-co-MAA -co-HEA) (6:60:30) / PP >5.24 Not tested 

P(NIPAM-co-MAA -co-HEA) / PP (6:60:30) 1.62 Not tested 

Bacitracin / P(NIPAM-co-MAA ) (81:15) / PET >5.53 Not tested 

P(NIPAM-co-MAA ) / PET (81:15) 1.60 Not tested 

Bacitracin / P(NIPAM-co-MAA ) / PP (81:15) >5.24 Not tested 

P(NIPAM-co-MAA) / PP (81:15) 0.93 Not tested 

Polymyxin B / P(NIPAM-co-MAA ) (91:5) / PET Not tested >5.13 

P(NIPAM-co-MAA ) / PET (91:5) Not tested No activity 

Polymyxin B / P(NIPAM-co-MAA ) (91:5) / PP Not tested >5.29 

P(NIPAM-co-MAA) / PP (91:5) Not tested No activity 

 PAEMA / PET >5.54 >5.30 

PAEMA / PP >4.88 >5.40 

P(NIPAM-co-GUMA-co-AEMA) / PET >5.54 >5.30 

P(NIPAM-co-GUMA-co-AEMA) / PP >4.88 >5.40 

PP commercial antibacterial sample >5.24 >5.40 
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release less cytotoxic compounds because (i) the proposed process of antimicrobial modification 

may have removed those leachables and/or (ii)  the antimicrobial coating shields their release. 

Moreover, different HEKa cytocompatibility of nonwoven fabrics coated with peptide-loaded 

P(NIPAM-co-MAA -co-HEA) or P(NIPAM-co-MAA) microgels vs. nonwoven fabrics coated 

with a PAEMA or P(NIPAM-co-AEMA-coGUMA) layer, the reason may lay in the polycationic 

nature of PAEMA or P(NIPAM-co-AEMA-coGUMA). Polycationic polymers are indeed 

generally found to be skin irritants.75,76 Polymyxin B is a cationic biopolymer, but the amount 

loaded on the microgels is negligible compared to the amount of PAEMA or P(NIPAM-co-

AEMA-co-GUMA) coating the surface of the fibers. The commercial reference material 

formulation was not disclosed by the vendor because its composition is proprietary. 

 

Figure 2.12. Cytocompatibility study of antimicrobial and native PET and PP NWFs on normal 

human epidermal keratinocytes (HEKa). The values of cell viability are expressed with respect to 

HEKa cells. 
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2.4. Conclusions 

The prevalence of infections caused by resilient bacterial and fungal strains amongst 

healthcare and military workers calls for strong measures to fight pathogens and prevent their 

colonization. It stands to reason that effectively opposing ubiquitous bacteria requires a weaponry 

whose application can be equally widespread. We considered that nonwoven fabrics are an ideal 

candidate in this struggle, being present in virtually all disposable garments, beddings, and surgical 

masks and gowns. Furthermore, their chemical flexibility, high specific surface, and large porosity 

provide many routes for functionalizing their surface with antimicrobial coatings or converting 

their void volume in a depot releasing antimicrobial agents. The second key aspect in 

manufacturing antimicrobial fabrics is the affordable scalability of functionalization. We devised 

coating methods that rely on self-assembly ï either triggered by electrostatic interactions or 

efficient chemical reactions ï between free polymers and microgels fabricated with benign and 

widely available ingredients. The third and final main design parameter is the choice of bactericidal 

payload. In this study we selected antimicrobial peptides and polymers (AMPs) that are potent as 

well as safe and widely available. The adopted AMPs displayed either native characteristics (i.e., 

charge or hydrophobicity) or added features (i.e., derivatization of the sequence with a C-terminal 

lysine) that promoted conjugation at high surface density or absorption of a high payload. 

Collectively, these design choices afforded facile and reproducible manufacturing and excellent 

antimicrobial activity. We indeed consistently achieved (i) homogeneous surface distribution of 

AMPs conjugated to the fiber coatings, which is critical to prevent bacterial colonization over 

prolonged exposure; and (ii)  sustained release of the antibacterial payload over 3 weeks, which 

suffices to ensure protection in cases of prolonged exposure. Select antimicrobial NWFs afforded 

a remarkable reduction in cell density ï up to 100,000-fold ï for both S. aureus and E. coli, the 
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most widespread and resilient pathogens in clinical settings. The values of bacterial reduction 

observed in this work are comparable or better to those provided by most commercial antimicrobial 

fabrics. Complementing the sustained release, the proposed NWFs demonstrated - together with 

potent bactericidal activity ï robust biocompatibility when contacted with human skin cells. These 

results warrant future evaluation of these materials by (i) expanding the spectrum of model 

pathogens towards other bacterial, such as Bacillus and Clostridium,77 as well as fungal genera, 

such as Candida and Aspergillus; (ii)  attempting contact with higher bacterial loads; (iii)  

evaluating the activity of the antimicrobial NWFs under extended storage in non-ideal conditions, 

such as high temperature and moisture; and (iv) evaluating, and mitigating as needed, the potential 

reduction of beneficial bacteria on the surface of skin. 
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2.6. Supplementary Information 

2.6.1. S1.1 NMR spectra of antimicrobial polymers. 

The 1H NMR spectra of P(NIPAM-co-AEMA-co-GUMA) polymers were acquired to 

determine the actual monomer ratio (Figure S2.1). 
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Figure S2.1. 1H-NRM spectrum of (A) PAEMA; (B) P(GUMA-co-AEMA) (98:2); P(NIPAM-

co-AEMA-co-GUMA) with NIPAM:AEMA:GUMA ratios of (C) (81:19:0), (D) (81:4:15), (E) 

(56:44:0), (F) 56:2:42, and (G) P(NIPAM-co-4-acrylamidobenzophenone). The ratio between 

the areas of the peaks corresponding to the aromatic hydrogens of BPAM (7.76, 7.58, and 7.48 

ppm) and the methylene hydrogen of NIPAM (3.99 ppm) indicated a NIPAM:BPAM ratio of 

99.3:0.7. 
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2.6.2. Properties and activity of antibacterial peptides and polymers (AMP) against E. coli 

and S. aureus.  

In this work, eight peptides ï namely, polymyxin B, bacitracin, daptomycin, poly-lysine, 

KRRWRIWLV-NH2, R4W4, Ac-R4W4-NH2, and R4W4-NH2 ï and six synthetic polymers ï 

namely, P(NIPAM-co-AEMA), and P(NIPAM-co-AEMA-co-GUMA) with different 

AEMA:GUMA ratios were tested against E. coli and S. aureus. These AMPs were selected to 

target Gram-negative and Gram-positive bacteria either specifically or broadly, owing to their 

relevance as infectious agents in the medical and food industry sectors. The physicochemical 

properties of antibacterial peptides ï namely, molecular weight and isoelectric point ï are listed in 

Table S2.1. The antibacterial activity of the peptides was quantified in terms of minimal inhibitory 

concentration (MIC) following the established Broth Microdilution Antibacterial (BMA) assay.37 

The resultant values, listed in Table S2.1, demonstrate the potency and selectivity of natural 

peptides compared to their synthetic counterparts, with the sole exception of KRRWRIWLV-NH2, 

which performed well against E. coli. Conversely, peptides R4W4-NH2, R4W4 and Ac-R4W4K-

NH2 showed poor antibacterial activity and were abandoned.
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Table S2.1. Physicochemical properties of antibacterial peptides and their MIC values determined via broth microdilution assay. 1 

 2 

Peptide Molecular 

weight 

(g/mol) 

Isoelectric 

point 

ɕ-potential  MIC (µg/mL) 

E. coli 

(ATCC 8739) 

MIC (µg/mL) 

S. aureus 

(ATCC 6538P) 
pH 4 pH 7 pH 10   

Polymyxin B 1,203.477 - 18.8 ± 0.9 13.1 ± 0.5 6.0 ± 0.7 1 >64 

Daptomycin 1,619.709 3.8 -43.5 ± 1.5 -51.7 ± 1.9 -56.6 ± 2.6 >64 2 

Bacitracin 1,408.67 8.8 10.0 ± 0.6 6.9 ± 1.0 -28.7 ± 2.5 >64 4 

Poly-lysine 30,000-70,000 8.9    50 50 

KRRWRIWLV-

NH2 

1311.63 12.8    4 32 

R4W4-NH2 1386.62 13.0    32 16 

R4W4 1387.6 13.0    32 32 

Ac-R4W4K-NH2 1428.66 13.0    32 32 
Note: Ac-, acetylated N-terminus; -NH2, amidated C-terminus; R: arginine; W: tryptophan; K: lysine; I: isoleucine; V: valine; and L: leucine.  3 
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The contact assay was repeated for the synthetic polymers P(NIPAM-co-AEMA-co-

GUMA) with varying monomer ratios. Polymers PAEMA and P(NIPAM-co-AEMA-co-GUMA) 

(56:2:42) showed the highest activity against both E. coli and S. aureus and were therefore adopted 

to build antimicrobial coatings on the surface of fibers in PP and PET NWFs. 

 

Table S1.2. MIC values of antibacterial polymers determined via broth microdilution assay. 

Polymer 
MIC (µg/mL) 

E. coli (ATCC 8739) 
MIC (µg/mL) 

S. aureus (ATCC 6538P) 

37 ɕC RT 37 ɕC RT 

P(NIPAM-co-AEMA) (81.0:19.0) >1280 >1280 16 128 

P(NIPAM-co-AEMA-co-GUMA) (81.0:4.0:15.0) >1280 >1280 16 64 

P(NIPAM-co-AEMA) (56:44) >1280 >1280 16 16 

P(NIPAM-co-AEMA-co-GUMA) (56:2:42) 80 80 32 32 

PAEMA 160 160 16 16 

P(AEMA-co-GUMA) (3:97) 160 160 32 32 

Note: RT: room temperature. 
 

 

2.6.3. Characterization of functionalized 2D PET substrates via ToF-SIMS.  

The surface functionalization of PET with either EDA or TREN was assessed via ToF-

SIMS, in particular focusing on the signature ion fragments of amides (CNO-) and amines (NH4
+). 

Higher amount of NH4
+ fragments were found in 2D substrates functionalized with TREN as 

compared to EDA, which is consistent with the display of 2 primary amine groups by TREN (note: 

the third primary amine is covalently bound to PET via amide bond) vs. 1 free primary amine 

group displayed by EDA (Figure S2.2). Accordingly, all subsequent steps of surface modification 

were performed with TREN-functionalized PET-coated silicon wafers. 
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Figure S2.2. Intensity of (A) NH4
+ and (B) CNO- fragment ions measured on native and EDA or 

TREN / PET / silicon wafer or EDA; the values were normalized against the intensity values 

measured on TREN / PET / silicon wafer. Intensities were normalized with respect to TREN 

signals. 

 

The coating homogeneity of silicon wafers with PET, PMVEMA / TREN / PET, bacitracin 

/ PMVEMA / TREN / PET, polymyxin B / PMVEMA / TREN / PET, KRRWRIWLV-NH2 / 

PMVEMA / TREN / PET, PAEMA / PMVEMA / TREN / PET, P(NIPAM-co-AEMA-co-GUMA) 

/ PMVEMA / TREN / PET (56:2:42) was assessed via ToF-SIMS in scanning mode (Figures S2.3 

and S2.4). 
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Figure S2.3. Positive ToF-SIMS mass spectra of (A) polymyxin B on PMVEMA / TREN / PET / 

silicon wafer; (B) bacitracin on on PMVEMA / TREN / PET / silicon wafer; (C) daptomycin on 
PMVEMA / TREN / PET / silicon wafer; (D) KRRWRIWLV-NH2 on PMVEMA / TREN / PET / 

silicon wafer; (E) P(NIPAM-co-GUMA-co-AEMA)  on PMVEMA / TREN / PET / silicon wafer; 
(F) PAEMA on PMVEMA / TREN / PET / silicon wafer; (G) PMVEMA / TREN / PET / silicon 

wafer; and (H) PET / silicon wafer. 
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Figure S2.4. Scanning ToF-SIMS images of C5N2O2
+ fragment on (A) polymyxin B on PMVEMA 

/ TREN / PET / silicon wafer and (B) PMVEMA / TREN / PET / silicon wafer; C9H8N
+ fragment 

on (C) daptomycin on PMVEMA / TREN / PET / silicon wafer and (D) PMVEMA / TREN / PET 

/ silicon wafer; C5H10N2O2
+ fragment on (E) KRRWRIWLV-NH2 on PMVEMA / TREN / PET / 

silicon wafer and (F) PMVEMA / TREN / PET / silicon wafer; C4H10N2
+ fragment on (G) PAEMA 

on PMVEMA / TREN / PET / silicon wafer and (H) PMVEMA / TREN / PET / silicon wafer; 

C9H19N2O
+ fragment on (I)  P(NIPAM-co-GUMA-co-AEMA) on PMVEMA / TREN / PET / 

silicon wafer and (J) PMVEMA / TREN / PET / silicon wafer; and C4H12N2O2
+ fragment on (K)  

bacitracin on PMVEMA / TREN / PET / silicon wafer and (L)  PMVEMA / TREN / PET / silicon 

wafer. 

 

ToF-SIMS analysis for adsorption of layers PEI, PAA, and loaded with either daptomycin, 

polymyxin B, KRRWRIWLV-NH2, P(NIPAM-co-AEMA-co-GUMA), or PAEMA- are shown in 

Figures S2.5 and S2.6. 
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Figure S2.5. Positive ToF-SIMS mass spectra of (A) Bacitracin loaded on PAA / PEI / silicon 

wafer; (B) PAEMA loaded on PAA / PEI / silicon wafer; (C) P(NIPAM-co-AEMA-co-GUMA) 

loaded on PAA / PEI / silicon wafer; (D) Polymyxin B loaded on PAA / PEI / silicon wafer; (E) 

KRRWRIWLV-NH2 loaded on PAA / PEI / silicon wafer; (F) PAA / PEI / silicon wafer; (G) 

Daptomycin loaded on PEI / silicon wafer; (H) PEI / silicon wafer. 
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Figure S2.6. Scanning ToF-SIMS images of C9N8N
+ fragment on (A) KRRWRIWLV-NH2 loaded 

on PAA / PEI / silicon wafer and (B) PAA / PEI / silicon wafer; C4H10N2
+ fragment on (C) PAEMA 

loaded on PAA / PEI / silicon wafer and (D) PAA / PEI / silicon wafer; C9H19N2O
+ fragment on 

(E) P(NIPAM-co-AEMA-co-GUMA) loaded on PAA / PEI / silicon wafer and (F) PAA / PEI / 

silicon wafer; C6H10N3O2
+ fragment on (G) Bacitracin loaded on PAA / PEI / silicon wafer and 

(H) PAA / PEI / silicon wafer. 
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Figure S2.7. ATR-IR analysis of microgels P(NIPAM-co-MAA -co-HEA) with (A) (36:60:0); (B) 

(66:30:0); (C) (81:15:0); (D) (91:5:0); (E) (96:0:0); (F) (21:60:15); (G) (51:30:15); (H) 

(66:15:15); (I ) (81:0:15); (J) (6:60:30); (K ) (36:30:30); (L ) (51:15:30); (M ) (60:0:30) monomer 

ratios. Peak Assigment at: 1712 cm-1 MAA  (O-C=O), 1640 cm-1 NIPAM (N-C=O), 1545 cm-1 

MAA  (N-H), 1515 cm-1 MAA  (N-H), 1460 cm-1 all components (C-H), 1261 cm-1 MAA  and HEA 

(C-O), 1172 cm-1 MAA  and HEA (C-O), and 1080 cm-1 HEA (O-C-C). 
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Figure S2.8. DLS analysis of microgels in water. Values of PDI, size, and ɕ-potential of microgels 

composed of monomers NIPAM, MAA , HEA, and 4% bisacrylamide as crosslinker. 
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Figure S2.9. Images of PNIPAM-based microgels. (A) Trasmission Electron Microscopy image 

of P(NIPAM-co-MAA ) microgles (PNIPAM:MAA = 36:60). (B) Confocal microscopy images of 

fluorescein-stained P(NIPAM-co-MAA ) microgels (PNIPAM:MAA = 36:60); scale bars: 10 µm 

(red) and 40 µm (blue).  

 
 

 

Figure S2.10. Chromatographic analysis of the aqueous supernatant containing Bacitracin 

released from P(NIPAM-co-MAA ) microgels (PNIPAM:MAA :HEA = 36:30:30). The 

supernatants collected after 0.5 hrs (red) and 20 days (blue) were analyzed via reverse phase 

chromatography using a Gemini 5 µm NX-C18 (100 x 4.6 mm) column installed on a Waters 2695 

HPLC system by running an isocratic solution of 25:25:50 methanol:acetonitrile:aqueous KH2PO4 

at 0.05 M and pH 6.0, while continuously monitoring the UV absorbance of the effluent at 254 

nm. 
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Table S2.3. Values of release rate constant (K) and release exponent (n) for release of bacitracin 

and polymyxin B from microgels according to the Korsmeyer-Peppas kinetic model (Equation 1). 

Nominal monomer ratio 
PNIPAm:MAA:HEA* 

Bacitracin Polymyxin B 

K n K n 

91:5:0   0.331 0.274 
81:15:0 0.713 0.163 0.148 0.183 
66:30:0 0.608 0.225   
36:60:0 0.507 0.204   
36:60:0 0.695 0.180   
51:30:15 0.519 0.251   
21:60:15 0.365 0.158   
51:15:30 0.486 0.173   
36:30:30 0.502 0.183   
6:60:30 0.267 0.278   

 
 

 

Figure S2.11. Antimicrobial functionalization of NWFs using AMP-loaded microgels: (A) PP 

and PET NWFs are (B) incubated with microgels mixed with P(NIPAM-co-BPAM) (C) and 

photo-crosslinked on their fibers upon exposure to UV light; (D) AMPs are subsequently absorbed 

into the microgels; (E) sustained release of AMPs from the microgels exert the antibacterial 

activity of the composite NWFs. 
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Figure S1.12. SEM analysis of PET and PP NWFs modified with AMP coatings. Images of 

spun-bond PET and PP (A and D) before and after modification with (B and E) PAEMA or (C 

and F) P(NIPAM-co-GUMA-co-AEMA) (56:2:42) photo-crosslinked to the PET or PP fibers 

using P(NIPAM-co-4-benzoylphenyl-acrylamide). Scale: 200 µm (blue) and 50 µm (red).  

 

Table S2.4. Mass increase of PET and PP NWFs after one cycle of antibacterial polymer 

crosslinking. 

Substrate Mass increase 

PAEMA / PET 3.2% ± 0.8% 

P(NIPAM-co-AEMA-co-GUMA) / PET 2.8% ± 0.8% 

PAEMA / PP 3.4% ± 1.0% 

P(NIPAM-co-AEMA-co-GUMA) / PP 2.6% ± 0.3% 
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Figure S2.13. PET NWFs functionalization with microgels. SEM images of spun-bond PET 

modified with PNIPAM-co-MAA -co-HEA microgels constructed with PNIPAM:MAA :HEA 

monomer ratios of (A-C) 91:5:0 (top row), (E-G) 81:15:0 (middle row), or (I -K)  6:60:30 (bottom 

row), and crosslinked on the PET fibers using PNIPAM-co-BPAM under UV light after (A, E, 

and I) 1, (B, F, and J) 3, and (C, G, and K) 5 cycles of application. Scale: 200 µm (blue) and 2 

µm (red).  Gravimetric analysis (D, H, and L) of PET NWFs after crosslinking of microgels. 
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Figure S2.14. SEM images and gravimetric analysis of spun-bond PP modified with 1,3, and 5 

cycles of application of P(NIPAM-co-MAA -co-HEA) polymers with different 

P(NIPAM:MAA :HEA) ratio (A-D) (91:5:0), (E-H) (81:15:0), or (I -L)  (6:60:30) and photo-

crosslinking with P(NIPAM-co-4-benzoylphenyl-acrylamide) under UV light (scale: 200 µm). 
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CHAPTER 3: A continuous process for encapsulation of bacteriophage Felix 01 

By Eduardo Barbieri, Kelly Nguyen, Gina N. Mollica, Nathan Crook, Jan Genzer, Saad Khan, 

Paul Hamilton, Kirill Efimenko, and Stefano Menegatti 

  

Abstract 

Bacteriophages are viruses that have gained more attention recently with the increase in 

the number of antimicrobial resistance cases (AMR) parallel to a limited number of novel 

antibiotics. Unique characteristics, such as high host specificity, ability to self-replicate during 

infection, and large diversity make bacteriophages an ideal therapeutic to treat bacterial infections.  

However, bacteriophage stability in solid formulations and at acidic pH are still bottlenecks that 

need to be addressed for clinical implementation of phage therapy. Seeking to improve 

bacteriophage formulations, we developed a continuous process using mucin and guar gum for 

encapsulation of bacteriophage Felix 01 by precipitation in acetone. Selected formulation yield 

particles around 300 nm in diameter, lower polydispersity, and encapsulation efficacy higher than 

90%. Mucin/guar gum encapsulation of Felix 01 was confirmed by fluorescent labeling 

compounds and imaging by confocal microscopy. Particles composed of mucin/guar gum (10:1 

m/m) guaranteed viable phage even after exposure to pH 2.0 for 30 minutes and 90 minutes at pH 

3.5. In terms of temperature protection, less than 1.5-log reduction was observed after storage of 

encapsulated bacteriophages at 40 ºC for 4 weeks with no significant reduction in titer when stored 

at 4 ºC during same period.  
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3.1. Introduction.  

Antimicrobial resistance (AMR) has emerged as a global problem leading to 35,000 deaths 

per year just in the USA and 1.27 million worldwide.1,2 Concomitantly, investments in new 

antimicrobial treatments represented less than 5% of venture capital applied in research and 

development by pharmaceutical companies.3 Before lack of investments, a complex issue as AMR 

requires multiply approaches that extend above traditional available therapeutics. An available tool 

to flight AMR is bacteriophages, viruses initially applied to treat bacterial infections in the begging 

of last century, but lost space with the development of antibiotics.4 With the growth of AMR and 

requirement of therapeutics that target just pathogenic strains of bacteria, bacteriophages have 

attracted more attention in the last few years.5,6 Leading to the creation of Locus Biosciences a 

company specialized on bacteriophages in 2015 and first FDA approval of a phage clinical trial in 

humans in 2019.7,8 

Bacteriophages are an abundant group of viruses with approximately 1031 particles on 

Earth.9 They are extremely specific viruses able to distinguish even bacterial subspecies, 

presenting minimal negative effect on microbiomes that are beneficial for humans.10,11  Moreover, 

phage therapy present potential for fewer doses as bacteriophage infection events will lead to 

propagation of viruses, cell lysis and infection of other bacterial cells. Felix 01 is a non-enveloped 

tailed bacteriophage composed of a 73 nm in diameter icosahedral head and 117 nm total length 

from head to end of contractile tail.12 Salmonella is the natural host for Felix 01 that infects both 

non-typhoidal Salmonella enterica and Salmonella Typhimurium predominantly found in clinical 

hospitalizations.13 

Salmonella is estimated to cause 93.8 million cases of gastroenteritis worldwide every year 

leading to 155,000 deaths.14 Salmonella infections typically target the mucosa of small and large 
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intestine tissues producing toxins that aggravate to diarrhea, fever, and in more grave cases 

ulceration and destruction of the mucosa.15   Currently, Salmonella infections are treated with 

antibiotics fluoroquinolone, third-generation cephalosporins and azithromycin.16 However, 

multidrug resistance have already being reported for these antibiotics limiting treatments and 

potential death.16 

Different studies have confirmed clinical relevance of bacteriophages to treat 

Pseudomonas aeruginosa, Staphylococcus aureus, and E. coli infections.17ï20 However, these 

initial clinical studies administer bacteriophages in liquid buffer with limited stability, shelf-life 

and scalability.21 Before reaching intestine, oral delivery of phage therapy needs to pass through 

the stomach, surviving acidic pH. Specifically for Felix 01, Vinner et al.22 applied spray-drying 

technique for bacteriophage encapsulation using methyl methacrylate-co-methacrylic acid 

formulated with trehalose. On another study, Ma et al.23 studied Felix 01 encapsulation using 

chitosan-coated Ca-alginate microspheres. Although both studies present improvement on 

bacteriophage stability and delivery, there is still the need for scalable and more precision on 

particle formation processes. 

Mucin is a high molecular weight and high glycosylated protein with low isoelectric point 

(2.0-2.5) present in mucosal epithelia.24 Mucin has been reported as a facilitator agent to 

bacteriophage and host bacteria interactions as well as used for oral delivery of insulin.25,26 

However, for the best of our knowledge mucin has not been reported as an encapsulation agent for 

bacteriophages. Another agent for drug release, guar gum is a non-ionic polysaccharide stable at a 

pH range from 1-10.26,27 Burker et al.28 showed guar gum ability to resist low pH and degrade in 

colonic environment. 
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In seeking improvement of oral delivery strategies for bacteriophage therapy, we 

developed a continuous and scalable process for Felix 01 encapsulation using mucin and guar gum. 

By combining both agents we aimed to create particles with pH and temperature stability, to treat 

Salmonella infections in the intestine and prolonged shelf life of bacteriophage therapeutics. 

 

3.2. Material and methods 

3.2.1. Materials 

Mucin from porcine stomach, guar gum, magnesium chloride hexahydrate (MgCl2.6H2O), 

calcium chloride dihydrate (CaCl2.2H2O), porcine bile extract, 100 kDa Amicon Ultra-15 

centrifugal filter were purchased from MilliporeSigma (Burlington, MA). Acetone, 

tris(hydroxymethyl)aminomethane (Tris.HCl) and sodium chloride (NaCl) were obtained from 

Fisher Scientific (Waltham, MA). Salmonella enterica (LT2) were acquired from The American 

Type Culture Collection (ATCC 700720). Bacteriophage Felix 01 was kindly donated by the Plant 

and Microbial Biology Department at NCSU. Fluorescent dyes NHS-rhodamine B, SYTO-13, and 

dye removal columns were obtained from ThermoFisher (Waltham, MA). Peptone, yeast extract 

and granulated agar were obtained from Genesee Scientific (San Diego, CA). 

 

3.2.2. Propagation of bacteriophage Felix 01 

LT2 cells were grown in Luria-Bertani (LB) broth supplemented with 0.2% m/m glucose 

and 5 mM CaCl2.2H2O at 37 ºC and 200 rpm until OD600nm higher than 0.8 (~4-5 hours). 

Bacteriophage Felix 01 was added to LT2 cells at multiplicity of infection (MOI) of 0.01 and 

incubated at 37 ºC. After 10 minutes, 0.5 mL of bacterial cells combined with bacteriophages was 

added to 50 mL of fresh LB broth media and incubated at 37 ºC at 100 rpm for 6 hours or until 

OD600nm was lower than 0.1. Cell debris were removed by centrifugation at 4000xg for 30 minutes 
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followed by 0.2 µm filtration using PES filters (ThermoFisher, Waltham, MA). Final titers were 

typically ~ 109 pfu/mL and further concentration and buffer exchange to phage buffer (50 mM 

Tris, 2 mM CaCl2, 10 mM MgSO4, 10 mM NaCl, pH 7.5) was achieved using 100 kDa Amicon 

centrifugal filters (Millipore Sigma, MA).  

 

3.2.3. Encapsulation procedure 

In separated scintillation vials mucin at 40 mg/mL and guar gum at 4 mg/mL were 

solubilized in phage buffer overnight at 50 ºC. Equal volumes of mucin and/or guar gum were 

combined with bacteriophages at 1010 pfu/mL. Particles were prepared by precipitation in acetone 

using the system described in Figure 3.1. Solution composed of bacteriophage, mucin and guar 

gum was added to reactor at 100 µL/min and acetone at 16 mL/min. Simultaneously particle 

suspension was removed from reactor also at 16 mL/min. Particles were collected by 

centrifugation at 10,000 xg for 30 minutes and remaining solvent removed by freeze-drying. 

Samples were stored at 4 ºC until further use. Encapsulation efficacy was calculated by measuring 

bacteriophage concentration in initial stock and in acetone supernatant after centrifugation. 
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3.2.4. Dynamic light  scattering analysis. 

Particles in acetone were analyzed by dynamic light scattering (DLS) using a Malvern 

Nano ZSP instrument (Malvern, UK). Samples were placed in a glass cuvette and analyzed at room 

temperature.  

 

3.2.5. Plaque assay 

LT2 cells were grown in LB media, 37 ºC and 200 rpm. After 4 hours, 50 µL of bacteria 

suspension was added to 3 mL of melted LB top agar (7 g of agar/L) and dispensed on LB agar 

plates (15 g of agar/L). Bacteriophage samples were 10-fold serial diluted in phage buffer and 10 

µL of each dilution was pipetted on bacterial layer and incubated at 37 ºC. On next day, number 

of plaques were visually counted. 

 

Figure 3.1. Schematic diagram of encapsulation step-up used for bacteriophage encapsulation. 

Under constant stirring, acetone and a solution of bacteriophage with mucin and guar gum were 

continually added to a glass reactor. Simultaneously, particle suspension was continuously 

collected from reactor at same rate as acetone was added.   
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3.2.6. Confocal microscopy images 

A mixture composed of mucin and guar gum were prepared in 100 mM carbonate buffer 

pH 9.0 at 20 mg/mL and 2 mg/mL, respectively. Fluorescent labeling was conducted by combining 

0.5 mL of mucin/guar gum mixture with 3 µL of NHS-rhodamine B at 10 mg/mL in DMSO and 

incubation for 1 hour at room temperature and gently mixing. Felix 01 stocks in phage buffer were 

labeled by adding 1 µL of 5 mM Syto 13 in dimethyl sulfoxide (DMSO) to 0.2 mL of bacteriophage 

solution and 1 hour incubation also at room temperature and gently mixing. Excess dyes were 

removed by dye removal columns (ThermoFisher, MA) according to manufacturerôs instructions. 

Encapsulation procedure was the same as described in section 3.2.3. Particles were imaged using 

a Zeiss LSM 880 confocal microscope (Carl Zeiss, Thornwood, NY). 

 

3.2.7. Transmission Electron Microscopy imaging 

TEM grids were placed on a drop of bacteriophage samples for one minute, followed by 

exposure to uranyless solution for 1 minute and lead citrate for 10 seconds. Samples were air dried 

and imaged on a Talos F200X G2 (ThermoFisher, MA). 

 

3.2.8. Stability assays  

3.2.8.1. Simulated gastric fluid (SGF) 

Freeze-dried encapsulated bacteriophages were exposed to 1 mL of simulated gastric fluid 

composed of 2 g/L of NaCl and 3.2 mg/mL of pepsin at pH 2.0, 2.5, 3.5, and PBS. After 5, 30, 60, 

and 90 minutes, 50 µL aliquots were collected and neutralized with phage buffer. Bacteriophages 

were quantified by plaque assay. 
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3.2.8.2. Bile salts 

A solution 2% (wt/vol) porcine bile extract solution was added to bacteriophages and 

incubated for 1 hour and 3 hours at 37 ºC. Samples were neutralized and serial diluted with phage 

buffer before plaque assay. 

 

3.3. Results 

3.3.1. Study of different mucin/guar gum formulation for Felix 01 encapsulation 

Advance of bacteriophage as a therapeutic to treat bacterial infections is limited by the use 

of liquid formulation with short shelf life and few delivery routes to patients.29ï31 Specifically for 

oral delivery, many authors investigated the use of alginate for protection of bacteriophages at 

acidic pH by producing microspheres via precipitation in calcium carbonate aqueous solution.23,32 

However, this approach presents limitations on particle uniformity, poor water resistance and 

unstable in the presence of calcium chelators.33 Therefore, we investigated the use of mucin and 

guar gum as a new combination for encapsulation of bacteriophage Felix 01. Mucin is a high 

glycosylated protein that presents an isoelectric point (pI) ranging from 2.00 to 2.55 while guar 

gum non-ionic and uncharged structure present stability to pH as low as 1.0.24,27 Therefore, 

presenting potential for enteric coating applications. 

Initially, we investigated the effect of mucin to guar gum mass ratio on particle formation 

with or without bacteriophage Felix 01. Particles were produced by precipitation of aqueous 

mixture of these polymers in acetone with continuous supply of fresh acetone and removal of 

particle suspension. Overview of encapsulation process is represented in Figure 3.1. Formulations 

composed of mucin/guar gum mass ratio higher or equal to 10 yielded uniform particles 

(polydispersity < 0.2) and approximate 300 nm in hydrodynamic diameter (Table 3.1). Moreover, 

when bacteriophage Felix 01 was added to formulations particles presented a slight increase in 
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hydrodynamic diameter. In terms of charge, particles presented negative charge corroborating with 

the presence of mucin with a zeta potential reported in the literature of ï 5 mV.34  

For all formulation, bacteriophage encapsulation efficacy was higher than 90% proving 

overall feasibility of system for encapsulation and centrifugation for recovery of particles (Table 

3.2). To determine optimal ratio of mucin/guar gum for bacteriophage protection against acid pH, 

we exposure particles to simulated gastric acid at pH 2.5 for 30 minutes. Results are shown in 

Table 3.2. Bare Felix 01 did not show resistance to acid pH as well as when encapsulated with 

just mucin. Poor stability when encapsulated with only mucin may be related to proximity to its 

pI. On the other hand, increasing the amount of guar gum improved stability indicating symbiotic 

effect of mucin and guar on phage encapsulation for acidic pH protection. Considering particle 

size, polydispersity, and resistance to acidic pH we decided to further investigate 10:1 mucin to 

guar gum mass ratio for Felix 01 encapsulation. 

Table 3.1. Different formulations of mucin and guar gum were tested for encapsulation of 

bacteriophage. Particle size and zeta potential were determined by DLS analysis. 

Mucin:Guar gum (m/m) ratio  Dh (nm) PDI Zeta potential 

(mV) 

1:0 no phage 259.8 0.207 -7.89 

1:0 with phage 257.7 0.153 -6.13 

1000:1 no phage 271.8 0.239 -7.07 

1000:1 w/ phage 315.0 0.243 -6.30 

100:1 no phage 260.0 0.234 -7.01 

100:1 with phage 297.2 0.187 -7.23 

10:1 no phage 234.3 0.175 -7.70 

10:1 with phage 298.6 0.171 -6.81 

1:1 no phage 963.2 > 0.400 -7.91 

1:1 with phage 986.5 > 0.400 -7.43 

0:1 no phage > 1000 > 0.400 Not measured 

0:1 with phage > 1000 > 0.400 Not measured 
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Table 3.2. Values of bacteriophage encapsulation efficacy determined by mass balance and initial 

evaluation of stability at pH 2.5 with 30 minutes contact time.  

Mucin:Guar gum (m/m) 

ratio  

Encapsulation efficiency 

(%)  

Titer LRV at pH 2.5 – 30 

min 

1:0 94.9 > 4 

1000:1 93.3 4 

100:1 91.7 3 

10:1 92.3 0.3 

0:1 95.8 2 

Just Felix 01 N/A > 4 

 

3.3.2. Particle morphology studies 

To confirm, mucin/guar gum encapsulation of bacteriophage, we fluorescent labeled 

bacteriophages with SYTO 13 (green) and guar gum/mucin with rhodamine B (red). Particles were 

generated using the same procedure shown in Figure 3.1. By confocal microscopy imaging, we 

observe superposition of green and red dots on top image and presence of a red ring around green 

center in individual particle image (Figure 3.2). Therefore, confocal microscopy corroborates the 

hypothesis of mucin/guar gum interaction with Felix 01 and successful encapsulation. In terms of 

particle morphology, transmission electron microscopy (TEM) reveals spherically shaped particles 

(Figure 3.3A).  

Bacteriophage formulations reported in the literature typically produce particles in 

micrometer or millimeter range. Abdelsattar et al. (2019) reports encapsulation of bacteriophage 

ZCEC5 in chitosan-alginate by extrusion in calcium chloride solution producing beads bigger than 

1 mm.35 Similar particle sizes have also been reported by Yin et al. (2021) when phages were 

encapsulated using alginate and calcium chloride.36 Even spraying-drying of bacteriophages with 

different formulations of leucine, trehalose, and casein generated particles around 1 µm in diameter 

and high polydispersity.37 Smaller particle sizes offer higher surface-to-volume ratio contributing 
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to therapeutic release and bioavailability.38 Therefore, our encapsulation method offers an 

alternative method to produce smaller particles and facilitate delivery of phages. 

 

Figure 3.2. Confocal microscopy images of bacteriophages in green and guar gum and mucin in 

red after encapsulation. Bacteriophage particles were labeled with Syto 13 dye and mucin/guar 

gum with NHS-rhodamine B. 

 

 

 

Figure 3.2. Transmission Electron Microscopy images of (A) particles after encapsulation of 

bacteriophages in mucin:guar gum (10:1) formulation and (B) bacteriophages in phage buffer. 
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3.3.3. Stability studies of encapsulated Felix 01 

Salmonella infections are typically located on small and large human intestine requiring 

orally delivered therapeutics to resist to stomach acid environment.39 We tested encapsulated 

bacteriophage stability to acid pH by incubating freeze-dried particles with simulated gastric fluid 

at pH 2.0, 2.5, 3.5 and PBS as a control (Figure 3.4A). Less than one log reduction of 

bacteriophage activity was observed at pH 3.5 and around 2 for pH 2.5 after 90 minutes contact 

time. At pH 2.0, particles showed limited stability for 30 minutes with no detected plaques after 1 

hour. These results show improvement of phage stability when compared to previous study using 

alginate with no detectable bacteriophages after 5 minutes in contact with SGF at pH 2.8 and 3.2.23 

Even though loss of infectivity is significant for our system at pH 2.0,  the ability of bacteriophages 

to propagate themselves in the presence of hosts guarantees effective treatment even if part of 

bacteriophages is inactivated in the stomach but remaining number of activity phages reaches 

minimum multiplicity of infection (MOI). 

Temperature stability and prolonged shelf life of therapeutics reduce costs and facilitate 

treatment access in regions with limited storage infra-structure. Encapsulated bacteriophage Felix 

01 was stored in three different temperatures, 4, 25, and 40 ºC for up to 4 weeks. No statistically 

significant titer reduction was observed for samples stored in a fridge, less than 1 log for samples 

at room temperature, and around 1.5 log reduction for samples at 40 ºC after 4 weeks. Moreover, 

no loss in functional titer was observed for encapsulated bacteriophages incubated with 2% bile 

salt solution after 1 hour or 3 hours. Therefore, mucin/guar gum encapsulation preserves 

bacteriophage activity at both low pH and at high temperatures. 
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Figure 3.3. Stability studies of bacteriophage encapsulated in mucin/guar gum (10:1 m/m ratio). 

(A) Number of Felix 01 plaques after contact with simulated gastric fluid at pHs 2.0, 2.5, 3.5 or 

PBS for 5, 30, 60, and 90 minutes. (B) Shelf-life studies of encapsulated bacteriophage up to 4 

weeks at 4, 25, or 40 ºC. 

 

3.4. Conclusions 

In this paper, we described a continuous and simple process for bacteriophage 

encapsulation using a symbiotic combination of mucin and guar gum. By precipitation in acetone, 

spherical particles were generated with diameter around 300 nm and good uniformity. Selected 

mucin/guar gum 10:1 mass ratio formulation displayed stability to pH 2.0 for 30 minutes and low 

titer reduction at pH 3.5 even after 90 minutes. In vivo studies should be conducted to validate 

ability of encapsulated bacteriophage to treat Salmonella infections. Oral delivery of 

bacteriophages should be conducted with and without food ingestion to investigate if  increase in 

stomach pH during digestion can help with encapsulation stability before bacteriophages reach the 

intestine. 
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CHAPTER 4: Peptide ligands targeting the vesicular stomatitis virus G (VSV-G) protein 
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By Eduardo Barbieri, Gina N. Mollica, Brandyn D. Moore, Sobhana A. Sripada, Ryan E. Kilgore, 

Shriarjun Shastry, Casee M. Loudermilk, Zachary H. Whitacre, Katie M. Kilgour, Elena 
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Abstract 

The recent uptick in the approval of ex vivo cell therapies highlight the relevance of 

Lentivirus (LV) as an enabling viral vector of modern medicine. As labile biologics, however, LVs 

pose critical challenges to industrial biomanufacturing. In particular, LV purification ï currently 

reliant on filtration and anion-exchange or size-exclusion chromatography ï suffers from long 

process times and low yield of transducing particles, which translate in high waiting time and cost 

to patients. Seeking to improve LV downstream processing, this study introduces peptides 

targeting the enveloped protein Vesicular stomatitis virus G (VSV-G) to serve as affinity ligands 

for the chromatographic purification of LV particles. An ensemble of candidate ligands was 

initially discovered by implementing a dual-fluorescence screening technology and a targeted in 

silico approach designed to identify sequences with high selectivity and tunable affinity. The 

selected peptides were conjugated on Poros resin and their LV binding-and-release performance 

was optimized by adjusting the flow rate, composition, and pH of the chromatographic buffers. 

Ligands GKEAAFAA and SRAFVGDADRD were selected for their high product yield (50-60% 

of viral genomes; 40-50% of HT1080 cell-transducing particles) upon elution in PIPES buffer with 

0.65 M NaCl at pH 7.4. The peptide-based adsorbents also presented remarkable values of binding 

capacity (up to 4·109 TU per mL of resin at the residence time of 1 min) and clearance of host cell 
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proteins (up to 220-fold reduction of HEK293 HCPs). Additionally, GKEAAFAA demonstrated 

high resistance to caustic cleaning-in-place (0.5 M NaOH, 30 min) with no observable loss in 

product yield and quality. 

 

4.1. Introduction  

The recent swath of FDA approvals of ex vivo cell therapies ï ABECMAÊ and 

CARVYKTIÊ for multiple myeloma,1,2 BREYANZIÊ for B-cell lymphoma,3 SKYSONAÊ for 

cerebral adrenoleukodystrophy,4 and ZYNTEGLOÊ for -thalassemia5 ï has turned the spotlight 

on lentiviruses (LVs) as a replication-defective viral vector for gene and cell therapy.6,7 LVs 

comprises a single strand RNA of 8.5 ï 9 kb in length, packed inside a capsid and enveloped by a 

coat with 80-100 nm diameter.8-11 The envelop displays many copies of vesicular stomatitis virus 

glycoproteins G (VSV-G), which preside on virus stability and cellular tropism.127 The VSV-G 

protein interacts with the low-density lipoprotein receptor (LDL-R) on the membrane of the target 

cell and mediates virus infection by membrane fusion.13 

Despite their clinical relevance, LVs do not yet benefit from an established 

biomanufacturing platform. In particular, the downstream segment of bioprocessing represents a 

critical bottleneck in the industry, causing high waiting times and cost to patients (up to $2.8 

million per treatment).14 LVs are traditionally produced by transfection of packing plasmids and a 

transfer plasmid with the gene of interest in adherent or suspension HEK293 cells. Following virus 

production, mammalian cells and debris are removed from the cell culture fluid (CCF) by 

centrifugation and/or microfiltration. After clarification, different purification processes are 

employed, including tangential flow filtration (TFF), size exclusion chromatography15,16 (SEC), 

ultracentrifugation,17 PEG precipitation,18 and anion exchange chromatography (AEX) on 
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membranes,15,17ï19 nanofibers,20 monolithes21 or resins.19 These unit operations, however, suffer 

from long process time and low scalability as well as limited recovery of LV particles and host 

cell proteins (HCPs) removal. 

The recent consolidation of an industrial layout for manufacturing of adeno-associated 

viruses (AAV) ï inspired by the downstream process platform established for monoclonal 

antibodies ï highlights the role of affinity chromatography as the keystone in the purification of 

viral vectors for cell and gene therapies. For AAVs, a number of affinity adsorbents is available: 

POROSÊ CaptureSelectÊ AAVX and AVB Sepharose HP are commercially available as pan-

selective resins; while CaptureSelectÊ AAV8 and AAV9, and AVIPure® AAV2, AAV8, and 

AAV9 are available for serotype-specific applications.22,23 These resins offer excellent product 

yield (50 - 60%) and purity,24,25 but require harsh elution conditions (pH ~ 2) that can cause product 

degradation and aggregation, resulting in a loss of transduction activity. Conversely, the 

commercial offer for LV is less developed. Heparin has been applied as a pseudo-affinity ligand 

with reported values of recovery ~ 20-50% and 95% removal of HCPs.26,27 However, heparin is 

extracted from animal tissues, which poses concerns of contamination,28 thus discouraging its use 

in Good Manufacturing Processes (GMP) processes;29 moreover, heparin-based adsorbents are not 

compatible with typical cleaning in place (CIP) procedures used in biomanufacturing, as they 

rapidly lose selectivity and over 50% of their binding capacity after the first caustic cleaning.30 

Other affinity strategies described in the literature rely on the expression of affinity tags on the LV 

envelope. Cheeks et al. produced histidine-tagged LV particles enabling purification via 

immobilized metal affinity chromatography:31 monoliths functionalized with sodium 

iminodiacetate and nickel showed 69% elution efficiency, but modest binding capacity 

(6.7 × 108 transducing units per mL of adsorbent, TU/mL);31 furthermore, the use of imidazole in 
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the elution buffer causes virus inactivation.32 In another approach, Mekkaoui et al. applied 

streptavidin-functionalized magnetics beads for purification of LV particles displaying a cTag8,33 

obtaining yields > 60%, and 3-log and 2-log reduction of host cell DNA and HCPs, respectively; 

however, yield reduced to 20% when the ligands were transferred onto monoliths. More recently, 

the team led by Peixoto utilized a library of single-domain camelid antibodies (VHH) to identify 

ligands targeting the Vesicular stomatitis virus G (VSV-G) protein.34,35 The ligands, now 

commercialized in a chromatographic resin format (CaptureSelectÊ Lenti VSVG Affinity 

Matrix), provide a binding capacity of ~1011 viral particles per mL (vp/mL) of resin and afford 

good product purity; at the same time, they require elution conditions (0.8 M arginine) that may 

denature the product and withstand limited caustic CIP (10-25 mM aqueous NaOH).35 

Inspired by that work, our team sought to develop VSV-G-targeting peptides that combine 

high binding selectivity and capacity with milder elution conditions and stronger chemical stability 

and lifetime. A first ensemble of peptides were discovered by screening a focused library of 8-mer 

peptides against the ectodomain of VSV-G. Ligand selection was implemented using a device 

established by our team to promote the identification of sequences with bespoke biorecognition 

activity.36,37 Following the successful LV purification using the peptides identified experimentally, 

we pursued the in silico discovery of VSV-G-targeting peptides designed as linear and cyclic 

mimetics of the low-density lipoprotein receptor (LDL-R). These combined efforts delivered the 

first known set of peptide ligands for LV purification, whose purification performance (i.e., 

binding capacity, product yield, and clearance of contaminants) and reusability are evaluated and 

optimized in this study. 
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4.2. Experimental 

4.2.1. Materials 

Dimethyl sulfoxide (DMSO), thioanisole, anisole, ethane-1,2-dithiol (EDT), polybrene, 

citric acid, hydrochloric acid (HCl), magnesium chloride hexahydrate (MgCl2·6H2O), phosphate 

buffer saline at pH 7.4 (PBS), and Kaiser test kit were obtained from MilliporeSigma (St. Louis, 

MO). N,Nǋ-Dimethylformamide (DMF), dichloromethane (DCM), viral production cells, LV-

MAX production medium, LV-MAX transfection kit, LV-MAX Lentiviral Packaging Mix, Opti-

MEM Reduced Serum Medium, Vivid ColorsÊ pLenti6.3/V5-GW/EmGFP Expression Control 

Vector, Stbl3Ê Chemically Competent E. coli, TrypLEÊ express enzyme, fetal bovine serum 

(FBS), PureLinkÊ HiPure Plasmid Maxiprep Kit, NHS-AlexaFluor 488 (AF488), NHS-

AlexaFluor 594 (NHSAF594), Dulbeccoôs Phosphate Buffered Saline (DPBS), TaqManÊ Fast 

Virus 1-Step Multiplex Master Mix, TaqManÊ custom made probe and primers, Purelink Viral 

RNA/DNA Kit, Turbo DNAse, Proteinase K, CaptureSelectÊ Lenti VSVG Affinity Matrix, 

PorosÊ 50 HE Heparin affinity resin, PorosÊ 50 OH resin, and high glucose DMEM 

supplemented with GlutaMAXÊ and pyruvate were obtained from ThermoFisher Scientific 

(Waltham, MA). Fmoc/tBu-protected amino acids, hexafluorophosphate azabenzotriazole 

tetramethyl uronium (HATU), piperidine, diisopropylethylamine (DIPEA), N-Methyl-2-

pyrrolidone (NMP), and trifluoroacetic acid (TFA) were purchased from ChemImpex (Wood Dale, 

Illinois). T-75 and T-25 cell culture flasks, 96-well culture plates, DNAse/RNAse-free water, and 

ampicillin were from VWR (Radnor, PA). Shake flasks and Plasmid+ media for bacterial growth 

were from Thomson (Oceanside, CA). Yeast extract, peptone, and granulated agar were purchased 

from Genesee Scientific (San Diego, CA). The HT1080 cell line was received from American 

Type Culture Collection (AATC) (Manassas, VA). Tris(hydroxymethyl)aminomethane 
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hydrochloride (Tris-HCl), sodium phosphate monobasic dihydrate, sodium citrate dihydrate, 

sodium hydroxide (NaOH), and sodium chloride (NaCl) were sourced from Fisher Chemical 

(Hampton, NH). Aminomethyl ChemMatrix (particle diameter: 75ï150 ɛm, loading: 0.6 mmol 

per g resin) resin was from PCAS Biomatrix, Inc. (Saint-Jean-sur-Richelieu, Quebec, Canada). 

The HIV1 p24 ELISA kit was purchased from Abcam (Waltham, MA). The ectodomain and the 

full -length VSV-G (EVSV-G and FLVSV-G) were donated by Merck (Darmstadt, Germany). 

 

4.2.2. Production of lentivirus particles (LV).  

The LVs were produced using LV-MAX system (ThermoFisher Scientific (Waltham, MA) 

following the manufacturerôs protocol.42 The plasmid pLenti6.3/V5-GW/EmGFP was transformed 

in Stbl3 Chemically Competent E. coli cells and selected on LB agar plates supplemented with 

100 µg/mL of ampicillin. Selected colonies were grown in Plasmid+ media, and the plasmids were 

extracted and purified using PureLinkÊ HiPure Plasmid Maxiprep Kit. Suspension HEK293F 

cells were grown in LV-MAX media and passed to achieve a final cell density of ~5.5·106 viable 

cells/mL. Twelve hours before transfection, the cells were adjusted to a density of 3.5·106 cell/mL, 

cultured overnight, and diluted to a final concentration of 4.7·106 cells/mL. In a 125 mL flask, 25.5 

mL of cell culture suspension were combined with 1.5 mL of LV-MAX supplement. In a 5 mL 

vial, 1.5 mL of OptiMEM I was mixed with 45 µg of LV-MAX Lentiviral Packaging Mix (a pre-

defined mixture of plasmids pLP1, pLP2, and pLP/VSVG) and 30 µg of Vivid ColorsTM 

pLenti6.3/V5-GW/EmGFP Expression Control Vector plasmid. This mixture was slowly added to 

1.5 mL of OptiMEM I and 180 µL of transfection reagent and incubated at room temperature for 

10 minutes. This mixture was slowly added to the viral production cells and placed in an incubator 

at 37ºC and 8% CO2 under gentle shaking at 125 rpm. After 6 hours, 1.2 mL of LV-MAX enhancer 

was added to the cell suspension. The LV particles were harvested after 48 hours by centrifugation 
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at 1300 xg for 15 minutes, followed by filtration using 0.45 µm surfactant-free cellulose acetate 

(SFCA) filters (ThermoFisher Scientific, Waltham, MA). All LV samples were immediately stored 

at -80ęC until further use. 

 

4.2.3. Buffer stability studies.  

The clarified cell culture fluid (CCF) containing LV particles was buffer exchanged using 

7 kDa Zeba micro spin desalting columns using (ThermoFisher Scientific, Waltham, MA) against 

(i) 20 mM citrate buffer or 20 mM histidine buffer with 75 mM NaCl at the pH of either 6.0, 6.5, 

or 7.0; (ii) 20 mM PBS with 75 mM NaCl at the pH of either 6.2, 6.5, or 7.0; (iii) 20 mM citrate 

at pH 6.0 added with either 0.1, 0.25, or 0.5 M MgCl2; or (iv) DMEM medium. Samples were 

incubated at room temperature for 30 minutes, followed by serial dilution in DMEM media 

supplemented with 8 µg/mL of polybrene. The LV titer in the samples was determined by 

transduction assay as described in Section 4.2.11.4 and the infectivity titers were expressed in 

comparison with LV samples in DMEM medium. 

 

4.2.4. Fluorescent labeling of LV particles, EVSV-G and FLVSV-G, and HEK293 HCPs. 

 The NHS-ester dyes Alexafluor 594 (NHS-AF594, red) and NHS-Alexafluor 488 (NHS-

AF488, green) were initially dissolved in DMSO at the concentration of 10 mg/mL. LV particles 

were purified by centrifugation following the procedure described by Jiang et al.43 and re-

suspended in PBS at pH 7.4. The EVSV-G and FLVSV-G as well as the HEK293F cell culture fluid 

were buffer exchanged to PBS at pH 7.4 using Zeba spin desalting columns 7 KDa molecular 

weight cut-off (MWCO) (ThermoFisher Scientific, Waltham, MA). Aliquots of 100 µL of LV 

particles (~1011 vp/mL; ~109 TU/mL) or VSV-G protein (0.2 mg/mL) were mixed with 3 µL of 

dye NHS-AF488, and incubated at room temperature for 1 hour under mild shaking and in the 
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dark. The same procedure was used for labeling HEK293F HCPs (~0.3 mg/mL) with NHS-AF594. 

Unreacted dyes were removed by Zeba Dye removal column (ThermoFisher Scientific, Waltham, 

MA) and the samples were stored at 4ºC. 

 

4.2.5. Production and screening of the peptide library.  

 A library of 8-mer linear peptides in the format X1X2X3X4X5X6X7X8G was built following 

the split-couple-and-recombine method on Aminomethyl ChemMatrix resin via Fmoc/tBu 

chemistry using protected amino acids Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Glu-(OtBu)-

OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-IleOH, Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, 

Fmoc-Ser(tBu)-OH, and Fmoc-Trp(Boc)-OH.44ï46 Library synthesis was automated using a Syro 

I peptide synthesizer (Biotage, Uppsala, Sweden). Briefly, aliquots of resin in 5 mL reactor vials 

were combined with 3 equivalents (eq.) of protected amino acid at a concentration of 0.5 M in 

DMF, 3 eq. of HATU at 0.5 M in DMF, and 6 eq. of DIPEA at 0.5 M in DIPEA. Coupling was 

performed at 45ºC for 20 min and followed by washing with DMF. After each reaction step, a 

Kaiser test was performed to verify the completion of amino acid coupling. The Fmoc protection 

between two successive residues was removed using 20% v/v piperidine in DMF at room 

temperature. Upon completing chain elongation, the peptide library was deprotected via acidolysis 

using a cocktail of TFA:thionasole:EDT:anisole (90:5:3:2) for 2 hours at room temperature. The 

deprotected library was then washed and stored in dry DMF. 

Aliquots of нл ˃[ of peptide library beads were equilibrated with 20 mM phosphate buffer with 

75 mM NaCl at pH 6.5 and combined with 200 ɛL of a screening mix comprising AF594-labeled 

HEK293T HCPs (~0.3 mg/mL) and either AF488-labeled LV (~1011 vp/mL; ~109 TU/mL) or 

AF488-labeled VSV-G protein (EVSV-G or FLVSV-G, 0.2 mg/mL). After 30 minutes at room 

temperature, the beads were collected by centrifugation at 5000g and resuspended in 200 mL of 



   

95 

 

20 mM phosphate buffer with 75 mM NaCl at pH 6.5. The library beads were screened using a 

microfluid device developed in prior work and installed on an Olympus IX81 fluorescent 

microscope (Center Valley, PA).36ï41 Individual beads were imaged, and the values of green 

(AF488) and red (AF594) fluorescence emission were recorded; the bead was then washed for 5 

minutes with 20 mM citrate buffer with 0.5 M MgCl2, and imaged to record the new values of 

green and red fluorescence emission. All values fluorescence emission, emission ratio, and 

emission reduction were determined in real-time via image analysis using a custom MATLAB 

code (MathWorks, Natick, MA).47 The beads that exhibited (i) high green fluorescence emission 

and red-to-green emission ratio prior to washing and (ii)  > 75% reduction of green fluorescence 

emission after washing were isolated, while all other beads were discarded. The selected beads 

were finally analyzed via Edman degradation using a PPSQ-33A protein sequencer (Shimadzu, 

Kyoto, Japan) to sequence the candidate peptide ligands. 

 

4.2.6. In silico design VSV-G-binding peptides and evaluation of VSV-G:peptide 

interactions. 

 The crystal structure of the complex formed by the Vesicular stomatitis virus Glycoprotein 

G (VSV-G) and the low-density lipoprotein receptor (PDB ID: 5OY9 and 5OYL) was analyzed to 

identify the paired residues and estimate their contributions to the binding energy. Nine designed 

sequences ï namely, four disulfide-cyclic sequences (C-cyclo[GSRQFVADSDRD]C-GSG, C-

cyclo[GSRSFVGDSDRD]C-GSG, C-cyclo[GSRAFVADADRD]C-GSG, C-

cyclo[GSRAFVGDAD]C-GSG) and five linear sequences (SRQFVCGDSDRD-GSG, 

SRSFVCDSDRD-GSG, SRAFVGDADRD-GSG, AFVGDADRD-GSG, and SFVRIGLSD-GSG) 

ï together with the sequences identified experimentally ï namely FEKISNAE-GSG, FEKISAAE-

GSG, FEKISTAE-GSG, GKEAAFAA-GSG, and SKSAAEHE-GSG ï were constructed in 
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Avogadro48 and modeled in GROMACS using the force field GROMOS 54A7:49 briefly, each 

peptide sequence was (i) placed in a simulation box with periodic boundary and containing 2,000 

TIP3P water molecules; (ii) equilibrated with 10,000 steps of steepest gradient descent; (iii) heated 

to 300 K in an NVT ensemble for 250 ps using 1 fs time steps; and (iv) equilibrated to 1 atm via a 

500-ps NPT simulation with 2 fs time steps. The production runs were then conducted in the NPT 

ensemble by applying the Nosé-Hoover thermostat (300 K) and the Parrinello-Rahman barostat (1 

atm), respectively;50 the motion equations were integrated using the leap-frog algorithm with steps 

of 2 fs; the LINCS algorithm was utilized to constrain the covalent bonds; the Lennard-Jones and 

short range electrostatic interactions were calculated using cut-off values of 0.8 nm and 1.2 nm; 

the particle-mesh Ewald method was utilized for the long-range electrostatic interactions;51ï53 the 

lists of bonded and non-bonded interactions (cut-off of 1.2 nm) were updated every 2 fs and 6 fs. 

The structure of VSV-G was prepared using Protein Prep Wizard (PPW, Schrödinger, New York, 

NY)54 by adding missing atoms and explicit hydrogens, removing salt ions and small ligands, and 

optimizing the hydrogen-bonding network. Two ionization states of VSV-G, one at pH 6.0 and 

one at 7.4 ï were obtained and subjected to structural minimization using PROPKA.55 The 

structures were then analyzed in SiteMap to identify putative peptide binding sites on VSV-G, 

namely the sites with high S-score (> 0.8) and D-score (> 0.9). The candidate peptide ligands were 

docked in silico against VSV-G at pH 6.0 and one at 7.4 using the docking software HADDOCK 

(High Ambiguity Driven Protein-Protein Docking) v.2.4.56,57 The VSV-G residues present within 

the selected binding sites and the residues X1X2[é]Xn on the peptides were denoted as ñactiveò; 

all surrounding residues were marked as ñpassiveò. Clusters of VSV-G:peptide complexes with 

CŬ RMSD < 7.5 ¡ were ranked using the dMM-PBSA score,58 and the top complexes were refined 

via 200-ns MD simulations to estimate the free energy of binding (ȹGB). 
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4.2.7. Amination and peptide conjugation of Poros™ 50 OH resin.  

A volume of 10 mL of PorosÊ 50 OH resin was initially dried using a stream of nitrogen, 

washed in DMF, and resuspended in 50 mL of a solution of CDI at 100 mg/mL in DMF. Samples 

were kept under stirring and at room temperature. After 5 hours, the resin was copiously washed 

with DMF and dried with a stream of nitrogen. The resin was then mixed with 100 mL of 5% v/v 

ethylenediamine in DMF, and incubated at 45ºC under shaking at 100 rpm. After 12 hours, the 

resin was washed with DMF, followed by DCM, dried with nitrogen, and stored at 4ºC. The density 

of primary amine groups on modified Poros 50 resin beads was determined by Kaiser assay:59 

briefly, 10 mg of resin was mixed with 1 mL of DMF, 0.1 mL of KCN in H2O/ pyridine, and 0.1 

mL of ninhydrin, placed in boiling water for 5 min, and cooled down to room temperature; the 

supernatant was diluted 100-fold in DMF and the UV absorbance of the solution measured at 425 

nm using a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan); ethanolamine was used to 

build a calibration curve. The selected peptide sequences were synthesized on aminated Poros resin 

following the procedure outlined in Section 4.2.5 using an Alstra automated peptide synthesizer 

(Biotage, Uppsala, Sweden). 

 

4.2.8. Purification of LV from HEK293 cell culture supernatant using peptide-Poros resins.  

The peptide-Poros resins prepared as described in Section 4.2.7 and the control 

CaptureSelectÊ Lenti VSVG and PorosÊ 50 HE Heparin affinity resins were flow-packed in 1 

mL Tricorn 5/50 columns (Cytiva, Marlborough, MA) and installed on an AKTA Avant FPLC 

system (Cytiva, Marlborough, MA). The resin packing quality was evaluated by measuring the 

peak symmetry of the conductivity signal generated by a pulse injection of aqueous 1 M NaCl 

(target value: 1 ï 1.2). The resins were equilibrated with 10 CVs of equilibration buffer (Table 
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4.1). The clarified HEK293 CCF (LV titer ~ 0.5 - 2·108 TU/mL; HCP titer ~ 0.3 mg/mL; note: the 

ranges encompass the variability of LV activity across different production batches) was loaded 

on the resins at the residence time (RT) of either 1 or 3.5 minutes. Following load, the resins were 

washed with 20 CVs of wash buffer, and the bound LVs were eluted with 9 CVs of elution buffer 

(Table 4.1). Following elution, the resins were regenerated using 10 CVs of 0.1 M glycine 

containing 2 M NaCl at pH 2.0. 

Table 4.1. Composition of chromatographic buffers utilized for the purification of LVs using 

peptide-functionalized Poros resins. 

 

 

4.2.9. Measurements of dynamic binding capacity.  

GKEAAFAA-, FEKISNAE-, FEKISAAE-, and FEKISTAE-, SRAFVGDADRD-, and 

SFVRIGLSD-Poros resins prepared as described in Section 4.2.7 and the control CaptureSelectÊ 

Lenti VSVG and PorosÊ 50 HE Heparin affinity resins were flow-packed in 1 mL Tricorn 5/50 

columns (Cytiva, Marlborough, MA) and installed on an AKTA Avant FPLC system (Cytiva, 

Marlborough, MA). Following equilibration with 10 CVs of 50 mM PIPES buffer with 100 mM 

NaCl buffer at pH 7.4, the resins were continuously loaded with clarified HEK293 CCF (LV titer 

~ 0.5 - 2·108 TU/mL; HCP titer ~ 0.3 mg/mL) at the RT of either 1 or 2 minutes until the LV titer 

in the effluent reached 70-80% of the corresponding feedstock titer. The effluent was apportioned 

in 3-mL fractions, which were analyzed as described in Sections 4.2.11.2 and 4.2.11.3 to measure 

Equilibration buffer  Wash buffer Elution buffer  

20 mM phosphate buffer 

75 mM NaCl at pH 6.5 

20 mM phosphate 

75 mM NaCl at pH 6.5 

with or without 50 mM Arginine 

20 mM citrate buffer 

0.5-1.0 M MgCl2 at pH 

6.0 

50 mM Tris buffer 

130 mM NaCl at pH 7.4 

50 mM Tris buffer 

130 mM NaCl at pH 7.4 

50 mM Tris buffer 

0.65 M NaCl at pH 7.4 

50 mM HEPES buffer 

100 mM NaCl at pH 7.4 

50 mM HEPES buffer 

100 mM NaCl at pH 7.4 

50 mM HEPES buffer 

0.65 M NaCl at pH 7.4 

50 mM PIPES buffer 

100 mM NaCl at pH 7.4 

50 mM PIPES buffer 

100 mM NaCl at pH 7.4 

50 mM PIPES buffer 

0.65 M NaCl at pH 7.4 
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the titer of lentiviral genomes and transducing particles contained therein. The dynamic binding 

capacity at 10% of breakthrough (DBC10%) was calculated as described in prior work;60ï64 the void 

volume of the system was measured via acetone pulse injection and utilized to adjust the value of 

DBC10%. 

 

4.2.10. Stability of the peptide-Poros resins.  

GKEAAFAA-, FEKISNAE-, FEKISAAE-, and FEKISTAE-, SRAFVGDADRD-, and 

SFVRIGLSD-Poros resins prepared as described in Section 2.7 and the control CaptureSelectÊ 

Lenti VSVG and PorosÊ 50 HE Heparin affinity resins were flow-packed in 1 mL Tricorn 5/50 

columns (Cytiva, Marlborough, MA), and installed on an AKTA Avant FPLC system (Cytiva, 

Marlborough, MA). Following equilibration with 10 CVs of 50 mM PIPES buffer with 100 mM 

NaCl buffer at pH 7.4, the resins were loaded with 30 CVs of clarified HEK293 CCF (LV titer ~ 

0.5 - 2·108 TU/mL; HCP titer ~ 0.3 mg/mL) at the RT of 1 min. After washing the resins with 20 

CVs of binding buffer, the bound LVs were eluted with 4 CVs of 50 mM PIPES buffer with 650 

mM NaCl buffer at pH 7.4 at the RT of 1 min. Following elution, the resins were regenerated with 

10 CVs of 0.1 M glycine containing 2 M NaCl at pH 2.0 and subjected to cleaning-in-place (CIP) 

with either 15 CVs of 0.5 M NaOH at the RT of 1 min followed by a static incubation for 30 

minutes. Both regeneration and CIP steps were conducted at the RT of 1 min. An additional cycle 

of LV purification from the clarified HEK293 CCF with intermediate CIP was repeated. The 

chromatographic fractions were analyzed as described in Sections 4.2.11.1-4.2.11.3 to measure 

LV yield and purity. 
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4.2.11. Analytical characterization of chromatographic fractions 

4.2.11.1. p24 ELISA and HEK293 HCP ELISA.  

The titer of p24 protein and HEK293 HCPs in the chromatographic samples was measured via 

ELISA using kits respectively by Abcam (Cambridge, MA) and Cygnus (Southport, NC) 

following the manufacturerôs instructions. 

4.2.11.2. RT-qPCR.  

The chromatographic samples were initially treated with TurboDNAse followed by RNA isolation 

using a Purelink Viral RNA/DNA Kit (ThermoFisher Scientific, Waltham, MA). The samples 

were then combined with TaqMan fast virus, custom TaqMan probe, and the primers listed in 

Table 4.2, and analyzed using a CFX Duet Real-Time qPCR System (Bio Rad, Hercules, Ca). 

Plasmid pLenti6.3/V5-GW/EmGFP was used as a standard. 

Table 4.2. Primers and probe sequences for LV quantification by qPCR. 

Primer DNA sequence 

Forward primer CCCAGTTCCGCCCATTCTC 

Reverse primer GCCTCGGCCTCTGCATAAATAAA 

Probe ATGGCTGACTAATTTTT 

 

4.2.12. DNA quantification.  

Total amount of double stranded DNA (dsDNA) was measured using Quant-iTÊ 

PicoGreenÊ dsDNA Assay Kits (ThermoFisher Scientific, Waltham, MA) following the 

manufacturerôs protocol. 

 

4.2.13. Fluorescence flow cytometry (FFC).  

HT1080 cells were seeded in a 96-well plate at the density of 7,000 cells/well in high 

glucose DMEM media supplemented with GlutaMAXÊ, pyruvate, and 10% v/v FBS. Plates were 

centrifuged at 900g for 5 minutes and placed in an incubator at 37ºC and 5% CO2. The 
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chromatographic fractions containing LV particles were serially diluted (10X) in DMEM media 

supplemented with 8 µg/mL of polybrene (without FBS or antibiotics). After 4 hours, the spent 

cell culture medium in the 96-well plates was replaced with 0.1 mL of diluted samples and 

incubated for 12 hours. The samples were then replaced with fresh DMEM media supplemented 

with 10% v/v FBS. After 72 hours, the cells were detached from the plate via incubation with 150 

µL of a mixture composed of TrypLEÊ Express Enzyme:DPBS (75:25 v:v) for 15 min at 37ºC. 

The fraction of cells expressing GFP (GFP+) was quantified using a CytoFlex flow cytometer 

(Beckman Coulter, Brea, CA) and the number of transduction units per mL (TU/mL) was 

calculated using Equation 1: 

Equation 1  

 ¢ǊŀƴǎŘǳŎƛƴƎ ǳƴƛǘǎ
¢¦

Ƴ[
Ґ
bI¢млул Ҏ ҈DCt

Ҍ

± Ҏ 5C
  

Wherein NHT1080 is the number of cells incubated with the diluted AAV sample, V is the volume 

of the diluted AAV sample, and DF is the dilution factor. Each sample was analyzed in triplicate.  

 

4.3. Results 

4.3.1. Selection of chromatographic buffers for library screening 

Lentivirus particles are highly sensitive to the physicochemical properties of the aqueous 

environment and their transduction activity can be irreversibly damaged by small variations of 

pH,65 salt concentration,66 temperature,65 and osmotic pressure.67 In the context of bioprocessing, 

this limits the latitude of chromatographic buffers suitable for LV purification.68 Particularly 

stringent is the limitation on elution pH, which - being confined to the range of 6 to 869 ï cannot 

leveraged as in the affinity purification of antibodies70 and AAVs71. Accordingly, following 

published work,16,66,72 we explored different formulations of binding and elution buffers that are 
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compatible with LV, initially focusing on citrate-, phosphate-, and histidine-based solutions with 

different ionic strength and pH. Preliminary stability studies conducted by incubating 108 TU/mL 

LV particles in the various buffers for 30 minutes (Figure S4.1) indicated (i) no significant loss of 

infectious titer in citrate and phosphate buffers with 75 mM NaCl at pH 6.0 and 7.0; (ii)  significant 

reduction in infectivity (> 40%) in 20 mM histidine buffer with 75 mM NaCl at pH 6.0. To 

formulate the elution buffer, we opted for increasing ionic strength, using sodium chloride and 

magnesium chloride, in lieu of decreasing pH. Magnesium chloride in sodium citrate buffer did 

not affect LV activity at pH 6.0 at concentrations ranging from 100 to 500 mM (Figure S4.1). 

Based on these results, we elected 20 mM phosphate buffer with 75 mM NaCl at pH 6.5 and 20 

mM citrate buffer with 500 mM MgCl2 at pH 6.0 respectively as equilibration and elution buffers 

for library screening.  

 

4.3.2. Identification of LV -targeting candidate peptide ligands 

The LV vectors utilized in ex vivo applications ï including all FDA-approved therapeutics 

ABECMA, CARVYKTI, BREYANZI, SKYSONA and ZYNTEGLO1ï5 ï have been designed by 

pseudotyping.73 This approach consists in replacing the wildtype envelope glycoprotein gp120, 

which underlies the HIV virusô tropism of for human CD4+ T cells, with heterologous 

glycoproteins. Most LV pseudotyping to date employs the vesicular stomatitis virus G 

glycoprotein (VSV-G),74ï76 which endows the vector particles with high stability and the ability to 

transduce a wide variety of cell types by targeting a ubiquitous cell membrane phospholipidy.12,77, 

78 Other proteins utilized for LV pseudotyping ï namely, the feline endogenous virus (RD114) 

envelope glycoprotein, the Maesles virus hemagglutinin and fusion glycoproteins, the Gibbon ape 

leukemia virus envelope protein, the Rabies virus glycoprotein, and the Moloney murine leukenia 
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virus 4070A-envelope protein (amphotropic)77,79ïhave not provided comparable efficacy. 

Accordingly, VSV-G-pseudotyped LVs are expected to be utilized in the design of ex vivo cell 

therapies in the foreseeable future.1ï5  

Under this premise, we elected two model targets for ligand selection, namely the single 

VSV-G protein and mature VSV-G-pseudotyped LV particles. The VSV-G protein comprises 3 

domains, namely the ectodomain (EVSV-G), which is displayed on the viral surface, the 

transmembrane domain, which anchors the protein in lipid layer of the viral envelope, and the 

cytoplastic domain.80,81 While in principle only the EVSV-G can be targeted by surface-

immobilized ligands, no information is available on the role of either the transmembrane domain 

or the intercalation of the full-length VSV-G (FLVSV-G) in the lipid layer on the tertiary structure 

of the ectodomain. Accordingly, to avoid biasing the ligand selection towards a model target that 

is not representative of the product, we adopted both EVSV-G and FLVSV-G for library 

screening.82,83  

The selection of candidate peptide ligands was initially performed by screening a solid phase 

peptide library using a device for ligand development introduced and demonstrated by our team in 

prior work.47,85ï86 Our technology relies on orthogonal fluorescence labeling to ensure the selection 

of ligands that possess strong and selective binding, but can also release the target when exposed 

to mild elution conditions. To this end, we designed a microfluidic bead-imaging-and-sorting 

device installed in a fluorescence microscope, which we routinely utilize to implement a protocol 

for peptide ligand discovery (Figure 4.1): (i) the solid-phase peptide library, produced as a one-

bead-one peptide library on hydrophilic and translucent porous particles, is incubated with the 

target labeled with a green fluorescence dye and a multiplicity of impurities ï herein, the whole 

HEK293 cell proteome ï collectively labeled with a red fluorescent dye (note: to mimic industrial 
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LV harvests, the screening mix was formulated with an HCP titer of ~0.3 mg/mL and either an LV 

titer of ~109 TU/mL or a VSV-G titer (EVSV-G or FLVSV-G) of 0.2 mg/mL); herein, Alexafluor 

488 and Alexafluor 594 were adopted as the green and red dye, respectively, owing to their low 

propensity to alter the structure and behavior of the labeled protein);87 (ii)  following incubation, 

the library beads are thoroughly washed and individually fed to the microfluidic device, where 

they are imaged and the image metrics are analyzed in real time; (iii)  a bead that displays high 

green-only fluorescence, denoting selective and strong target affinity, is withheld in the imaging 

chamber, while all other beads are ejected; (iv) the bead is then exposed to a flow of selected 

elution buffer ï herein, 20 mM citrate buffer with 0.5 M MgCl2 pH 6.0 ï and imaged again; (v) 

the beads that display a strong loss of green fluorescence, denoting the ability to release the product 

under elution conditions defined by the operator, are selected, while all other beads are discarded. 

The steps (i)-(v) are automated by a custom Matlab code, which enables conducting the library 

screening at a rate of 350 beads per hour. Finally, (vi) the sequences carried by the selected beads 

are identified via Edman Degradation. The list of the peptides identified against EVSV-G, FLVSV-

G, and full LV particles is reported in Table S4.1, while the sequence homology plots are reported 

in Figure 4.1I. The identified sequences are ostensibly amphiphilic, each containing at least one 

aromatic (Phe or Trp) and multiple aliphatic (Ala, Ile) amino acids. Rather striking in the 

abundance of Glu, which appears at least once in 72% of the identified sequences and twice in 

30% of the sequences. The presence of Glu was unexpected due to the negative charge of the LV 

surface,88 rooted in the phospholipid bilayer forming the envelope, which has made anion 

exchange chromatography the primary method of separation.16,89 At the same time, the hydrophilic 

and anionic character of the candidate ligands reduces the risk of binding HCPs, which requires 

peptides rich in cationic and hydrophobic amino acids.61,90ï92 
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Figure 4.1. Identification of candidate LV-binding peptide sequences. (A) A screening mix was 

initially formulated containing red-fluorescently labeled HEK293 HCPs at the titer of 0.3 mg/mL 

and either green-fluorescently labeled LVs at the titer of ~109 TU/mL or green-fluorescently 

labeled VSV-G proteins (EVSV-G and FLVSV-G) at the titer of 0.2 mg/mL; (B) aliquots of 100 ɛL 

of 8-mer peptide-ChemMatrix library beads equilibrated in 20 mM PBS with 75 mM NaCl at pH 

6.5 were incubated with 250 ɛL of screening mix for 30 minutes at room temperature; (C) the 

beads were washed and individually fed to a microfluid bead sorting device connected to a 

fluorescent microscope, wherein (D) each bead that displays high green fluorescence emission and 

green-to-red signal ratio was retained, whole all other beads were discarded; (E) every retained 

bead was washed with 20 mM citrate buffer with 0.5 M MgCl2 pH 6.0 for 5 minutes and imaged 

again; (F) beads that did not show loss of green fluorescence emission were discarded, whereas 

(G) beads that lost fluorescence signal were collected in 96-well plates; (H) after washing with 0.1 

M glycine pH 2.5, water and 30% acetonitrile in water (v/v), the collected beads were individually 

analyzed by Edman degradation on PPSQ-33A protein sequencer (Shimadzu, Kyoto, Japan) to 

identify the peptide sequences carried thereupon; finally, (I) the sequences identified by screening 

the library against full LV particles, EVSV-G ectodomain, and FLVSV-G FL were grouped in 

homology plots via Weblogo. 

 

4.3.3. Evaluation of candidate peptide ligands in dynamic conditions 

Most of the chromatographic resins on the market feature a pore diameter ranging between 

20 and 100 nm. While suitable for the purification of protein-based biologics, these adsorbents are 

not ideal for large viral vectors like LVs and baculovirus, whose diameter can reach 100 nm. 

Accordingly, the bioseparation community envisions that chromatographic substrates with large 

pore diameters, such as membranes and monoliths, will become mainstream in the downstream 

processing of viral vectors.23,93,94 While we fully anticipate the future development of custom-
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made membranes functionalized with selected peptides, in this work we resolved to evaluate the 

selected peptides using established chromatographic adsorbents to avoid uncertainties related to 

peptide surface density and display. Notably, PorosÊ 50 OH resin features pores with diameter of 

up to 1000 nm and is therefore well suited for the purification of LV particles. 

We first modified the PorosÊ 50 OH beads by converting its hydroxyl groups to primary 

amino groups, reaching a functional density of 172 µmol per g of resin (Figure S4.2), which were 

utilized for the conjugation of the sequences identified via library screening (Table S4.1). The 

resulting peptide-Poros resins were evaluated for LV binding and elution in dynamic conditions 

by loading a clarified HEK293 CCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL, and 

HCP titer ~ 0.3 mg/mL; note: some variability in the titer of total and transducing LV particles 

was observed across different production batches) at the residence time (RT) of 3.5 min 

recommended for PorosÊ resins and using the binding and elution buffers selected in Section 

4.3.1 (namely, 20 mM phosphate with 75 mM NaCl at pH 6.5 and 20 mM citrate buffer with 0.5 

M MgCl2 at pH 6.0, respectively). 

The values of LV yield and purity listed in Table S4.2 point at SIEINSSE, GEFENINW, 

EWKAAFIW, SKSAAEHE, GKEAAFAA, SNEIEIAN, and FEKISNAE as promising ligand 

candidates: specifically, these sequences afforded a 10-to-70-fold reduction of HEK293 HCPs and 

up to 70% reduction of cell DNA; and values of LV genome yield ranging between 30% and 50%. 

Given the vulnerability of LV particles to changes in buffer composition, conductivity, and pH ï 

that often cause a substantial loss of infectivity ï we resolved to quantify the transduction activity 

of the purified LVs on HT1080 human fibrosarcoma cells as an additional metric to guide the 

choice of candidate ligands. The values of LV recovery afforded by the selected sequences, 

collated in Table 4.3 along with other purification parameters, demonstrate that FEKISNAE and 
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GKEAAFAA perform comparably to control affinity adsorbents PorosÊ 50 HE Heparin and 

CaptureSelectÊ Lenti VSVG affinity resins, providing yields of transducing LV particles between 

38% and 41%. These values, however, are viewed as rather low when framed in the context of 

achieving affordable manufacturing of LVs. 

Seeking to improve the values of LV yield, we first investigated the effect of residence 

time of the loading step. The amount of clarified HEK293 CCF loaded on the columns ï namely, 

30 mL, calculated based on a reference value of load of ~3·1011 vp per mL of resin34 and the LV 

titer of ~1010 vp/mL in the feedstock ï when loaded at the flow rate of ~0.3 mL/min (RT of 3.5 

min), results in a total loading time of 1.75 hrs. Combined with the duration of the harvest and 

clarification steps, chromatographic washing and elution steps, and incubation of purified LVs 

with HT1080 cells, this brings the total process time to about 3 hrs. Comparing this time to the 

half-life of VSV-G pseudotyped LVs at room temperature ï estimated at 35-hours95 ï suggests 

that the values of recovery of transducing LVs may be negatively impacted by the long processing 

time. To obviate this inconvenience, we conducted additional testing of select peptides by reducing 

the residence time of all chromatographic steps from 3.5 to 1 min, which shortened the processing 

time from 3 hours to about 50 minutes. Specifically, we focused on the sequences GEFENINW 

and SNEIEIAN, selected based on the recovery of LV particles and genomes, as well as 

FEKISNAE, EWKAAFIW, SKSAAEHE, GKEAAFAA, selected based on the recovery of 

transducing LV particles. The results collated in Table 4.3 show that reducing the load residence 

time proved beneficial to the performance of all resins: in particular, the yield of FEKISNAE, 

GEFENINW, and GKEAAFAA increased 1.7-to-3-fold, while their HCP clearance grew from a 

LRV of 1.4-1.6 to 1.8-2.7; notably, the product yield and purity afforded by PorosÊ 50 HE 

Heparin also doubled, indicating that the need of a shorter loading time is not tied to a particular 
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chemical composition of the ligands. It is also worth noticing that the performance of the peptide-

based adsorbents is comparable to that of the control affinity resins, in terms of recovered viral 

particles and genomes as well as purity. At the same time, with the values of yield well below 

50%, further process optimization is necessary to improve the economics of LV production. 

 

Table 4.3. Values of LV yield measured via p24 ELISA (1, viral particles), qPCR (2, viral 

genomes), and transduction assay in HT1080 cells (3, transducing units), together with clearance 

of HEK293 HCPs obtained by purifying LVs from a HEK293 CCCF (LV titer ~1010 vp/mL, 

corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) using peptide-Poros resins and control 

PorosÊ 50 HE Heparin and CaptureSelectÊ Lenti VSVG affinity resins. The purification 

processes comprised a loading step in 20 mM phosphate buffer with 75 mM NaCl at pH 6.5, at the 

RT of either 1 or 3.5 minutes; elution was conducted in 20 mM citrate buffer with 0.5 M MgCl2 at 

pH 6.0. 

Ligand 

RT: 3.5 min RT: 1 min 

Yield 

HCP 

LRV  

Yield 

HCP 

LRV  

Viral 

Particles 

1 

Viral 

Genomes 2 

Transducing 

Units 3 

Viral 

Particles 

1 

Viral 

Genomes 2 

Transducing 

Units 3 

EWKAAFIW 12% 40% 22% 0.84 5% 51% 15% 1.33 

FEKISNAE 16% 44% 22% 1.62 9% 69% 38% 1.82 

GEFENINW 14% 51% 4% 1.73 6% 13% 12% 2.71 

GKEAAFAA 15% 34% 17% 1.44 10% 63% 41% 1.87 

SIEINSSE 4% 42% 6% 1.69 2% 84% 8% 2.49 

SKSAAEHE 8% 32% 25% 1.24 5% 59% 29% 1.75 

SNEIEIAN 23% 28% 4% 1.84 12% 65% 12% 2.25 

Heparin 19% 20% 18% 1.44 13% 52% 39% 1.79 

CaptureSelectÊ 

Lenti VSVG 4 
6% 38% 43% 1.94 À 

4 tested according to product instructions: RT of 2 min; equilibration and washing buffer: 50 mM HEPES buffer with 

150 mM NaCl at pH 7.5; elution buffer: 50 mM HEPES buffer with 150 mM NaCl and 0.8 M arginine at pH 7.5; 

stripping solution: 50 mM sodium phosphate at pH 12.0. À: values not measured. 

 

4.3.4. Optimizing LV purification by adjusting the composition of the chromatographic 

buffers 

The growth of LV yield and purity obtained simply by reducing the residence time of the 

loading step suggests that further adjustment of the chromatographic process is in order. 

Accordingly, we undertook the optimization of the composition, concentration, and pH of the 

chromatographic buffers to improve the performance of FEKISNAE-, GEFENINW-, and 
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GKEAAFAA-Poros resins. To that end, we initially explored the addition of arginine to the wash 

buffer and MgCl2 to the elution buffer, and subsequently evaluated buffers with different basal 

composition and conductivity, while maintain a constant RT of 1 minute for the loading step. 

As shown in Table 4.4, the addition 50 mM arginine to the wash buffer (20 mM phosphate 

buffer with 75 mM NaCl at pH 6.5) increased slightly the HCP LRV obtained with FEKISNAE-

Poros resin from 1.82 to 2.01 (corresponding to a 102-fold reduction and a residual HCP titer of < 

3 ɛg/mL), suggesting a potential strategy for improve HCP clearance. However, increasing the 

MgCl2 concentration from 0.5 M to 1 M in the base elution buffer (20 mM citrate buffer at pH 6.0) 

reduced LV recovery and was therefore abandoned. 

We therefore resolved to explore additional buffer systems with different basal 

compositions. Based on studies conducted by Pitarresi et al.96 and Bandeira et al.16, we first 

adopted Tris to formulate new equilibration, wash, and elution buffers. Notably, the new wash 

buffer (50 mM Tris buffer with 130 mM NaCl at pH 8.0) increased the HCP LRV by FEKISNAE-

Poros resin to 2.39 (corresponding to a 246-fold reduction and a residual HCP titer of 1.2 ɛg/mL) 

and that of GKEAAFAA-Poros resin to 2.05 (112-fold reduction; 2.6 ɛg/mL). Additionally, the 

new elution buffer (50 mM Tris and 1 M NaCl at pH 8.0) increased the yield of transducing LV 

particles afforded by FEKISNAE- and GKEAAFAA-Poros respectively to 35% and 38%. Under 

the same conditions, GEFENINW-Poros resin provided excellent purify, but unsatisfactory yields; 

this poor performance, combined with the presence in this peptide of asparagine (N) and 

tryptophan (W) residues that are prone to degradation ï chiefly, deamidation to aspartic acid97 and 

oxidation98 ï led us to abandoning this candidate ligand. 
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Table 4.4. Values of LV recovery measured via p24 ELISA (total particles), qPCR (total viral 

genomes), and transduction assay in HT1080 cells (transducing particles), together with clearance 

of HEK293 HCPs and DNA obtained by purifying LVs from a HEK293 CCF (LV titer ~1010 
vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) using FEKISNAE, GEFENINW-

, and GKEAAFAA-Poros resins. All purification processes comprised a loading step conducted at 

the RT of 1 minute. The values of yield were measured via transduction activity on HT1080 cells. 

 

We then proceeded to evaluate HEPES and PIPES buffers. The stabilization effect that 

these buffers have demonstrated on LV particles99ï101  and the ability of heparan sulfate and 

Chondroitin Sulfate to bind LV particles (whether or not VSV-G pseudotyped)102,103 suggest that 

sulfonic acid groups interact favorably with LV particles.72 Accordingly, we evaluated a new set 

of wash and elution buffers ï 50 mM HEPES/PIPES buffer at pH 7.4 added with 100 mM and 

0.65 M NaCl, respectively ï starting with GKEAAFAA as the top performing ligand. The results 

summarized in Figure 4.2 show an appreciable improvement in both the yield of transducing LV 

Ligand 
Buffers 

Yield 
HCP 

LRV  Binding Wash Elution 

FEKISNAE 

20 mM phosphate 

75 mM NaCl, pH 

6.5 

20 mM phosphate 

75 mM NaCl, pH 6.5 

20 mM citrate 

0.5 M MgCl2, pH 

6.0 

8% 1.81 

20 mM phosphate 

100 mM NaCl 

50 mM arginine, pH 

6.5 

20 mM citrate 

0.5 M MgCl2, pH 

6.0 

13% 2.01 

50 mM Tris 

130 mM NaCl, pH 

8.0 

50 mM Tris 

130 mM NaCl, pH 

8.0 

50 mM Tris 

1 M NaCl, pH 8.0 
38% 2.39 

GEFENINW 

20 mM phosphate 

75 mM NaCl, pH 

6.5 

20 mM phosphate 

75 mM NaCl, pH 6.5 

20 mM citrate 

1 M MgCl2, pH 

6.0 

1% 2.39 

20 mM citrate 

0.5 M MgCl2, pH 

6.0 

1% 2.37 

50 mM Tris 

130 mM NaCl, pH 

8.0 

50 mM Tris 

130 mM NaCl, pH 

8.0 

50 mM Tris 

1 M NaCl, pH 8.0 
<1% 1.92 

GKEAAFAA 

20 mM phosphate 

75 mM NaCl, pH 

6.5 

20 mM phosphate 

100 mM NaCl 

50 mM arginine, pH 

6.5 

20 mM citrate 

0.5 M MgCl2, pH 

6.0 

28% 1.83 

50 mM Tris 

130 mM NaCl, pH 

8.0 

50 mM Tris 

130 mM NaCl, pH 

8.0 

50 mM Tris 

1 M NaCl, pH 8.0 
35% 2.05 
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particles and HCP clearance, which reached respectively a value of 51% and an LRV of 2.26 (i.e., 

182-fold reduction; residual titer ~1.6 ɛg/mL) using PIPES-based buffers. Accordingly, four more 

candidate sequences ï namely FEKISNAE, and the candidate ligands SKSAAEHE, EWKAAFIW, 

EHFEHWSE, selected from Table S4.2 based on their sequence similarity with GKEAAFAA and 

FEKISNAE ï were reevaluated using the PIPES-based buffers. The resulting chromatograms are 

in Figure S4.3, while the corresponding values of LV yield and purity are collated in Table 4.5. 

Collectively, these results strongly support the adoption of piperazineethanesulfonate-based 

buffers, and, more broadly, showcase the impact of chromatographic processing on the 

transduction activity of the purified LV particles: while no reduction was in fact observed upon 

incubation of LV particles in either HEPES and PIPES buffers, chromatographic processing 

caused an appreciable loss of infectivity (i.e., purified LV particles exhibited almost half of the 

transduction activity of their pre-chromatography counterparts when tested on HT1080 cells at the 

same viral genome-to-cell ratio). This suggests the need to adopt different chromatographic 

substrates, such as membranes and monoliths ï which will be explored in future work ï whose 

wider porosity reduces the mechanical stress on LV particles and their residence time in process. 
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Figure 4.2. Values of LV recovery measured via p24 ELISA (total particles), qPCR (total viral 

genomes), and transduction assay in HT1080 cells (transducing particles), and clearance of 

HEK293 HCPs (orange histogram) obtained by purifying LVs from a HEK293 CCF (LV titer 

~1010 vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) using GKEAAFAA-Poros 

resins; the loading step was operated at the RT of 1 minute. The values of yield were measured via 

p24 ELISA (green histogram), qPCR (blue histogram), and transduction activity on HT1080 cells 

(teal histogram). 

 

Table 4.5. LV purification using an optimized chromatographic protocol. Values of LV recovery 

measured via p24 ELISA (total particles)1 and RT-qPCR (total viral genomes)2, logarithmic 

removal value of HEK293 host cell proteins (HCP LRV), and residual double-strand DNA 

obtained via chromatographic purification of LV particles from a HEK293 CCF (LV titer ~1010 

vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) using peptide-Poros resins. The 

equilibration and washing steps were conducted using 50 mM PIPES buffer with 100 mM NaCl 

at pH 7.4 (RT: 1 min); elution was conducted using 50 mM PIPES buffer with 0.65 M NaCl at pH 

7.4 (RT: 1 min). 

Ligand 

Yield 
HCP 

LRV  

Residual 

dsDNA Viral 

Particles 1 

Viral 

Genomes 2 

SKSAAEHE 52% 54% 1.81 23% 

EWKAAFIW 17% 33% 2.08 46% 

GKEAAFAA 48% 74% 2.07 33% 

EHFEHWSE 13% 27% 2.32 11% 

FEKISNAE 63% 55% 2.39 45% 
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4.3.5. In silico discovery and experimental evaluation of VSV-G-binding peptides 

The results presented in the previous sections demonstrate that the peptide sequences 

identified by screening the peptide library against VSV-G consistently outperformed the sequences 

selected against full  LV particles. This points at the rational design of sequences that target ligand-

able sites on VSV-G as a promising route to the discovery of peptide ligands for LV purification. 

In this context, particularly helpful are the published crystal structure of the complex formed by 

VSV-G and the cysteine-rich domains of the low-density lipoprotein receptor (LDL-R CR2 and 

CR3), a cell surface receptor that plays a key role in LV cell entry.104 Notably, the team that 

resolved and analyzed the structure of this complex identified two cationic residues on VSV-G, 

His8 and Lys47, that target anionic residues Asp69 and Asp 73 on CR2 and Asp108 and Asp112 

on CR3, and provide a major contribution to the LDL-R binding energy. Additionally, the LDL-R 

CR2 and CR3 domains feature a compact tertiary structure, rigidly held by 3 disulfide bonds, 

which resembles that of scaffolds (i.e., knottins, avimers, and bicyclic peptides)105,106 utilized to 

discover small protein affinity ligands. Finally, the analysis of pairwise interactions between the 

active residues on LDL-R CR2 and CR3, reported in Figure S4.4 and Table S4.3, indicate that 

the VSV-G binding site consists of a continuous segment of residues. Relevantly to this work, 

these data suggest that (i) small peptide mimetics of LDL-R CR2 and CR3 can be designed in 

silico to target the same CR-binding site of VSV-G; and (ii)  the top-performing ligands identified 

via library screening ï SKSAAEHE, GKEAAFAA, and FEKISNAE ï all of which contain at least 

one glutamic acid residue, may indeed target the LDL-R CR-binding site of VSV-G. 

Accordingly, we designed an in silico ensemble of candidate ligands, whose sequence and 

structure mimic the LDL-R CR2 and CR3 domains: specifically, the four disulfide-cyclic 

sequences C-cyclo[GSRQFVADSDRD]C-GSG, C-cyclo[GSRSFVGDSDRD]C-GSG, C-
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cyclo[GSRAFVADADRD]C-GSG, C-cyclo[GSRAFVGDAD]C-GSG, and the five linear 

sequences SRQFVCGDSDRD-GSG, SRSFVCDSDRD-GSG, SRAFVGDADRD-GSG, 

AFVGDADRD-GSG, and SFVRIGLSD-GSG. The sequence homology and the small values of 

root-mean-square deviation (RMSD) of the atomic positions of the designed peptides vs. their 

cognate CR2 and CR3 domains provide confidence in the LDL-R-mimetic behavior of the 

proposed sequences. The eight designed peptides, along with SKSAAEHE, GKEAAFAA, 

FEKISNAE, and the latterôs variants FEKISAAE and FEKISTAE, were docked in silico against 

the crystal structures of VSV-G (PDB IDs: 5OY9 and 5OYL) in different aqueous environments 

that represent the various buffers utilized during the purification process, namely ionic strength 

and pH of 150 mM and 7.4 to represent the binding buffer, and 0.7 M and pH 7.4 or 1 M and pH 

6.0 representing two alternative elution buffers (namely, 50 mM PIPES buffer with 0.65 M NaCl 

at pH 7.4; 20 mM citrate with 0.5 M MgCl2, pH 6.0). Peptide docking was focused on the putative 

binding sites identified on the solvent-accessible surface of the protein as ñligandableò, namely 

whose physicochemical and topological characteristics make it apt to bind a biomolecular ligand 

with true affinity.107 The other key constraint imposed during docking is for the -GSG tripeptide 

appended on the C-terminal end not to interact with the target VSV-G: this forces the -GSG 

tripeptide to orient outward from the binding pose, thus mimicking the orientational constraint 

imposed to the peptides by their conjugation on the surface of the chromatographic resin. In prior 

studies, this constraint has been delivered superior accuracy in estimating the target binding 

energy.37,38,46,64,86,108   The resultant VSV-G:peptide complexes, selected based on their cluster size 

and initial scoring using X-Score109, were subjected to 250-ns MD simulations in explicit-solvent 

conditions that represent the binding and elution buffers to obtain reliable values of binding free 
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energy (ȹGb). Selected complexes are shown in Figure 4.3 and the corresponding values of 

dissociation constant (KD,in silico) are listed in Table 4.6. 

 

 

Figure 4.3. Complexes formed by VSV-G with peptides (A) C-cyclo[GSRQFVADSDRD]C-GSG 

(red), (B) C-cyclo[GSRSFVGDSDRD]C-GSG (magenta), (C) FEKISAAE-GSG (green), (D) 

FEKISNAE-GSG (blue), (E) GKEAAFAA-GSG (teal), (F) SRQFVCDSDRD-GSG (yellow), (G) 

SRTFVCDSDRD-GSG (orange), and (H) SVFRIGLSD-GSG (mustard). The VSV-G and LDL-R 

are presented as grey and wheat cartoons, respectively; the interacting amino acids on VSV-G and 

LDL-R are in dark blue and red, respectively. The putative binding sites identified via druggability 

study of the solvent-accessible surface of VSV-G are presented as wheat, light blue, light green, 

and light brown surfaces. 

 

 

 

 

 

 

 

(A) (B) (C) (D)

(E) (F) (G) (H)
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Table 4.6. Values of dissociation constant (KD,in silico) of the complexes formed by LDL-R-mimetic 

peptides designed in silico and the peptides identified via library screening with VSV-G obtained 

via molecular docking and dynamics simulations in explicit solvent conditions that mimic the 

binding (ionic strength of 150 mM and pH of 7.4) and elution (A: 0.7 M and pH 7.4; B: 1 M and 

pH 6.0) buffers. 

Ligand 
CR2/3 vs. peptide 

RMSD (Å) 

Site 1 (LDL-R binding site) Site 2 

Binding 

(M) 

Elution A 

(M) 

Elution B 

(M) 

Binding 

(M) 

Elution A 

(M) 

Elution B 

(M) 

C-cyclo[GSRQFVADSDRD]C-

GSG 
2.37 Å 1.05·10-6 6.57·10-5 4.64·10-5 5.05·10-7 6.50·10-5 9.66·10-5 

C-cyclo[GSRSFVGDSDRD]C-

GSG 
2.56 Å 1.00·10-6 6.68·10-5 4.77·10-5 6.05·10-7 6.82·10-5 1.07·10-4 

C-cyclo[GSRAFVADADRD]C-

GSG 
2.47 Å 1.38·10-4 1.47·10-4 1.05·10-4 2.13·10-4 1.40·10-4 2.10·10-4 

C-cyclo[GSRAFVGDAD]C-

GSG 
2.42 Å 1.08·10-6 1.68·10-4 1.07·10-4 5.00·10-7 1.65·10-4 2.40·10-4 

SRQFVCGDSDRD-GSG 1.95 Å 1.05·10-6 1.58·10-4 1.16·10-4 5.00·10-7 1.41·10-4 2.29·10-4 

SRSFVCDSDRD-GSG 1.87 Å 1.03·10-5 5.60·10-5 4.08·10-5 5.05·10-5 5.71·10-5 8.00·10-5 

SRAFVGDADRD-GSG 1.81 Å 1.36·10-6 8.53·10-4 7.35·10-4 6.75·10-7 8.75·10-4 1.11·10-3 

AFVGDADRD-GSG 1.76 Å 1.01·10-4 1.40·10-4 1.01·10-4 1.06·10-4 1.41·10-4 2.02·10-4 

SFVRIGLSD-GSG 1.58 Å 1.12·10-6 8.33·10-4 5.30·10-4 5.50·10-7 8.53·10-4 1.05·10-3 

FEKISNAE 

À 

1.93·10-6 3.78·10-4 1.99·10-4 1.07·10-6 4.41·10-4 6.36·10-4 

FEKISAAE 2.74·10-6 1.84·10-4 2.31·10-4 1.38·10-6 1.91·10-4 2.73·10-4 

FEKISTAE 1.41·10-6 5.25·10-4 1.23·10-4 9.05·10-7 5.29·10-4 9.15·10-4 

GKEAAFAA 3.70·10-6 1.46·10-4 3.83·10-4 1.65·10-6 1.50·10-4 2.14·10-4 

SKSAAEHE 1.79·10-6 5.95·10-4 1.52·10-4 9.70·10-7 4.75·10-4 7.55·10-4 

LDL-R CR2 (5OYL) 
- - - 

1.41·10-7 6.75·10-6 9.82·10-6 
§ 

LDL-R CR2 (5OY9) 6.92·10-8 5.01·10-6 3.73·10-6 

À: peptides GKEAAFAA, SKSAAEHE, and FEKISNAE and its derivatives FEKISAAE and FEKISTAE were not desired as LDL-R 

mimetics. 
§: this site is not targeted by the CR2 and CR3 domains of LDL-R. 

 

The results of molecular docking support the design criteria of the mimetic sequences: (i) 

all peptides, with the sole exception of SKSAAEHE, formed complexes whose binding pairwise 

interactions recapitulate those of the VSV-G:LDL-R complexes; (ii)  the binding strength of the 

VSV-G:peptide complex in the binding environment is moderately lower (5.9 ï 8.7 kcal/mol; KD 

~ 5·10-7 ï 5·10-6 M) than that of their VSV-G:LDL-R CR2 and CR3 precursors (9.3 ï 9.7 kcal/mol; 

KD ~ 5·10-8 ï 10-7 M); and (iii)  all peptides except SRTFVCDSDRD exhibited comparable affinity 

for a second binding site (described by the green surface in Figure 4.3). The ability of peptide 

ligands to target multiple binding sites on the target surface with true affinity suggests the 
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formation of a multi-site interaction network between the virus and the peptide-functionalized 

surface. This mechanism has been observed in prior studies on the de novo discovery of peptide 

ligands for AAV purification110 to be conducive to high capacity and selective binding as well as 

efficient product recovery under mild elution conditions. The LV coat displays approximately 216 

VSV-G proteins,111 suggesting that VSV-G are placed at 12.5 ï 31.3 Å from each other (assuming 

the LV radius to be 40 ï 50 nm); additionally, based on the peptide density on the resin (~ 30 ɛmol 

per gram) and the resinôs specific surface (~30 m2/g), the peptides are displayed at ~18 Å from 

each other. This suggests the formation of 8 ï 10 VSV-G:peptide interactions per bound LV 

particle. The cooperation of multiple affinity interactions results in a strong avidity-like binding 

that promotes efficient and selective LV capture, as demonstrated by the values of binding capacity 

and product purity presented below (Section 4.3.6). 

Furthermore, as shown in Table 4.6, the dissociation constant (KD) of the VSV-G:peptide 

complexes undergoes a 540-to-750-fold increase as the ionic strength of the environment increases 

from 150 mM to 1.3 M (representing the 50 mM PIPES elution buffer containing 0.65 M MgCl2) 

and a 1,550-to-1,900-fold increase as the pH decreases from 7.4 to 6.0 (representing the 20 mM 

citrate elution buffer). This suggests that the adsorbed viruses can be effectively released under 

conditions that safeguard their transduction activity, as confirmed by the values of product yield 

(vide infra and Section 4.3.4). The analysis of the molecular simulation trajectories indicates that 

the VSV-G:peptide dissociation is strongly influenced by the loss of (i) Coulombic interactions 

between the anionic residues in the peptide ligands and their cationic counterparts on the VSV-G, 

chiefly Lys47, Arg342, and Arg354, which contribute ~34 ï 41% of the binding energy at pH 7.4.  

The second major contributor to the free energy of binding, the network of hydrogen bonds 

and polar interactions ï chiefly those formed with Gln10, Ser179, Asn180, Ser183, Thr350-352, 
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and Glu353, which contribute 31 ï 39% of the binding energy ï is also obliterated by the addition 

of MgCl2 ï a known chaotrope ï which destabilizes the electrostatic and hydrogen bonding 

interactions.112,113  The increase of ionic strength and the decrease of pH also causes a contraction 

of the VSV-G solvent accessible pockets: albeit small, this rearrangement significantly reduces the 

structural complementarity of the putative pockets to the peptide ligands and promotes their 

dislodging from the coat proteins. The energy of both VSV-G:LDL-R CR2 and CR3 complexes is 

also reduced when the simulation environment is switched to elution conditions. However, their 

residual strength at the reference elution conditions (ȹGb ~7.2-8.2 kcal/mol) is higher than what 

observed among the VSV-G:peptide complexes, suggesting that product elution from protein 

ligands is more challenging; this could explain why stronger denaturing conditions are required 

for lentivirus elution from antibody-based ligands (e.g., 0.8 M arginine is recommended for elution 

from CaptureSelectÊ Lenti VSVG affinity resin). 

Based on the predicted values of VSV-G affinity at pH 7.4 and loss of binding upon 

application of elution conditions, peptides C-cyclo[GSRAFVGDAD]C, SRQFVCGDSDRD, 

SRAFVGDADRD, and SFVRIGLSD were conjugated on Poros resins and evaluated by purifying 

LVs from a clarified HEK293 cell culture harvest using the optimized PIPES-based buffer system. 

The results summarized in Table 4.7 confirm the criteria adopted in the in silico peptide design: 

the cyclic peptide afforded the highest value of HCP clearance registered in this study (i.e., residual 

HCP titer ~0.34 ɛg/mL corresponding to a 871-fold reduction), but returned a rather unsatisfactory 

amount of product. Conversely, the SRAFVGDADRD and SFVRIGLSD afforded a yield of 

transducing LV particles comparable to those obtained with FEKISNAE and GKEAAFAA, while 

still providing > 100-fold reduction of HCPs and were therefore selected for further 

characterization. 
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Table 4.7. LV purification using LDL-R-mimetic peptides designed in silico. Values of yield (1: 

LV genomes measured via qPCR; 2: transducing LV particles measured via flow cytometry), 

logarithmic removal value of HEK293 host cell proteins (HCP LRV), and residual double-strand 

DNA obtained via chromatographic purification of LV particles in bind-and-elute mode from a 

HEK293 CCCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) 

using LDL-R-mimetic peptide-Poros resins. The equilibration and washing steps were conducted 

using 50 mM PIPES buffer with 100 mM NaCl at pH 7.4 (RT: 1 min); elution was conducted using 

50 mM PIPES buffer with 0.65 M NaCl at pH 7.4 (RT: 1 min). 

Ligand 

Yield 

HCP 

LRV  Viral 

Genomes 1 

Transducing 

Viral 

Particles 2 

C-cyclo[GSRAFVGDAD]C-

GSG 

16% 12% 2.94 

SRQFVCGDSDRD-GSG 18% 15% 2.42 

SRAFVGDADRD-GSG 60% 45% 2.20 

SFVRIGLSD-GSG 55% 38% 2.02 

 

These results support the development ï in silico or in vitro ï of VSV-G-targeting peptides 

as affinity ligands for the purification of lentivirus from recombinant feedstocks. Owing to their 

moderate affinity and ability to form multiple interactions leading to strong avidity-driven product 

capture, VSV-G-targeting peptides can match antibody-based ligands in terms of binding capacity 

and selectivity, while outperforming them in product yield under non-denaturing conditions. 

Additionally, the adoption of chemically stable amino acids in constructing the resin-bound library 

or the in silico ensemble of LDL-R mimetics, and the lack of tertiary structure characteristic of 

short peptides are conducive to the selection of ligands that are likely more robust than protein 

binders. The latter aspect is particularly relevant in biopharmaceutical manufacturing, as it impacts 

the number of uses that an affinity resin can withstand, which represents a key determinant of 

operational costs of a process ï and ultimately the price of the drug to patients. 
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4.3.6. Dynamic binding capacity and alkaline stability of peptide-Poros resins 

Based on the results in Tables 4.4 and 4.7, adsorbents FEKISNAE-, GKEAAFAA-, 

SRAFVGDADRD-, and SFVRIGLSD-Poros resins were adopted to evaluate the dynamic binding 

capacity (DBC10%) and stability of peptide ligands for lentivirus purification. Unlike the 

conventional literature, where the values of DBC10% are measured by loading solutions of pure 

virus and are therefore not representative of realistic process streams, we opted to conduct our 

breakthrough experiments by loading a clarified bioreactor harvest containing LV particles at a 

titer of ~108 TU/mL. The measurements were conducted at two values of residence time, namely 

2 and 1 min: the former is the one recommended for CaptureSelectÊ Lenti VSVG affinity resin 

and was adopted in this work for comparability; the latter was selected in this study to reduce the 

process time of LV particles and achieve a higher yield of transducing particles. The results 

reported in Figure 4.4 and the corresponding values of DBC10% summarized in Table 4.8 

demonstrate that all peptide-based adsorbents possess a high binding capacity, on par with the 

values of commercial affinity resins. Specifically, GKEAAFAA-Poros resins featured remarkable 

DBC10% values of 1.91·1010 at the RT of 1 min; FEKISNAE-Poros, SRAFVGDADRD-Poros, and 

SFVRIGLSD-Poros resins showed slightly lower, yet still appreciable, values of DBC10% values 

of 1.43·109, 6.24·109, and 8.03·109 vg/mL. For reference, the DBC10% of CaptureSelectÊ Lenti 

VSVG resin is 9.73·1010 vp/mL at the RT of 2 min, while that of PorosÊ 50 HE Heparin affinity 

resin is 1.0·108 TU/mL at the RT of 0.5 min. The ability of peptide-functionalized adsorbents to 

capture a comparable amount of LV particles while reducing the process time of 50% may stem 

from the ñflexibleò biorecognition mechanism of peptide ligands. As suggested by the docking 

studies, which returned several high-probability binding poses for each sequence (Figure 4.3), the 

interactions with VSV-G formed by peptide ligands appear to be less orientation-dependent than 
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those formed by proteins. This may promote the rapid formation of multi-site binding of LV 

particles by the peptide-functionalized surface ï manifested in the form of faster adsorption 

kinetics ï which translates in equal binding capacity at lower residence time or higher capacity at 

a longer residence time. 

We noted that the ratio of LV titer in the effluent (C) did not reach the corresponding value 

in the load (C0) at plateau. Segura et al. also reported a C/C0 plateau ~ 0.8 when measuring the LV 

binding capacity of heparin-functionalized resins.26 To assess the role of LV loss in the tubing on 

the plateau value of the LV titer, we loaded HEK293 CCF on the FPLC system without a column 

and conducted a transduction assay of the effluent fractions as soon as they were dispensed on 

fraction collector. As anticipated, the analysis of the effluents showed a 5-10% loss in LV 

transduction activity, which can be ascribed to shear, non-ideal temperature, or adsorption on the 

inner walls of the chromatographic equipment (note: our FPLC system is constructed with inert 

tubes). 

 

Figure 4.4. Breakthrough curves obtained by loading a HEK293 CCF (LV titer ~1010 vp/mL, 

corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) on (A) FEKISNAE-, (B) GKEAAFAA-

Poros resins at the residence time of either 1 or 2 min. The LV titer in the effluent was measured 

via real time RT-qPCR (vg/mL) and transduction assay (TU/mL). 
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Table 4.8. Values of dynamic LV binding capacity (DBC10%) of peptide-Poros resins loaded with 

HEK293 CCCF (LV titer ~1010 vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) at 

the residence time of either 1 or 2 min. The LV titer in the effluent was measured via real time 

qPCR (vg/mL) and transduction assay (TU/mL). 

Ligand 
RT 

(min) 

DBC10% 

(vg/mL) (TU/mL)  

FEKISNAE 
1 7.03 109 1.43 109 

2 5.84 109 1.69 109 

GKEAAFAA 
1 1.91 1010 4.04 109 

2 2.69 1010 5.24 109 

SRAFVGDADRD 1 6.24 109 1.76 109 

SFVRIGLSD 1 8.03 109 2.09 109 

CaptureSelectÊ Lenti 

VSVG 
2 9.73 109 vp/mL 

Heparin 0.5 1.0·108 TU/mL 

 

Together with binding capacity, another critical parameter in downstream bioprocessing is 

the resin stability to cleaning-in-place (CIP). The caustic treatments with concentrated aqueous 

sodium hydroxide (0.1 ï 0.5 M)114-116 established in antibody manufacturing are now being 

transferred to the production of viral vectors for in vivo and ex vivo gene therapy. Commercial 

resins POROSÊ CaptureSelectÊ AAVX and AVIPure® affinity resins for AAV purification are 

designed to withstand multiple cycles of reuse with intermediate cleaning using phosphoric acid 

but poor stability to 0.1 ï 0.5 M NaOH.117 While remarkable, these ligands have not yet reached 

the chemical stability of latest-generation Protein A for mAb purification, whose decades of 

engineering has made it capable of withstanding many cycles of cleaning with 0.5 M NaOH.118,119  

Affinity technology for LV purification is still in its infancy, and the newly introduced ligands 

have not yet accessed the molecular engineering pathway leading to high chemical stability; 

accordingly, the recommended CIP conditions for PorosÊ 50 HE Heparin and CaptureSelectÊ 

Lenti VSVG resins are limited to 2 M NaCl and 25 mM NaOH, respectively.30,34  
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The lability of protein-based ligands has been often linked to the deamidation of 

asparagine/glutamine (N/Q) residues, as observed in native Protein A,120 and the loss of tertiary 

structure caused by the exposure to highly pH. Conversely, 3 of the 4 selected peptides ï namely, 

GKEAAFAA, SRAFVGDADRD, and SFVRIGLSD ï do not contain either N or Q and they only 

feature a secondary Ŭ-helical structure, which can be rapidly recovered upon incubation in neutral 

pH. On the other hand, FEKISNAE is anticipated to convert to FEKISDAE when subjected to 

alkaline cleaning, due to the deamidation of N to aspartic acid (D). When exposed to a flow of 50 

mM NaOH, FEKISNAE-Poros resin lost in fact ~50% of its binding capacity and, following a 

static contact with 0.1 M NaOH for 30 minutes, could not show any measurable binding of LV 

particles. Therefore, alkaline-stable variants FEKISAAE and FEKISTAE were designed in silico 

to possess VSV-G binding and elution activity comparable to that of their cognate sequence (Table 

4.6). Accordingly, adsorbents FEKISAAE- and FEKISTAE-Poros resins were subjected to ten 

consecutive cycles of LV purification from the HEK293 CCF with intermediate CIP with 0.5 M 

NaOH. Adsorbent GKEAAFAA-Poros resin, which exhibited the highest value of product yield 

and DBC10% was subjected to 50 consecutive cycles of LV purification with intermediate caustic 

cleaning. The lifetime study corroborates the criteria adopted in peptide design demonstrating that 

GKEAAFAA maintained its binding capacity and selectivity, consistently adsorbing >109 TU/mL, 

and affording an average yield of ~60% of transducing LV particles and a 130-300-fold reduction 

of HEK293 HCPs (Figure 4.5A). Similarly, SRAFVGDADRD and SFVRIGLSD maintained their 

LV binding capacity (>109 TU/mL) and yield (>38%) as well as impurity clearance after CIP with 

0.5 M NaOH and 30 minutes contact time. Finally, FEKISAAE demonstrated a purification 

performance on par with its cognate FEKISNAE, while possessing a significantly higher stability: 

throughout the 15 subsequent purification cycles, the adsorbent maintained its capacity (>109 
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TU/mL) and afforded a product yield consistently above 50% together with a >200-fold reduction 

of HCPs (Figures 4.5B). On the other hand, FEKISTAE-Poros resins displayed significant 

reduction of LV bound to column within increase on number of CIP cycles. Acidity of hydroxy 

group on threonine side chain may lead to negative charge decreasing binding capacity of peptide 

ligand.121 

 

 

Figure 4.5. Caustic stability study of (A) GKEAAFAA-, (B) FEKISAAE-Poros resins conducted 

as consecutive cycles of LV purification from the HEK293 CCCF with intermediate CIP with 0.5 

M NaOH (15 CVs at the RT of 1 min followed by 30 minutes of static contact time). 
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4.4. Conclusions 

Lentiviral vectors are rapidly becoming an essential tool for producing lifesaving cell 

therapies. Their manufacturing technology, however, is in its infancy and can afford limited 

product volumes, thus limiting the application of these therapies to a small group of patients living 

in advanced economies. While access to healthcare relies on many factors, introducing 

biomanufacturing technologies that are productive and robust as well as affordable and scalable is 

critical towards bringing advanced therapies to fruition to a broader patient population worldwide. 

In this spirit, our team introduced the first ensemble of peptide ligands for the purification of VSV-

G-pseudo typed LVs via affinity chromatography. By integrating criteria of affinity, selectivity, 

and stability of the peptide sequences under different user-defined conditions, our discovery 

strategy delivers ligands with a unique combination of high binding capacity, clearance of 

impurities, yield of transducing vectors, and lifetime. To demonstrate this approach, we applied 

these criteria towards the experimental as well as the in silico discovery of VSV-G-targeting 

peptides. Among the sequences identified via library screening, GKEAAFAA affords a binding 

capacity of 5·109 TU per mL of resin, a 60-70% yield of transducing LV particles, and a reduction 

of HCPs above 200-fold, while also demonstrating stability to caustic cleaning. Similarly, among 

the sequences designed in silico, alkaline-stable SRAFVGDADRD and SFVRIGLSD showed a 

binding capacity of ~6.24·109 TU/mL, 38-45% yield, and >200-fold HCP clearance. As short 

peptides, these ligands can be affordably produced at scale: recent studies indicate that, when 

manufactured at the 10kg scale or above, the cost of 8-mer peptides can be as little as $60 per 

gram.122 Given that ~25 grams of the proposed peptides are required to functionalize a liter of 

resin, the cost-of-goods of the peptide-functionalized resins would range between $7.5-9K per 

liter, thus providing a competitive alternative to affinity resins that rely on protein ligands. To 
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further explore the potential of this technology, future work will focus on the evaluation of these 

peptide ligands for the purification of VSV-G-pseudotyped LVs loaded with different genetic 

payloads as well as their use on alternative chromatographic substrates such as monoliths and 

membranes. The latter hold great value to further reduce the residence time during loading, thus 

minimizing process time and increasing the likelihood of recovering LVs with higher transduction 

activity. 
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4.6. Supplementary Information 

 

 

Figure S4.1. Relative infectivity of LV samples in chromatographic buffers. LV particles were 

incubated at the initial titer of 5.0 107 TU/mL in citrate-, phosphate-, and histidine-based buffers 

with different added salts (NaCl or MgCl2 at different concentrations) and pH for 30 minutes at 25 

°C. The relative infectious titers are calculated as the ratio of the transduction activity in HT1080 

cells of the LV samples relative to that of LV particles in DMEM medium. 

Figure S4.2. Calibration curve for the determination of the surface density of primary amine 

groups on modified Poros resin. The data points were obtained by analyzing aqueous solutions of 

ethanolamine at different concentrations via Kaiser (ninhydrin) test. 
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Figure S4.3. LV purification from a clarified HEK293 cell culture harvests. Chromatograms 

obtained by purifying LV particles in bind-and-elute mode from a HEK293 CCCF (LV titer ~1010 
vp/mL, corresponding to ~108 TU/mL; HCP titer ~ 0.3 mg/mL) using peptide-based adsorbents (A) 

EHFEHWSE, (B) EWKAAFIW, (C) FEKISNAE, (D) GKEAAFAA-, and (E) SKSAAEHE-Poros 

resins. The equilibration and washing steps were conducted using 50 mM PIPES buffer with 100 

mM NaCl at pH 7.4 (RT: 1 min); elution was conducted using in 50 mM PIPES buffer with 0.65 

M NaCl at pH 7.4 (RT: 1 min). 
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Figure S4.4. Complexes formed by VSV-G with the (A) CR2 and (B) CR3 domains of LDL-R 

(PDB IDs: 5OYL and 5OY9, respectively). The VSV-G and LDL-R are presented as light blue 

and wheat cartoons, respectively; the interacting amino acids on VSV-G and LDL-R are in dark 

blue and red, respectively. 
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Table S4.1. Sequences and biophysical properties of 8-mer peptides selected via library screening 

against mature LV particles, EVSV-G, and FLVSV-G. The sequences were identified via Edman 

degradation of the selected library beads. The values of isoelectric point (pI) and Grand Average 

Hydropathy index (GRAVY) were calculated based on the amino acid sequences and assuming an 

amidated C-terminus to represent the conjugation of the peptide to the chromatographic resin. 

LV particles EVSV-G FLVSV-G 

Sequence Ip  GRAVY  Sequence Ip  GRAVY  Sequence Ip  GRAVY  

NEAIAWSA 6.99 0.15 HFGNHAHS 11.05 -1.21 GKEAAFAA 10.13 0.28 

SANWAIEW 6.99 -0.19 FEKISNAE 7.05 -0.76 GNSNAAHF 11.35 -0.63 

FFFWKEWE 7.05 -0.54 SWFHWNGW 11.15 -0.98 FFFNAFAH 11.30 1.01 

EKNKEKAN 10.35 -2.99 GWAANWGF 11.23 0.04 SHIKNSAN 12.05 -1.18 

WFIIEESG 4.29 0.34 FGKSAAAA 12.20 0.61 ANFGAHSK 12.10 -0.68 

AINNHEWE 5.31 -1.48 SNEIEIAN 4.29 -0.50 KKWAIGSK 12.70 -0.94 

ENSNHSAW 7.90 -1.80 HENISNSW 7.90 -1.46 EWKAAFIW 10.13 1.21 

FEFSEWAW 4.29 -0.28 SIEINSSE 4.29 -0.49 NWEFWSHN 7.90 -1.69 

NEKWHEAF 7.88 -1.74 NNWHEWHI 8.00 -1.78 NIFHFNSN 11.25 -0.55 

EHFEHWSE 5.22 -1.98 AFIHEAWS 7.90 0.31 SKSAAEHE 7.88 -1.51 

IWEFKNHE 7.88 -1.40 GNSEKAAW 10.13 -1.18 SKSAAEHE 7.88 -1.51 

WEIAKHSF 10.13 -0.40 HNAWFAAA  11.40 0.30 NESHINIS 7.90 -0.79 

LKIWEWEI 7.05 0.01 FFFAENWE 4.29 -0.15 NWFWSFNE 6.99 -0.94 

SHFENNIW 7.90 -1.01 SNSEWANI 6.99 -0.84 SKAAAFSH 12.34 -0.06 

WFWHAAIF 10.89 1.09 FWSAFINE 6.99 0.40 WIIAWNHE 7.90 -0.15 

WLSAAFFH 10.92 1.01 NEISSSWF 6.99 -0.38 SHFAWASE 7.90 -0.35 

ESFWFNNE 4.29 -1.26 FSSAAIWN 11.40 0.61 ASWSENNI 6.99 -0.84 

WHISHAAN 11.01 -0.44 HAWENNFG 7.90 -1.30 IKEIKENN 9.86 -1.60 

AFWWGHHF 10.88 -0.15    NNWEAWEN 4.29 -2.19 

FNNNHEWF 7.90 -1.56    FNEFNKAN 10.13 -1.31 

WEIWHFEE 4.59 -1.03    WKIEENNE 4.63 -2.23 

GENNINSN 6.99 -1.78    HWEENWAE 4.59 -2.15 

FIHHIWFS 10.91 0.81       

FWIAIEAI  6.99 1.94       

WESIIFAA 6.99 1.28       

NKIIWANS 12.51 -0.23       

NAAFIWNH 10.89 -0.03       

NKGHSNEE 7.88 -2.79       

SESIIAWW 6.99 0.49       

KAHEHIFW 10.13 -0.70       

WSSISEGG 6.99 -0.39       

GHFENINW 7.90 -0.96       

GASFFISW 11.45 1.13       

GSWGGHHW 11.10 -1.28       
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Table S4.2. Evaluation of the candidate peptide sequences via LV purification in flow. Values of 

LV yield (viral particles measured via p24 ELISA and viral genomes measured via qPCR), 

logarithmic removal value of HEK293 host cell proteins (HCP LRV), and residual double-strand 

DNA obtained via chromatographic purification of LV particles in bind-and-elute mode from a 

clarified HEK293 cell culture harvest (LV titer: ~1010 vp/mL, corresponding to ~108 TU/mL; HCP 

titer: ~0.3 mg/mL) using the peptides identified by screening the 8-mer peptide-ChemMatrix 

library against either (1) mature LV particles, (2) EVSV-G, or (3) FLVSV-G targets, and conjugated 

on aminated Poros resins; The equilibration and washing steps were conducted using 20 mM 

phosphate with 75 mM NaCl at pH 6.5 (RT: 3.5 min); elution was conducted using 20 mM citrate 

buffer with 0.5 M MgCl2 at pH 6.0. 

 

Sequence 

LV particle 

yield 

(p24 

ELISA)  

LV genome 

yield  

(RT-qPCR) 

HCP 

LRV  

Residual 

dsDNA 

GEFENINW1 14% 51% 1.62 47% 

EHFEHWSE1 13% 25% 1.88 29% 

EWKAAFIW1 12% 40% 0.84 28% 

LKIWEWEI1 7% 26% 0.58 55% 

IWEFKNHE1 7% 27% 1.31 21% 

WFWHAAIF1 3% 32% 2.08 65% 

NKGHSHEE1 2% 25% 0.79 8% 

SWFHWNGW1 1% 40% 0.52 52% 

KAHEHIFW1 1% 26% 0.56 27% 

WSSISEGG1 1% 31% 2.31 74% 

GSWGGHHW1 1% 19% 1.51 55% 

SESIIAWW1 1% 22% 1.81 42% 

ESFWFNNE1 < 1% 9% 1.98 48% 

FWIAIEAI 1 < 1% 10% 1.81 26% 

GASFFISW1 < 1% 2% 1.59 27% 

NAAFIWNH1 < 1% 11% 2.07 9% 

WFIIEESG1 < 1% 11% 1.83 41% 

WESIIFAA1 < 1% 6% 1.79 49% 

WHISHAAN1 < 1% 9% 1.52 54% 

SNEIEIAN2 23% 28% 1.84 40% 

FEKISNAE2 16% 44% 1.61 72% 

FGKSAAAA2 10% 17% 0.54 12% 

SIEINSSE2 4% 42% 1.69 68% 

HAWENNFG2 3% 14% 1.12 47% 

AFIHEAWS2 2% 9% 1.42 46% 
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Table S4.2 (continued). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

FWSAFINE2 < 1% 6% 1.98 25% 

NNWHEWHI2 < 1% 4% 1.48 57% 

GKEAAFAA3 15% 34% 1.44 55% 

SKSAAEHE3 8% 32% 1.24 65% 

SHIKNSAN3 8% 29% 0.78 17% 

GNSNAAHF3 6% 32% 0.71 7% 

KKWAIGSK3 2% 7% 0.94 47% 

SHFAWASE3 1% 5% 0.91 57% 

IKEIKENN3 < 1% 6% 1.71 64% 

NWFWSFNE3 < 1% 4% 2.05 28% 



   

140 

 

Table S4.3. Pairwise interactions between the active residues on VSV-G and the targeted residues 

on LDL-R CR2 (PDB ID: 5OYL) and CR3 (5OY9) domains. 

LDL -R 

CR3 

ΔGb 

(kcal/mol) 
VSV-G  LDL -R 

CR2 

ΔGb 

(kcal/mol) 
VSV-G 

GLN90 -0.101 MET184  

GLY40 -0.66 

ASP178 

ASP91 -0.202 LYS47  SER179 

LYS99 -0.101 ASN9  ASN180 

SER102 -0.808 LYS11  

PRO41 -0.33 
SER179 

ARG103 -0.707 

TYR209  ASN180 

ARG354  

LEU42 -1.1 

SER48 

GLU355  SER179 

ILE52  ILE182 

GLN104 -0.909 

ARG354  ASN180 

ILE347  LYS47 

THR352  PRO63 -0.44 ALA51 

LYS47  GLN64 -0.22 GLN10 

ILE331  

PHE65 -0.88 

GLN10 

ALA51  ASN9 

ILE182  ARG354 

PHE105 -1.010 

THR350  ALA51 

GLN10  HIS8 

SER48  

TRP66 -1.1 

LYS47 

ILE347  GLN10 

LYS47  ARG354 

VAL106 -0.303 
ARG354  ALA51 

SER179  SER48 

CYS107 -0.909 

ILE182  HIS8 

SER183  

ARG67 -0.22 
GLN10 

HIS8  ARG354 

ASN9  

CYS68 -0.99 

ARG354 

ASP108 -1.010 

THR352  THR352 

ARG354  GLU353 

ARG342  ILE347 

ALA51  

ASP69 -1.1 

ILE331 

GLN53  ILE347 

MET184  ARG354 

TYR209  TYR209 

SER109 -0.606 

TYR209  HIS8 

SER183  THR352 

HIS8  LYS47 
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Table S4.3 (continued). 

  

GLU353  

GLY70 -0.77 

ILE347 

LYS11  TYR209 

VAL344  SER183 

ASP110 -1.010 

HIS8  MET184 

GLN10  THR352 

THR352  ASP185 

ILE182  

GLN71 -1.1 

LYS47 

ARG354  TYR209 

ARG111 -0.202 
ALA51  ILE182 

ILE347  HIS8 

ASP112 -0.808 
ARG354  SER183 

THR352  MET184 

GLU119 -0.202 ARG354  

VAL72 -0.55 

ILE182 

CYS122 -0.404 

HIS8  SER183 

THR352  MET184 

GLU353  

ASP73 -0.88 
ILE182 

PRO123 -0.505 

GLN10  LYS47 

LYS11  ASP75 -0.11 ASN180 

SER183  GLU80 -0.33 THR352 

LYS47  

CYS83 -0.88 

THR351 

GLU353  GLU353 

Total -9.8   THR352 

    

PRO84 -0.44 

THR351 

    ARG342 

    GLU353 

    Total -12.1  
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CHAPTER 5: Downstream process development for lentivirus purification from 

recombinant fluids  

By Eduardo Barbieri, Gina N. Mollica, Shrirarjun Shastry, Yuxuan Wu, Sobhana A. Sripada, Will 

Smith, Arianna Minzoni, Elena Wuestenhagen, Annika Aldinger, Heiner Graalfs, Oliver Rammo, 

Michael M. Schulte, Michael A. Daniele, and Stefano Menegatti 

 

Abstract 

Unique biological properties of lentiviruses (LVs), short half-life times, and sensitive to 

temperature, salt, and pH changes require fast and robust downstream processes for successful 

development of life saving therapeutics. Therefore, we further characterized peptides as affinity 

ligands for purification of LVs by investigating different chromatography resins and membranes 

for peptide attachment and proposing a lab scale downstream process from clarification to sterile 

filtration of LVs. Regarding chromatography resin type, the robustness of peptide GKEAAFAA 

was confirmed by synthesis in 5 different resins displaying recoveries ranging from 49% to 65% 

and binding capacity up to 5.0·109 TU/mL of resin at 1 minute resident time. However, when 

peptides FEKISNAE and GKEAAFAA were conjugated on membranes values of recovery 

reduced to 39% or less and approximate 1-log reduction in binding capacity. Finally, we proposed 

a lab scale process composed of clarification by centrifugation and microfiltration, affinity step 

with GKEAAFAA-Poros, polishing by applying CaptoCore700 resin, LV concentration and buffer 

exchange by tangential flow filtration, and 0.2 µm sterile filtration. Process global yield was 44% 

with more than 99.99% removal of host cell proteins. 
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5.1. Introduction.  

Limited access of patients to life saving gene and cell therapies are usually attributed to 

high manufacturing costs required for production and purification of viral vectors.1 Zynteglo, one 

of the most expensive drugs in the USA approved by the FDA in 2022, costs 2.8 million per 

treatment.2 More robust and effective downstream technologies could help reduce costs and 

improve product safety. However, the unique characteristics of viral vectors, size, stability, capsid 

and genetic material diversity, require novel, robust, and cost-effective purification technologies 

to foment therapeutic treatment accessibility.3 

Lentiviruses are retroviruses typically applied in CAR T cell therapy for ex vivo 

modification of patientsô T cells for cancer treatment. However, in vivo applications have also 

been reported for treatment of neovascular age-related macular degeneration by LV subretinal 

injection.4ï6 Independently of application, LVs need to be purified from HEK293 cell culture fluids 

(CCFs) to remove different impurities, host cell DNA (hcDNA) and proteins (HCPs), vesicles, as 

well as remaining plasmids and cell culture medium components. Effective downstream processes 

ensure product safety for patients, preservation of viral activity, and therapeutic preparation before 

formulations. 

Typical downstream processes are composed of clarification by centrifugation or filtration, 

a capture/affinity step followed by polishing chromatography and tangential flow filtration for 

concentration and buffer exchange.  Specifically for lentivirus, CCFs are treated with benzonase 

for digestion of nucleic acids and cell and debris removal by depth filtration, tangential filtration 

and/or centrifugation.7 More than 90% of LV recovery has been reported using a polystyrene based 

depth filter.8 Anion exchange chromatography (AEX) has been reported in the literature as the 

commonly used capture step.8ï11 Bandeira et al. described the use of diethylethanolamine (DEAE) 
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monoliths with 80% LV recovery but no data on HCP removal.8 In another experiment, 

regenerated cellulose nanofibers functionalized with quaternary amine resulted in 63% LV 

recovery by transduction assay, 2-log reduction in HCP but no reduction on host cell DNA.11  

Similarly, DEAE hydroxylated methacrylic polymer beads (pore diameter of 100 nm) were tested 

for LV purification resulting in 46% recovery, and on average 99.18% and 99.97% for total DNA 

and HCP removal, respectively, after AEX, tangential flow filtration, and a polishing step using 

size exclusion chromatography.10  Due to large size of LV in comparison with contaminants, size 

exclusion chromatography is the typical type of chromatography applied as a polishing step with 

recovery values reported from 68 to 88%.8,10 

Affinity chromatography is a preferable method for capture due to higher specificity to the 

target in the presence of contaminants and simplified elution conditions.12 However, there are 

limited available affinity ligands for LV purification. Heparin has been used as pseudo affinity 

ligands with LV recovery of 61% by transduction assay, 86.8% in DNA removal, and 1·108 

transduction units (TU)/mL of resin for binding capacity at 0.5 minutes resident time.13 However, 

heparin is obtained from animals leading to contamination concerns and lack of stability to 

cleaning in place conditions (CIP) e.g. sodium hydroxide or phosphoric acid aqueous solution.14,15 

More recently, Peixoto et al. and ThermoFisher found single domain (VHH) antibody fragments 

for affinity purification of vesicular stomatitis virus G protein (VSV-G) LV particles.13 They 

reported recoveries values ranging from 45-54%, 99% and 80% for HCP and dsDNA removal, 

respectively, and binding capacity up to 1·1011 viral particles/mL resin at 2 minutes resident time. 

However, the authors do not report ligand stability to NaOH concentration higher than 25 mM or 

lifetime cycle studies for the resin. 
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In seeking improvements and contributions to LV purification, we further investigated our 

previous published work on peptide ligands by engineering NaOH stable peptides, conducting 

lifetime studies, exploring different substrates for peptide coupling and use of CaptoCore700 as a 

polishing step.   

 

5.2. Materials and methods 

5.2.1. Materials 

Plasmids pALD-LentiEGFP-K, pALD-Rev-K, pALD-VSV-G-K, and pALD-GagPol-K 

were purchased from Aldevron (Fargo, ND). dCAS9-VP64_GFP was a gift from Feng Zhang 

(Addgene plasmid #61422; http://n2t.net/addgene:61422; RRID:Addgene_61422).16 TransIT-

VirusGENÊ Transfection Reagent for LV production was purchased from Mirus (Madison, WI). 

Viral production cells derived from HEK 293F, LV-MAX production medium, LV-MAX 

transfection kit, TrypLEÊ express enzyme, fetal bovine serum (FBS), PureLinkÊ HiPure Plasmid 

Maxiprep Kit, Syto 13 dye, TaqManÊ Fast Virus 1-Step Multiplex Master Mix, TaqManÊ 

custom made probe and primers, Purelink Viral RNA/DNA Kit, Turbo DNAse, POROSÊ 50 OH 

Hydroxyl Activated Resin, and  high glucose DMEM supplemented with GlutaMAXÊ and 

pyruvate, were obtained from ThermoFisher Scientific (Waltham, MA). Trifluoroacetic acid 

(TFA), Fmoc/tBu-protected amino acids, piperidine, diisopropylethylamine (DIPEA), N-Methyl-

2-pyrrolidone (NMP), and hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) 

were purchased from Chem-Impex (Wood Dale, Illinois). T-75 and T-25 cell culture flasks, 96-

well culture plates, DNAse/RNAse free water, 1,4-Piperazinediethanesulfonic acid (PIPES) 

sesquisodium salt, BalanCD HEK293 medium, isopropanol and ampicillin were purchased from 

VWR (Radnor, PA). HT1080 cell line was purchased from American Type Culture Collection 
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(AATC) (Manassas, VA). N,Nǋ-Dimethylformamide (DMF), dichloromethane (DCM), sodium 

hydroxide, sodium chloride, sodium bicarbonate, 0.45 µm surfactant free cellulose acetate (SFCA) 

vacuum filters, yeast extract, peptone and granulated agar were obtained from Fisher Chemical 

(Hampton, NH). HIV1 p24 ELISA Kit was purchased from Abcam (Waltham, MA). HEK293 

HCP ELISA kit was acquired from Cygnus (Southpoint, NC). TOYOPEARL amino-750F, 

TOYOPEARL AF-Amino-650M were obtained from Tosoh bioscience (Tokyo, Japan). Epoxy-

activated Eshmuno resins were kindly donated by Merck (Darmstadt, Germany). Prepacked 

HiTrap Capto Core 700 columns and Peak Expression medium were purchased from Cytiva 

(Marlborough, MA). Transfection reagent PEIpro was purchased from Polyplus (Illkirch ï 

France). Nalgene 0.2 µm syringe filters made of polyethersulfone (PES), Amiconultra centrifugal 

filters (100 kDa), ethane-1,2-dithiol, and benzonase were acquired from MilliporeSigma 

(Burlington, MA).  

 

5.2.2. Peptide functionalization of resins 

POROS and Eshmuno resins were functionalized according to method described in Chapter 

4.  TOYOPEARL amino-750F and TOYOPEARL AF-Amino-650M were used without any 

modification. Sequences GKEAAFAA, GKEAAFAA-G, GKEAAFAA-GSG, FEKISNAE were 

synthesized on resins using an Initiator+ AlstraÊ automated peptide synthesizer (Biotage, 

Uppsala, Sweden). Each amino acid (aa) coupling step was performed 2 times using 5 equivalents 

(eq.) at 0.5 M in DMF, 5 eq. of 0.5 M HATU in DMF and 12 eq. of 0.5 M DIPEA in NMP at 70°C 

for 20 minutes. After each coupling, Fmoc protecting group was removed using 20% v/v piperidine 

in DMF for 30 min at room temperature. Final deprotection of amino side chains was conducted 

using a cleavage cocktail containing TFA, thioanisole, anisole, and EDT (90/5/3/2) (v/v) for 2 hrs. 
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Cleavage cocktail was removed by washing resin with DMF, DCM, and dried with a stream of 

N2. Resins were stored at 4 ºC until further use. 

 

5.2.3. LV production and harvesting 

Viral production cells (ThermoFisher Scientific, Waltham, MA) were cultured in BalanCD 

or LV-MAX medium at 8% CO2 and 37 ºC until 3.5-5.5·106 cells/mL for at least 4 passages before 

transfection. For PEIpro, the day before transfection, cells were diluted to 1.5·106 cells/mL, 

followed by concentration adjustment to 2.5·106 cells/mL just before transfection. In separated 

vials PEIpro and plasmids were diluted in DMEM media, combined, mixed, incubated for 15 

minutes at room temperature before being added to the cells. For LV-Max system, LVs were 

produced following the manufacturerôs protocol.17 For Mirus transfection reagent, the plasmids 

were diluted in complex forming solution, added transfection reagent, mixed, incubated for 10 

minutes at room temperature, and added to HEK293F cell suspension at 4.0·106 cells/mL. For all 

three systems, after 48 hours, cell culture suspensions were treated with 50 U/mL of benzonase 

and 2 mM MgCl2 for 30 minutes in the incubator. Cells were removed by centrifugation at 1,300 

xg for 15 minutes followed by supernatant filtration using a 0.45 µm surfactant free cellulose 

acetate vacuum filter. If not immediately used, samples were stored at -80 ºC.  

 

5.2.4. Binding studies of LV in competitive conditions using peptide-functionalized resins. 

Resins were packed in Tricorn 5/50 column under flow and 0.1 M NaCl to a final column 

volume of 1 mL. Columns were equilibrated with 50 mM PIPES 100 mM NaCl pH 7.4 for 10 CV, 

followed by loading of clarified LV material, washing with 20 CV (same buffer composition as 

equilibration buffer) and elution with 50 mM PIPES 650 mM NaCl (3 CV) and 1 M NaCl (6 CV) 
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pH 7.4. In some cases, elution was conducted with 50 mM PIPES 1 M MgCl2 (3 CV). Column 

CIP was conducted with 0.5 M NaOH for 15 CV and 30 minutes incubation time followed by 

washing with equilibration buffer. All steps were conducted at 1 mL/min (RT: 1 min).  

 

5.2.5. Confocal Imagining of GKEAAFAA -Poros after loading of fluorescent tagged LV 

particles. 

Lentivirus were purified by sucrose gradient following method described by Jiang et al. 

(2015).18 LV pellet obtained after centrifugation was resuspended in 0.5 mL of 50 mM PIPES 100 

mM NaCl pH 7.4 overnight at 4 ºC before labeling with 2 µL of 5 mM Syto 13 in DMSO. Excess 

dye was removed using Pierce Dye Removal Columns (ThermoFishwer, Ma). Fluorescent labeled 

LV particles were loaded on GKEAAFAA-Poros following same procedure described in section 

5.2.4. After, loading beads from top and end of the column were collected and imaged using a 

Leica Stellaris Confocal Microscope (Wetzlar, Germany). 

 

5.2.6.  Polishing, buffer exchange and sterile filtration steps 

CaptoCore700 prepacked resin in 1 mL column was equilibrated with 10 CV of 50 mM 

PIPES 100 mM NaCl pH 7.4 at 1 minute resident time followed by loading of 20 CV at 2 minutes 

resident time of LV sample obtained from GKEAAFAA-POROS elution fraction. Packed resin 

was cleaned with 1 M NaOH in 30% (v/v) isopropanol in water for 15 CV, 30 minutes contact, 

and up flow. Following CaptoCore700, samples were initially concentrated using an Amicon 100 

kDa filter by centrifugation at 3,500xg for 30 minutes. Followed by 10 times buffer exchange in 

50 mM PIPES 10% sucrose, 20 mM MgCl2 and pH 7.4 using same device. Finally, samples were 
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manually filtered using a Nalgene PES 0.2 µm syringe filters and immediately analyzed or stored 

at -80 ºC. 

 

5.2.7. Analytical procedures for LV assessment 

5.2.7.1. Transduction assay 

HT1080 cells were cultured in DMEM supplemented with 10% FBS at 5% CO2 and 37 ºC 

until 80-90% confluence. Cells were detached from flask using trypsin, counted using a 

hemocytometer and trypan blue for cell viability and plated in a 96-well plate at 7,000 cells/mL. 

Plates were centrifugated at 900xg for 5 minutes and kept in an incubator until transduction assay. 

After 4 hours, LV samples were 10x serial diluted in DMEM medium without FBS and 

supplemented with 8 µg/mL of polybrene and added to the cells. The next day, medium was 

replaced for fresh DMEM with FBS and cells were incubated for more 2.5 days.  % of cells 

expressing GFP was quantified by CytoFLEX flow Cytomer (Beckman, Brea, CA) and 

transduction units (TU) per mL calculated using equation 01. Only dilutions that yielded %GFP+ 

cells between 1% to 25% were considered for LV transduction concentration. 

ὝὶὥὲίὨόὧὸὭέὲ  
ὝὟ

άὒ

ὲόάὦὩὶ έὪ ὧὩὰὰίᶻϷ
ὋὊὖ
ρππ
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Equation 01. Transductions units (TU) per mL were determined based on the number of cells at 

the time of transduction, number of HT1080 cells expressing GFP, total volume sample per well 

and dilution factor. 

 

5.2.7.2. HEK293 HCP ELISA and p24 ELISA 

Total p24 protein and HEK293 HCPs ware determined by PicoGreen assay (ThermoFisher, 

Waltham, MA), HIV ELISA (Abcam, Waltham, MA) and HEK293 HCP ELISA (Cygnus, 

Southpoint, NC), respectively, according to manufacturerôs instructions. 
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5.3. Results 

5.3.1. LV production  

Lentiviruses are typically produced by plasmid transfection of HEK293F cells in 

suspension. Different works reported production of LVs in adherent or suspension cells.19 

However, HEK293 cell culture in suspension is usually preferable due to easier scalability, higher 

titer, and no need of supplementation with FBS. Cell culture medium composition has been 

reported to affect product titer and host cell protein concentration and profile.20,21 We initially 

tested three different commercially available cell culture media, Peak Expression (Cytiva, MA), 

BalanCD HEK293 (Irvine Scientific, CA), and LV-Max (ThermoFisher, MA). Titers by 

transduction assay and HCP concentration are shown in Figure 5.1. For smaller GOI composed 

of just GFP (~ 4.5 kb) no significant difference was observed among three different media in terms 

of transduction units; however, HCP concentrations in Peak Expression and LV-max media were 

1.6 and 2.1 times higher, respectively, in comparison with BalanCD. Cells were adapted for at 

least for 4 passages before virus production and all three conditions showed cell viability equal to 

98% at time of transfection. These results indicates that differences in HCP can be related to cell 

culture medium composition.22 

We also investigated the effect of changing gene of interest (GOI) on lentivirus production 

by increasing size from 4.5 kb to 9.5 kb (Figure 5.1B). Similar to GOI composed of just GFP, 

BalanCD yielded higher titer and lower HCP concentration in comparison with Peak Expression 

and LV-Max. Moreover, functional titer was 2.1 log lower when GOI composed of dCas9 and 

GFP versus just GFP. Kumar et al. (2001) investigated the effect of GOI size on lentivirus titers 

and found similar results as reported by us.23 The authors described two hypothesis for titer 
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reduction: (i) bigger GOI leads to a more challenging encapsidation during virus particle assembly 

(ii) limitations on transport of proviral RNA from the cell nucleus to cytoplasm.  

 

Figure 5.1. LV titers by transduction assays and host cell protein (HCP) concentrations determined 

by ELISA after production of lentivirus testing three difference cell culture media, Peak 

Expression, BalanCD, and LV-Max and transfer plasmid (A) pALD-LentiEGFP-K or (B) dCAS9-

VP64-GFP. 

 

Transfection, the commonly used method for viral production, is mediate by a transfection 

reagent to form complexes with DNA material and facilitate introduction of plasmids into 

eukaryotic cells. Different transfection reagents have described in the literature, including calcium-

phosphate24, cationic polymers, such as polyethyleneimine (PEI),25 and lipids.26 We tested three 

different transfection reagents, TransIT (Mirus, WI), PEIpro (PolyPlus, France) and LV-Max 

(ThermoFisher, MA). Results are summarized in Figure 5.2. TransIT and LV-Max presented 

higher titers in comparison to PEIpro. Even though the exact composition of transfection reagents 

is proprietary, it is reported that the PEIpro is based only on cationic polymer and the others a 

mixture of cationic polymers with cationic lipids or just lipids. The highest LV titer was obtained 

using TransIT and total plasmid concentration of 1.6 µg/mL, a 36% reduction in comparison with 

LV-Max. 
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Figure 5.2. Comparison of three different transfection reagents, TransIT, PEIpro, and LV-Max 

transfection for production of lentivirus with transfer plasmid pALD-LentiEGFP-K and packing 

plasmids pALD-Rev-K, pALD-VSV-G-K, and pALD-GagPol-K. HEK293F cell density was 

equal to 4·106 cells/mL for TransIT and LV-Max and 2.5·106 cells/mL for PEIpro, viability higher 

than 98% and cultured in BalanCD media. Plasmid:transfection reagent ratio (m/v) and total 

plasmid concentration per mL of cell culture (A) 1:3, 1 µg/mL; (B) 1:1.85, 1.6 µg/mL; (C) 1:3, 3 

µg/mL, (D) 1:3, 1.6 µg/mL, (E) 1:3, 2.5 µg/mL, (F) 1:1, 2.5 µg/mL, (G) 1:2.5, 2.5 µg/mL. 

  

5.3.2. Effect of gene on interest size (GOI) on LV purification 

We decided to investigate if changing GOI size has any effect on the peptide GKEAAFAA 

purification performance. Although ssRNA size limit is still debated in the literature,23 GOIs up to 

10 kb in size are considered the limit in terms of process feasibility and sufficient production of 

transduction units.27  Therefore, we conducted purification of lentivirus particles packed with GOI 

composed of dCas9 and GFP genes (~ 9.5 kb) in HEK293F CCF. As discussed in section 5.3.1, 

increase in GOI size leaded to reduction in virus titer requiring higher loading volume into column 
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(Figure 5.5) in comparison with particles with just GFP. Overall, the process yielded a 

concentration factor of 4.5-fold increase of virus in the elution when compared with loading, 1.79 

log reduction in HCP removal, and 40% virus recovery. Thus, peptide GKEAAFAA shows 

compatibility and usability for purification of LV particles packing ssRNA different from GFP. 

 

Figure 5.5. AKTA chromatogram of LV purification from HEK293T CCF fluid loaded into a 1 

mL column functionalized with GKEAAFAA-Poros. Equilibration and washing steps were 

conducted with 50 mM PIPES 100 mM NaCl pH 7.4, and elution 50 mM PIPES 0.65 M NaCl pH 

7.4. Absorbance signal was monitored at 280 nm wavelength. 

 

5.3.3. Effect of spacer on peptide GKEAAFAA 

Arm spacers between chromatography support, e.g., resin bead, membranes, monoliths, 

and ligands have been reported to affect binding capacity of lysozyme in cation exchange 

adsorbents28 and antibody host cell protein removal and recovery in agarose resin functionalized 

with peptide ligand HWRGWV.29   Therefore, we evaluated the effect of adding spacers GSG or 

G between peptide GKEAAFAA and POROS resin bead. All three resins were loaded with 1.5·109 

TU of LV in CCF and no virus was detected in flow-through or washing steps. No significant 
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differences in terms of recovery were found among GKEAAFAA with or without spacer (Table 

5.1) probably due to short length of spacers (< 1.3 nm) in comparison with LV size (~ 100 nm in 

diameter).  

Table 5.1. Values of LV recovery after LV loading and elution by transduction assay.   

Affinity resin Recovery (%) 

GKEAAFAA-Poros 52 

GKEAAFAA-G-Poros 53 

GKEAAFAA-GSG-Poros 52 

 

 

5.3.4. Comparison of different resin substrates for attachment of peptide GKEAAFAA. 

Chromatography resins are made with different polymers, pore size distributions and bead 

size. Studies report slightly differences in binding capacity of antibodies when different resins are 

functionalized with same affinity ligand Protein A.30,31 Therefore, we studied 5 difference resins, 

made of polystyrene (PS), poly(methacrylate) (PMMA) or poly(vinylether) (PVE), pore size 

ranging from 50-10000 nm, and bead diameter from 50 to 75 µm. Lower DBC10% values were 

found for Eshmuno resins in comparison with POROS and ToyoPearl (Table 5.2). In terms of 

selectivity, except for ToyoPearl750, all resins presented more than 99% reduction in amount of 

HCPs. At least one resin type made of PS, PMMA, or PVE showed recovery higher or equal to 

60%. These results reveal that peptide GKEAAFAA performance is not highly affected by resin 

characteristics proving that purification performance is due to GKEAAFAA and LV affinity and 

not interactions with chromatographic beads. 
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Table 5.2. Properties and performance of chromatography resins investigated for synthesis of 

peptide GKEAAFAA. Resins were packed in 1 mL column, equilibration and washing conducted 

with 50 mM PIPES 100 mM NaCl pH 7.4, and elution 50 mM PIPES 1 M NaCl at 1 minute 

resident time. 

 

Resin 

 

Polymer Bead size 

(µm) 

DBC10% 

(TU/mL of 

resin) 

Pore 

diameter 

(nm) 

Recovery 

by 

transduction 

assay (%) 

 

HCP 

LRV 

Poros Poly(styrene) 50 4.5·109 50-1000 65% 2.04 

ToyoPearl 

650 
Poly(methacrylate) 65 4.3·109 100 60% 2.07 

ToyoPearl 

750 
Poly(methacrylate) 75 5.0·109 >100 48% 1.89 

Eshmuno 

500-50 
Poly(vinylether) 

50 2.2·109 Not given 49% 2.09 

Eshmuno 

800-50 

Poly(vinylether) 50 1.9·109 Not given 61% 2.01 

 

5.3.5. Membranes as an alternative substrate to chromatography resins for LV purification 

Chromatography resins are typically composed of pores to increase total surface area, 

leading to higher binding capacity; however, the presence of pores leads to diffusion limitations 

and inaccessibility to large virus, including lentivirus during purification.32ï34 We confirmed 

restriction of LV particles to only the surface of the beads by loading fluorescent labeled LVs on 

GKEAAFAA-Poros and visualizing green fluorescent signal limited to bead (SI-Figure S5.1).  

Membranes are an alternative to resins by overcoming diffusion limitations in which molecules 

flow by convection with fibers at higher flow rates and lower pressure drops when compared to 

resins.35 However specifically for viruses, reported affinity chromatography membranes are 

limited to pseudo affinity sulfated cellulose membranes used to purify influenza A with 68% 

recovery.36 

 In collaboration with Merck (Germany) we tested 4 different membranes, called Natrix, 

functionalized with peptides FEKISNAE or GKEAAFAA. Dynamic binding capacity at 0.25- and 

0.5-minutes resident time, recovery and HCP clearance are shown in Tables 5.3 and 5.4, 
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respectively. Longer resident time increased binding capacity for all tested membranes, but overall 

DBC10% values were 1-log lower when compared to GKEAAFAA functionalized on Poros resin. 

Even though we hypothesized that LVs cannot enter pores, combined area of bead surfaces may 

be higher than surface area of membranes leading to differences in binding capacity. In terms of 

LV recovery determined by transduction assay, resins also outperformance membranes for both 

ligands FEKISNAE and GKEAAFAA with best recovery value of 39% for GKEAAFAA-Natrix 

B versus 65% for GKEAAFAA-Poros. Lower LV recovery in Natrix membranes may be 

associated with presence of poly(acrylate) based microgel within the fibers affecting product 

recovery.  In terms of selectivity, HCP log reduction was similar in membranes and Poros resin. 

Table 5.3. Values of dynamic binding capacity at 10% breakthrough (DBC10%) on membranes 

functionalized with peptides FEKISNAE and GKEAAFAA.  

Membrane Resident time (min) DBC10% (TU/mL of 

resin) 

FEKISNAE-Natrix A 
0.25 2.86·108 

0.5 3.38·108 

FEKISNAE-Natrix B 
0.25 1.18·108 

0.5 1.71·108 

GKEAAFAA ï Natrix A 
0.25 2.94·108 

0.5 4.59·108 

GKEAAFAA ï Natrix B 
0.25 3.35·108 

0.5 5.33·108 

 

Table 5.4. Values of LV recovery and HCP log reduction for Natrix membranes functionalized 

with peptides GKEAAFAA and FEKISNAE. Experiments were conducted using 50 mM PIPES 

100 mM NaCl pH 7.4 as equilibration and washing buffer, same buffer but 1 M NaCl as elution, 

and 0.1 M glycine, 2 M NaCl pH 2.0 as stripping buffer. LV clarified material was loaded at 3 

membrane volume (MV)/min followed by washing for 50 MV at same rate and elution, stripping 

and equilibration steps conducted with 50 MV at 10 MV/mL. 

Membrane Recovery (%) HCP log reduction 

FEKISNAE-Natrix A 31 2.06 

FEKISNAE-Natrix B 28 1.83 

GKEAAFAA ï Natrix A 26 2.14 

GKEAAFAA ï Natrix B 29 2.08 

GKEAAFAA ï Natrix B ï run 2 39 2.21 

GKEAAFAA ï Natrix B ï run 3 22 2.04 
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5.3.6. A lab scale process for LV purification  

Based on all the acknowledge acquired by working with LV, we proposed a lab scale 

process for LV purification including clarification, affinity and polishing chromatography, 

tangential flow filtration for concentration and buffer exchange and finally sterile filtration (Figure 

5.6). Initially, LV CCFs were treated with benzonase to remove any residual plasmids and 

HEK293 host cell DNA (hcDNA). Cells were removed by centrifugation followed by supernatant 

filtration using a 0.45 µm vacuum filters. Just a 2% titer reduction was observed by transduction 

assay after filtration. Affinity  chromatography was performed using GKEAAFAA-Poros and 

sodium chloride and magnesium chloride for elution with a recovery yield of 68%, 2.07 log 

reduction in HCP concentration and a LV concentration factor of 2.53. Total number of LV 

particles to infectious particles (TP/IP) ratio is used as a parameter to assess virus quality. After 

purification using GKEAAFAA-Poros, a 3-fold reduction in TP/IP ratio corroborates with peptide 

selectivity towards enveloped virus instead of just capsid protein p24. Following affinity 

chromatography, CaptoCore700 was applied as a polishing step by size exclusion chromatography 

combined with ion exchange and hydrophobic interactions. Purified material from affinity step 

was loaded on CaptoCore700 and collected in the flow through with further HCP removal of 1.18 

log and 95% recovery. Samples were concentrated and buffer exchanged to 50 mM PIPES 10% 

sucrose and 20 mM MgCl2 using Amicon 100 kDa centrifugal filters followed by sterile filtration 

using a PES membrane 0.2 µm. Process global yield was 35% and 4.11 log reduction in HCP 

concentration (> 99.99%). 
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Figure 5.6. Lab scale process overview for purification of lentivirus from HEK293F cell culture 

fluid (CCF). Clarification is composed of centrifugation to remove cells followed by 

microfiltration to remove cell debris. Clarified CCF is loaded on a peptide functionalized resin 

followed by polishing on a CaptoCore700 resin. Purified LV is further concentrated, and buffer 

exchanged using centrifugal filters before final sterile filtration. 

 

Table 5.5. Values of recovery, host cell protein removal, concentration factor e total particles (TP) 

to infectious particles (IP) ratio  

Downstream step Recovery HCP LRV 
Concentration 

factor 
TP*/IP** ratio 

Filtration 98% N/A N/A 144.65 

GKEAAFAA-Poros 68% 2.07 2.53 45.74 

CaptoCore 700 98% 1.18 0.95 59.16 

TFF 100 kDa 70% 0.86 5.16 30.30 

0.2 µm sterile filtration 75% N/A N/A 41.67 

*Determined by p24 ELISA ** Determined by transduction assay 

 

5.4. Conclusions 

Downstream processes of therapeutics are crucial steps in the biopharmaceutical industry 

to ensure product safety for patients. Lentivirus still lacks unit operation options for purification 

from HEK293F cell culture fluid. We demonstrated universalism of peptide GKEAAFAA for 

purification of LV particles packing different GOIs, GFP or dCas9 combined with GFP gene. 

Afinitty purification resulted in 40% virus recovery and 4.5-fold increase in virus concentration. 

In terms of effect of chromatography resin, all 5 different resins tested composed of poly(styrene), 

poly(methacrylate) or poly(vinylether) presented recoveries ranging from 48 to 65% and HCP log 

reduction higher than 1.89. In terms of membranes, peptide functionalized in Natrix yielded low 
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LV recoveries, but similar selectivity when compared with resins. Thus, more experiments should 

be conducted for further optimization of membranes for LV purification by exploring other elution 

conditions, e.g. magnesium chloride, and conjugation of peptides into membrane fibers without 

microgel coating. Finally, GKEAAFAA-Poros was successfully integrated in a lab scale 

downstream workflow for LV purification. The proposed process can be easily scale up by 

replacing initial centrifugation for depth filtration and the use of flat membranes during TFF 

process for sample concentration and buffer exchange. 
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5.6. Supplementary information 

Figure S5.1. Confocal images of Poros beads after loading purified LV particles labeled with Syto 

13 fluorescent dye. 
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CHAPTER 6: Conclusion and Future Work 

6.1. Summary  

Peptide diversity has already been proven in different applications in biotechnology. Based 

on countless possibilities for the use of peptides, this dissertation contributes to this vision by 

creating systems for covalent attachment or adsorption of antimicrobial peptides and development 

of novel affinity ligands for purification of lentiviruses. Moreover, we created an encapsulation 

system for improvement of bacteriophage stability to low pH and high temperatures. 

Among the different procedures, poly(acrylate)-based microgels showed the ability to 

controlled loading and release of peptides bacitracin and polymyxin B in artificial sweat. The 

system was successfully incorporate on nonwovens materials that are used for manufacturing of 

different materials, including personal protective equipment, face masks, and gauge pads, for 

example. Functionalized nonwovens showed better compatibility than commercial copper based 

antimicrobial nonwovens. 

For bacteriophage Felix, we developed a continuous encapsulation procedure using guar 

gum and mucin. Encapsulated bacteriophages displayed enhanced stability to low pH and 

temperature. In terms of morphology, particles displayed spherical shape with ~ 300 nm in 

diameter. These findings contribute to the field of antimicrobial therapeutics to fight antimicrobial 

resistant pathogens.  

Finally, we discovered a group of peptides as affinity scaffolds for lentivirus (LV) 

purification by in silico and experimental techniques. Unique properties of peptides and 

differences in binding strength facilitate the development of affinity resins with elution of 

lentivirus using moderate sodium chloride concentrations and neutral preserving LV transduction 
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activity. Therefore, novel affinity peptides have the potential to improve current LV downstream 

processes, reducing costs and helping patients.     

 

6.2. Future Work  

Polymyxin B and bacitracin peptides have short half-life times in the human body, 

therefore, peptide loaded microgels should be tested in terms of antibacterial activity over the 

period of 3-weeks and verify if microgels may also act as a stabilizer agent. Moreover, in vivo 

experiments could contribute to answering questions if microgels improve performance of 

antibacterial peptides in more realistic scenarios, e.g., skin infections, and further assessment of 

polymeric formulations biocompatibility. Finally, microgels could be tested for loading and release 

of other cationic therapeutics expand impact and applications of developed systems. Similarly, 

bacteriophage encapsulation project would also benefit from in vivo studies to confirm stability to 

stomach pH, ability to be released in the intestine and treat Salmonella infections, especially the 

ones caused by Salmonella Typhimurium. 

For the lentivirus project, significant progress was made by discovering peptides stable to 

sodium hydroxide cleaning. However, LV purification process would benefit from higher binding 

capacities and recovery values. Higher binding capacity could be achieved by optimization of 

ligand density, optimization of resident time, exploring different types of membranes, resins or 

monoliths. Moreover, longer arm spacer can also affect binding capacity. In particular for LV 

recovery, buffer composition and salt types have an influence on product elution and stability. 

Therefore, further buffer optimization should be conducted, specially investigating divalent salts, 

such as magnesium chloride and magnesium sulfate. Ultimately, diversity of peptides can also lead 

to the discovery of other amino acids sequences with improved performance. 


