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Antibiotic resistant infections have the propensity to form biofilms that contribute to 

chronic infections and result in hyper-inflammatory response in tissues. Recent studies pose 

antimicrobial peptides (AMPs) as alternatives to antibiotics and to modulate inflammatory 

response. However, AMPs have a short half-life due to rapid clearance and degradation reducing 

AMP bioavailability and efficacy. In the human body, AMPs interact and may associate with 

mucins which result in the sequestering of AMPs within mucus. Previously, we have developed a 

synthetic mucus (SM) hydrogel inspired by the innate properties of mucins. The objective of this 

work was to evaluate the SM hydrogel as a tool for local antimicrobial peptide delivery of LL37 

to enhance the treatment for infection and inflammation. To study this, we (1) assessed the release 

of LL37 and antimicrobial activity of LL37 loaded SM (LL37-SM) hydrogels on Pseudomonas 

aeruginosa, (2) evaluated the antibiofilm activity of LL37-SM hydrogel treatment on 

Pseudomonas aeruginosa biofilms, and (3) determined the impact of LL37-SM hydrogel treatment 

on RAW 264.7 macrophage activation and phagocytic activity. The association of LL37 to SM 



 
 

hydrogels enabled the sustained release of LL37 over 8 hours and retained antimicrobial activity. 

Treatment with LL37-SM hydrogels for 24 hours disrupted biofilm growth and resulted in a mixed 

inflammatory response in macrophages. Our results highlight the antimicrobial, antibiofilm, and 

potentially inflammatory modulating capabilities of SM hydrogels which can further inform the 

use of mucins in bioactive biomaterials for biomedical applications. 
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1. INTRODUCTION 

1.1 Significance and Objective 

Antibiotic resistance is a growing global concern resulting in an estimated 4.95 million deaths 

globally in 20191. Antibiotic resistant infections lead to a cycle of chronic infections and 

inflammation putting a high-cost burden on hospital and medical care2,3. These chronic infections 

are highly associated with the formation of biofilms. Antibiotics have great difficulty penetrating 

the extracellular biofilm matrix, and this property contributes to the antibiotic resistant nature of 

biofilm making biofilms difficult to completely eradicate4. Antimicrobial peptides (AMPs) have 

been used as alternatives as antibiotics but lack effectivity due to rapid clearance and 

degradation5,6. Some therapeutic approaches have utilized hydrogels as a platform for AMP 

delivery7–9. However, these approaches only address either infection or inflammation and tissue 

repair and lack the ability to address both issues simultaneously. Therefore, there is a need to 

develop multifunctional, bioactive materials as alternatives to antibiotic treatment for both 

bacterial infections and inflammation. The objective of this dissertation was to design mucin-based 

biomaterials to better understand the interactions of antimicrobial peptides and mucins in material-

bacteria, material-biofilm, and material-immunomodulation interactions. This work is motivated 

by developing new bioactive biomaterials for treatment of both bacterial infection and 

inflammation as alternatives to antibiotic treatment. 

1.2 Background 

1.2.1 Pseudomonas aeruginosa and biofilms 

Pseudomonas aeruginosa is a Gram-negative, opportunistic pathogen commonly associated 

with infections including wounds, cystic fibrosis, chronic obstructive pulmonary disorder, and 

cancer10,11. Immunocompromised patients are particularly suspectable where infections with P. 
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aeruginosa result in high rate of mortality12. The high adaptability to environmental changes and 

the propensity to form biofilms make P. aeruginosa difficult to treat. Approximately 80% of 

infections are associated with biofilm formation13. Biofilms are formed when motile bacteria attach 

to surfaces, becoming sessile, and begin to produce an extracellular biofilm matrix14. This biofilm 

matrix is comprised of extracellular DNA and extracellular polymeric substances (EPS) which 

include polysaccharides and proteins. The electrostatic repulsion between the negatively charged 

biofilm matrix and charged therapeutic agents inhibit the penetration of said agents4. In this way, 

the properties of the biofilm matrix confer antimicrobial resistance to P. aeruginosa. Current 

treatments include the use of multiple rounds of or concurrent antibiotics, but these treatments are 

costly, have systemic effects, and have reduced efficacy due to the difficulty of penetrating the 

extracellular biofilm matrix15,16. P. aeruginosa (PAO1) is a strain found at wound infections and 

was the strain used throughout the work described in this dissertation. 

1.2.2 Antimicrobial peptides 

Antimicrobial peptides (AMPs) have been investigated as alternatives to antibiotics. AMPs 

possess antimicrobial properties and function by selectively targeting bacterial cells17. LL37 is a 

cationic AMP demonstrated to have a wide range of antimicrobial activity against both Gram-

positive and Gram-negative bacteria18–20. Cationic LL37 selectively associates to the negatively 

charge bacterial membranes driven by electrostatic interactions and assembles to form pores, 

disrupt the membrane, and lyse bacterial cells21,22. Thus, the biocompatibility and broad 

antimicrobial activity make LL37 an ideal peptide to use in infectious therapeutics. Prior studies 

have also shown LL37 has potential biofilm disrupting properties23,20. In addition, LL37 is known 

to play a role in immunomodulation and tissue repair through directing macrophage inflammation 

towards a pro-inflammatory signature24. Despite the promising multifunctional abilities 
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encompassing antimicrobial and immunomodulating properties of LL37, the limited 30-60 minute 

half-life of this peptide reduces effectivity6. To address the limitations of AMPs, hydrogels and 

other biomaterial delivery systems have been utilized to extend AMP bioavailability through 

encapsulation 25,26. Biopolymers traditionally used in drug delivery applications, such as chitosan-

based hydrogels, have previously demonstrated extended AMPs bioavailability allowing sustained 

peptide release 7,27. 

1.2.3 Mucus and mucins 

Mucus is a hydrogel matrix that acts as a natural barrier that protects mucosal tissues from 

pathogens. Owing to the unique biological properties and barrier function of mucus, interest has 

grown in the design of mucin-based biomaterials for a diverse range of therapeutic applications28,29. 

The main gel forming component in mucus, mucin glycoprotein, have been suggested to attenuate 

bacterial virulence as well as disrupt biofilms with a wide profile of glycan domains that have been 

previously reported to modulate and dampen bacterial virulence as well as function as antiviral 

agents and antibiofilm agents30–33. In addition, negatively charged mucins have been reported to 

associate with cationic antimicrobial peptides34. This associative interaction between peptides and 

mucin suggested that peptides in complex with mucins were protected from degradation34,35. 

Mucins have also been suggested to have a role in immunomodulation and potentially regulate 

immune response, although the mechanism is still unknown36,37. Thus, there is motivation to use 

mucins as a building block to create bioactive, multifunctional biomaterials. 

1.2.4 Immunomodulating biomaterials - macrophages in infection and immune response 

During bacterial infection, macrophages are recruited to the sight of infection via a signal 

cascade38,39. LL37 produced by neutrophils and epithelial cells at the sight of infection signals 

macrophages to differentiate towards pro-inflammatory response to aid in clearing cellular debris 
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and bacteria40. This makes macrophages an ideal target for immunomodulation and modulating 

innate response. Prior studies have investigated in developing immunomodulating materials to 

target and differentiate macrophages to aid in bacteria clearance or wound healing41,42. 

Macrophages are the cells that mainly interact in material-immune interactions, and as such, we 

have chosen macrophages as our immune cell of interest for our work. 

 
1.3 Approach and Innovation 

Through the work in this dissertation, we investigated the antimicrobial, antibiofilm, and 

immunomodulating capabilities of mucin-based biomaterials in combination with LL37. We 

developed a mucin-based synthetic mucus (SM) hydrogel based on a previous composition 

developed in our lab43 to investigate the effect of SM hydrogel treatment on planktonic PAO1 and 

PAO1 biofilms in vitro as well as the effect on RAW 264.7 macrophage differentiation in vitro. 

Through this work, we aimed to develop an alternative approach to treating antibiotic resistant 

infections by designing a bioactive, immunomodulatory biomaterial possessing both antimicrobial 

and antibiofilm properties to enhance bacterial killing, biofilm eradication, and bacterial clearance. 

The work in this dissertation can be used to further inform and provide motivation to investigate 

bioactive materials as alternative methods to address both infection and consequent inflammation.  

1.4 Summary 

This dissertation is organized as follows: Chapter 2 provides detailed methods used 

throughout this work. Chapter 3 presents the results of characterizing the microrheological, 

release kinetics, and antimicrobial activity of LL37 in SM hydrogels and has been published. 

Chapter 4 explores the antibiofilm properties of SM hydrogels in combination with LL37 and 

antibiofilm therapeutic enzymes, α-amylase and DNase I on biofilm growth and disruption. 

Chapter 5 describes the immunomodulatory properties of SM hydrogels with LL37 on 
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macrophages to modulate the innate immune response through macrophage differentiation and 

phagocytic ability. Chapter 6 summarizes the conclusions from this dissertation and highlights 

future works and contributions to designing biomaterials for infectious disease treatment.   
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2. METHODS 

2.1 Mucin extraction from tissues 

2.1.1 Porcine gastric mucin extraction from porcine small intestines 

Porcine small intestines were generously provided by Dr. Jenna Mueller from the University 

of Maryland, College Park, and were freshly collected from sacrificed pigs and immediately 

cleaned within 24 hours for processing for porcine gastric mucin (PGM) extraction. Porcine small 

intestines were rinsed with cold tap water to remove any remaining waste, food debris, and excess 

blood. All surrounding mesentery tissue was cut with tissue scissors and removed from the small 

intestines. Great care was taken to avoid accidently tearing holes into the intestinal walls. The 

entirety of the small intestines was cut into 1 meter length sections. One end of the section was 

securely tied with twine approximately 3-4 cm from the end. With aid of a funnel, 0.1M NaOH 

was poured into the sectioned intestine to fill approximately two-thirds of the volume. The 0.1M 

NaOH is used to dissolve the mucus layer of the intestines. This concentration of NaOH was 

determined to reduce the amount of cellular degradation and debris44,45. The remaining end of the 

sectioned intestine was tied with twine 3-4 cm from the end and placed in a glass beaker. This 

process was repeated for all 1 meter cut sections of small intestine. The beaker was then placed in 

the fridge at 4°C overnight to allow the mucus layer to completely solubilize in NaOH.  

The following day, the intestines were cut open with tissue scissors and the solubilized mucus 

was collected in another glass beaker with care to avoid collecting loose tissue debris. The pH of 

the mucus solution was reduced to 4 using 1M HCl. At a pH of 4, mucins transition into a gel 

phase and begin to aggregate in solution. As the pH decreases, mucins undergo a conformational 

change and expose more cysteine residues and hydrophobic regions resulting in an increased 

availability for hydrophobic interactions and gelation46,47. The mucin solution was transferred into 
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50 mL conical tubes. In the sol phase, mucins were separated and collected from the solution via 

centrifugation (Beckman Coulter Allegra X-30R) at 3500 rpm for 20 minutes. The pellet was 

collected, the supernatant decanted, and the pellet resuspended in deionized water. To ensure 

thorough resuspension of the pellet, the centrifuge tubes were thoroughly vortexed for 1 minute 

and collected into a glass beaker. The pH of the mucin solution was increased to 8 using 1M NaOH. 

At a pH of 8, the mucins will transition into the sol phase and dissolve into solution. This solution 

was stirred for 5 minutes to ensure thorough mixing and allow debris to untangle from the mucins. 

The pH of the solution was reduced to 4 and centrifugation repeated. This gel-sol cycle and 

centrifugation pellet collection was repeated three times total. In 1:1 volume ratio, 10x DNase 

activation buffer (100 mM Tris-HCl; pH 7.5, 25 mM MgCl2, 5 mM CaCl2) was added at to the 

mucin solution in a beaker, and DNase I (from bovine pancreas, Sigma-Aldrich) was added at a 

final concentration of 10 U/mL to cleave and untangle residual DNA remaining. The addition of 

Ca and Mg ions enhances the activity of DNase within the physiological pH range of 6.5-7.548,49. 

The beaker was covered and incubated at 21°C overnight to allow the DNase to react.  

The next day, the gel-sol cycle and centrifugation collection were repeated five times total to 

remove the residual cleaved DNA. After the last cycle of centrifugation, the mucin solution was 

again resuspended in deionized water and vortexed. Once resuspended, the mucin solution was 

dialyzed in 100 kDa dialysis tubing (Spectra/Por) in deionized water to remove salts and smaller 

impurities. To prepare the dialysis tubing, 30 cm long strips of dialysis tubing were cut and 

clamped at one end. Mucin solution was added into the dialysis tubing at 15-20 mL, ensuring the 

tubing did not tear or overfill. The remaining end of the dialysis tubing was clamped. Rubber bands 

were used to secure the closure of the clamps and attach a 15 mL conical tube to one end as a 

floating device. The tubing was then placed in a 4L beaker of deionized water with a stir bar for 
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dialysis over 4 days. On the first day of dialysis, the water in the beaker was changed every other 

hour. On the second and third days of dialysis, the water was changed every 4 hours. On the fourth 

day, the dialysis tubing was removed from the beaker, and the dialyzed solutions were transferred 

into 50 mL conical tubes. The collected conical tubes were frozen at -80°C overnight. Once 

completely frozen, the samples were lyophilized for a minimum of three days to ensure all water 

was removed from the mucin extract. 

Note, the PGM used in Chapters 4 and 5 were extracted from porcine small intestine tissues 

procured from Animal Biotech (ABT). The transition has since been made to extract mucins from 

tissues purchased from ABT as the resulting PGM extract resulted in lower residual DNA amounts 

and more consistent gelation properties compared to that of self-prepared and self-cleaned porcine 

intestine tissues.  

2.1.2 Porcine trachea mucin extraction from porcine trachea 

Porcine trachea tissue was procured from ABT for porcine trachea mucin (PTM) extraction. 

Similarly to porcine intestine tissue preparation, the trachea was rinsed with cold tap water to 

remove excess blood and debris. Using a tissue scissor, the trachea was cut at the main bronchus 

and lobar bronchus. Cutting the tissues prevents the plugging of the bronchi when dissolving the 

mucus layer and allows the mucus to be collected. The cut pieces of trachea were completely 

submerged in 600 mL of 0.1M NaOH in a glass beaker. The beaker was incubated at 4°C overnight 

to allow the mucus layer to completely solubilize. The following day, the mucus solution was 

collected and the gel-sol cycle, DNA treatment, repeat gel-sol cycle, dialysis, and lyophilization 

were conducted exactly as described for PGM extraction. 
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2.2 Synthesis of synthetic mucin hydrogels 

2.2.1 Loading SM hydrogels 

Porcine gastric mucin (PGM) was obtained using an adapted method to extract mucins from 

native porcine small intestinal tissues that we have described previously45. A 10 kDa 4-arm-PEG-

thiol (Layson Bio) crosslinker was utilized to aid disulfide bond driven gelation with mucin. In a 

physiological buffer solution (154 mM NaCl, 3 mM CaCl2, and 15 mM NaH2PO4 at pH 7.4), 4% 

(w/v) PGM was mixed in a vial for 2 hours. Salts within the buffer aid in solubilizing the PGM 

within solution 43.  In a separate vial, 8% (w/v) 4-arm PEG-thiol was prepared in physiological 

buffer. The PGM and PEG-thiol solutions were mixed at a 1:1 ratio to produce the SM hydrogel 

solution at a final composition of 2% (w/v) PGM and 4% (w/v) PEG-thiol. The pH of PGM-PEG 

solution was checked with a pH probe and should be corrected to a final pH of 7.4 if needed. 

Hydrogel discs were prepared at 100 µL volumes in cylindrical molds. Cylindrical molds were 

prepared from 1 mL plastic syringes. Each syringe was cut into 0.2 mL sections and covered with 

parafilm to prevent leakage. The hydrogel solution was incubated for 12 hours at room temperature 

to allow for gelation. To load LL37 into SM hydrogels, the mucin solutions were prepared with 

LL37 and mixed for 1 hour at room temperature. These solutions were then combined similarly 

with the PEG-thiol solutions to form SM hydrogels loaded with LL37 (LL37-SM) at a final 

concentration of 100 µg/mL.  

2.3 Bacteria culture 

A 10 µL inoculating loop was used to transfer Pseudomonas aeruginosa (PAO1, ATCC 15692) 

from frozen stock into 3 mL of sterile lysogeny broth (LB, Sigma-Aldrich) in a culture tube. To 

culture PAO1, the culture tube was placed on a shaking incubator at 37°C overnight to reach the 

stationary phase. After incubation, the optical density was measured at 600 nm (OD600). For 
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bacterial and biofilm experiments, a working concentration at an optical density of 0.1 at OD600 

was used. Fresh LB broth was used to dilute the PAO1 culture to adjust the optical density as 

needed. 

2.3.1 Synthetic mucus hydrogel treatment of planktonic bacteria 

For the treatment of biofilms, SM and LL37-SM hydrogel discs were prepared at 100 µL 

volumes using molds. Once gelled, the hydrogels were placed in 1 mL of the prepared bacteria 

culture in culture tubes and incubated at 37°C. At the designated timepoints of 3 and 6 hours, 100 

µL was aliquoted from each sample culture tube for plating. Serial dilutions of 1´105 to 1´108 

were made with sterile phosphate buffer saline (PBS, Sigma-Aldrich) for spot plating. When 

preparing the serial dilutions, each dilution step was thoroughly vortexed for at least 30 seconds 

to break up and prevent bacteria aggregation. Agar plates were divided into quadrants to aliquot 

10 µL spots at 4 spots per serial dilution, 1 plate per replicate, and 3 replicates per condition. The 

colony forming units (CFUs) were counted after the plates were incubated at 37°C overnight. 

Based on the plated volume, the logarithm (base 10) of CFU/mL was calculated and used to 

quantify PAO1 viability.  

To assess the effect of treatment on planktonic PAO1 growth, the same set up was repeated 

with green fluorescent protein (GFP) expressing PAO1 (GFP-PAO1, ATCC 10145GFP) The same 

working concentration of 0.1 at OD600 was used and prepared in MOPS minimal media (Teknova) 

as LB emits background fluorescence within the GFP wavelengths. Similarly, at the designated 

time points, 100 µL was aliquoted from each sample culture tube and the GFP fluorescence 

intensity was measured at 510 nm. PAO1 growth was directly related to GFP fluorescence 

intensity.  
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2.3.2 Biofilm preparation 

Using the prepared bacteria culture at the desired working concentration of 0.1 at OD600, 100 

µL of PAO1 culture was added per well in 96 clear well plates. The plates were then covered with 

Breathe-Easy sealing membranes (Millipore Sigma) to allow for gas exchange and incubated at 

37°C for 24 hours to form mature PAO1 biofilms on the well walls as PAO1 biofilms grow at the 

air-liquid-interface (ALI). To assess the effect of treatment on biofilm disruption, 24 hour old 

mature PAO1 biofilms were used. Experiments for assessing PAO1 biofilm growth measured the 

biofilm formed after the treatment of planktonic PAO1.  

PAO1 biofilms were prepared on ALI tilted plates for microscopy imaging. ALI tilted plates 

align the culture media across the well plate bottom, and thus, allow PAO1 biofilms to form on 

the well plate bottom for imaging. Wooden applicator sticks cut to roughly 7.5 cm were secured 

to the upper corners of a 96 well optical flat bottom plate (Thermofisher) with tape to tilt the plate 

at an angle of approximately 45°. The PAO1 culture was gently added at 50 µL per well with care 

to avoid covering the entire well bottom. This added volume was determined as the minimum 

volume required for the ALI interface to cover the well plate bottom in the ALI tilted plate. 

Volumes lower than 50 µL per well were insufficient for the ALI interface to cover the well plate 

bottom, and volumes greater than 50 µL per well resulted in surface tension pulling the media 

volume to cover the entire well bottom – misaligning the ALI interface. Propping the plate at an 

angle less than approximately 45° was determined to also misalign the ALI interface due to surface 

tension. Setting up the plate at an angle greater than approximately 45° may potentially result in 

spillage from the wells once propped. The plates were then covered with Breathe-Easy sealing 

membranes to allow for gas exchange and incubated at 37°C for 24 hours to form mature PAO1 

biofilms. 
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2.3.3 Synthetic mucus hydrogel treatment of biofilms 

For the treatment of biofilms, SM and LL37-SM hydrogels were prepared in 20 µL volume 

discs using molds. After gelation, the hydrogels were placed in each well and incubated for 24 

hours at 37°C. After incubation, the wells were gently washed with 100 µL per well of PBS three 

times to remove planktonic bacteria and avoid the disruption of the biofilm from the well walls. 

The biofilms were scraped from the well walls into 100 µL of fresh PBS using sterile wooden 

applicator sticks. The scraped biofilm solution was collected and made into serial dilutions of 

1´105 to 1´108 for spot plating 10 µL spots onto agar plates. At each dilution step during 

preparation, the solutions were thoroughly vortexed for at least 30 seconds. Solutions were also 

vortexed again prior to plating. The CFUs were counted after the plates were incubated at 37°C 

for 24 hours. Based on the plated volume, the logarithm (base 10) of CFU/mL was calculated and 

used to quantify PAO1 viability.  

The treatment of biofilms grown on ALI tilted plates was conducted similarly. SM and LL37-

SM hydrogels were prepared in 20 µL volume for treatment and added into each well for treatment. 

Care was taken not to accidently scrape the biofilm on the well plate bottom when adding the 

hydrogel. The ALI tilted plates were incubated for 24 hours at 37°C for treatment. The wells were 

gently washed with 100 µL per well of PBS three times with great care to avoid touching the well 

plate bottom with the micropipette tip and disrupting the biofilm. The same set of serial dilutions 

and spot plating methods were used as described above. 

2.4 Macrophage culture 

Murine RAW 264.7 macrophages (ATCC TIB-71) were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) media (Gibco) with 10% fetal bovine serum (FBS, Sigma-Aldrich) and 
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1% Penicillin-Streptomycin solution (Pen-Strep. Sigma-Aldrich) at 37°C and 5% CO2. Cells were 

grown to approximately 80% confluency. 

2.4.1 Phagocytosis assay with pHrodo bioparticles 

Red Escherichia coli pHrodo bioparticles (Thermofisher) were used at a treatment 

concentration of 100 µg/mL. pHrodo is a pH-dependent fluorophore that only emits fluorescence 

at an acidic pH. Thus, for a phagocytic assay, pHrodo bioparticles will only fluoresce when 

uptaken by endosomes and lysosomes within cells. This reduces the need to wash cells to remove 

adherent particles. RAW 264.7 macrophages were grown to ~80% confluency as described prior. 

Wells were washed two times with PBS and cells were detached using mini cell scrapers to prepare 

for seeding in well plates. Macrophages were seeded at a density of 1x105 per well in tissue culture 

treated 24 well plates and incubated overnight at 37°C and 5% CO2 to allow the macrophages to 

attach. Media was aspirated and the wells were rinsed with PBS. Fresh media was added to each 

well and SM hydrogels or free LL37 were added. Once the treatment conditions were added, the 

plates were incubated for an additional 24 hours at 37°C and 5% CO2. Media was aspirated and 

the wells were rinsed with PBS. Fresh media was added at 1 mL/well and pHrodo bioparticles per 

mL was added for a final concentration of 100 µg/mL per well. Plates were incubated for 2 hours 

to allow for phagocytosis uptake of the bioparticles. After incubation, macrophages were scraped 

from the wells, stained with Zombie NIR (BioLegend) as directed by the manufacturer, and moved 

on ice for flow cytometry of live macrophages. The 488 nm and 640 nm lasers with the PE and 

APC-Cy7 bandpass filters were used to detect pHrodo red and Zombie NIR, respectively. Flow 

cytometry of live cells should be done on the same day as staining. 
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2.4.2 Fluorescence imaging 

In 24 well plates, sterile 14 mm circular glass cover slides were placed into each well. 

Macrophages were seeded, incubated, and treated with SM hydrogels and bioparticles as described 

prior. After treatment, macrophages were fixed with 1% paraformaldehyde and stained with Alexa 

Fluor 647 phalloidin (Abcam) and DAPI (Thermofisher Scientific) to visualize the actin filaments 

and nuclei, respectively. Higher concentrations of paraformaldehyde were found to lyse the cells, 

and therefore, leak bioparticles upon imaging. Using sterile tweezers, the circular glass cover slides 

were removed from the wells and mounted onto rectangular glass slides using Vectashield 

Antifade Mounting Medium (Vector Laboratories). Images were taken using a confocal 

fluorescence microscope (Zeiss Confocal LSM 800) fitted with a 25x water-immersion objective. 

Phalloidin, DAPI, and pHrodo red were detected using 555 nm, 385 nm, and 475 nm lasers, 

respectively. Four images were taken per well.   
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3. SYNTHETIC MUCUS BIOMATERIALS FOR ANTIMICROBIAL PEPTIDE 

DELIVERY† 

3.1 Introduction 

Antibiotic resistance is a global health concern, resulting in over 5 million associated deaths 

worldwide in 201950,51 The inability to completely eradicate bacteria at sites of infection has 

contributed to the rise in antibiotic–tolerant strains15,16. Within the United States, the Center for 

Disease Control estimates the economic burden of antibiotic resistant infections to be between $4-

5 billion2. Recently, antimicrobial peptides (AMPs) have emerged as an attractive alternative to 

antibiotics. AMPs possess inherent antimicrobial activity and play important roles in host defense 

and innate immune response52,53. Cationic AMPs are capable of targeting the negatively charged 

bacteria cell membranes composed of mainly lipopolysaccharide54. Although, some bacteria and 

pathogens have evolved resistance mechanisms against AMPs by secreting proteases that target 

AMPs for proteolytic degradation55,56. In addition, AMPs are prone to degradation by host-derived 

extracellular proteases which result in rapid clearance times. As a result, the bioavailability and 

efficacy of AMPs is greatly reduced57. LL37, a human derived AMP approximately 37 residues in 

length, is cationic and a-helical in structure. These properties contribute to the broad spectrum 

antimicrobial activity of LL37 against numerous bacterial, viral, and fungal pathogens18,21,58. For 

Pseudomonas aeruginosa, the minimum inhibitory concentration (MIC) for LL37 is less than 10 

µg/mL, indicative of high antimicrobial activity18.  

 
 

† Material adapted from: Yang S and Duncan GA. “Synthetic mucus biomaterials for antimicrobial peptide delivery.” 
Journal of Biomedical Materials Research Part A. 111(10) :1616-1626, 2023; licensed under a Creative Commons 
Attribution – Noncommercial (CC BY-NC) license.  



 
 

16 

To address the limitations of AMPs, hydrogels and other biomaterial delivery systems have 

been utilized to protect AMP from degradation and extend their bioavailability25,26. Biopolymers 

traditionally used in drug delivery applications, such as chitosan-based hydrogels, have previously 

demonstrated the protection of AMPs and extend bioavailability through sustained peptide release 

7,27. Owing to the unique biological properties and barrier function of mucus, interest has grown in 

the design of mucin-based biomaterials for a diverse range of therapeutic applications28,29. Mucin 

glycoproteins, the main gel forming component in mucus, possess a wide profile of glycan 

domains which have been previously reported to modulate and dampen bacterial virulence as well 

as function as antiviral agents30–32. In addition, negatively charged mucins have been reported to 

associate with cationic antimicrobial peptides34. This association of peptides to mucin is thought 

to protect the peptides from degradation34,35. Based on this evidence, we hypothesized mucin-based 

biomaterials and LL37 in combination would have a synergistic effect to provide long-lasting, 

enhanced antimicrobial activity.  

Prior work has shown mucin biomaterials offer the capacity to provide bioactive platforms for 

controlled drug binding, release, and retention. For instance, mucin-based hydrogels have shown 

sustained release and retained activity for both hydrophilic and hydrophobic drugs59. Mucin-based 

hydrogels may also potentially be used as antiviral agents capable of trapping and neutralizing 

viruses such as human immunodeficiency virus (HIV)60. Inspired by the native properties of 

mucins, we have previously designed a synthetic mucus (SM) hydrogel using commercially 

available porcine gastric mucins (PGM) and 4-arm polyethylene glycol (PEG) thiol43. However, a 

recent report suggests the processing of these mucins may lead to degradation of mucin glycans 

and other components that contribute to their native function61. Thus, we re-formulated SM 

hydrogels using mucins isolated in our lab using a gentler and scalable extraction procedure to 
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preserve mucin-associated glycans and maximize its native activity. SM hydrogels were then 

utilized for encapsulating and delivering LL37 at concentrations ranging from near or above their 

previously reported minimum inhibitory concentration (MIC) for several bacteria including 

Pseudomonas aeruginosa. We evaluated the physical, microrheological, release, and antimicrobial 

properties of the LL37 loaded SM hydrogels. The results of this study provide a basis to further 

investigate the utilization of mucus mimicking materials as tools for enhanced local AMP delivery 

and antimicrobial efficacy. 

3.2 Methods 

3.2.1 Mucin extraction from native mucus 

Porcine gastric mucins (PGM) used in formulating synthetic mucus (SM) hydrogels were 

extracted and purified using a method adapted from Sharma et al44. Fresh porcine small intestine 

was filled with 0.1M NaOH overnight to solubilize the mucus layer. The solution was then 

removed from the intestines and collected. To remove potential excess contaminants, the solution 

was reduced to a pH of 4 by adding 1M HCl. At a pH of 4, mucins will aggregate out of solution 

into a gel phase44. Afterwards, the solutions were centrifuged at 3500 rpm for 20 minutes to 

separate the aggregated mucins from solution. The supernatant was decanted, and the pellet was 

resuspended in deionized water. The pH of the solution was increased to 8 with 1M NaOH at which 

point the mucins will undergo a phase transition from gel to sol. The solution was stirred for 5 

minutes, and the pH was altered to repeat the gel-sol cycle three times. DNase was added to the 

solution to a final concentration of 10 U/mL and incubated at 21°C overnight to remove excess 

DNA. The gel-sol cycle was repeated five times to further purify the mucin solution. After the last 

cycle, the solution was dialyzed in 100 kDa dialysis tubing (Spectra/Por) in deionized water. 
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Dialyzed solutions were then transferred into conical tubes and frozen at -80°C overnight. Once 

frozen, the samples were lyophilized. 

3.2.2 Quantification of mucin, protein, and DNA contents 

To determine glycoprotein (mucin) content, mucins were solubilized at 2% (w/v) in 50 µL of 

physiological buffer solution (154 mM NaCl, 3 mM CaCl2, and 15 mM NaH2PO4 at pH 7.4). A 

cyanoacetamide (CNA) reagent was made by mixing 200 µL of 2-cyanoacetamide with 1 mL of 

0.15 NaOH. The mucin samples were mixed with 60 µL of CNA reagent and incubated at 100°C 

for 30 minutes. The fluorescence intensity of the samples was measured at an excitation/emission 

wavelength of 336/383 nm and compared to a standard curve produced from serially diluted 

solutions of bovine submaxillary mucin (BSM; Sigma-Aldrich) to determine the glycoprotein 

concentration. Protein concentration was quantified using a bicinchoninic acid (BCA) assay 

(Thermofisher) as described by the manufacturer. The glycoprotein to protein ratio was calculated 

to compare the mucin and protein content. To determine DNA content, 30 µL of 20% (w/v) 3,5-

diaminobenzoic acid (DABA) solution was added to solubilized mucin samples and incubated at 

60°C for 1 hour. To stop the reaction, 1 mL 1.76M HCl was added to the samples, and the 

fluorescence intensity was measured at an excitation/emission wavelength of 390/530 nm.   

3.2.3 Preparation of synthetic mucus hydrogels 

In a physiological buffer solution (154 mM NaCl, 3 mM CaCl2, and 15 mM NaH2PO4 at pH 

7.4), 4% (w/v) PGM was mixed. Salts within the buffer help to solubilize PGM in solution 43.  

LL37 (Anaspec) was directly added into the PGM solution and stirred for 2 hours at room 

temperature to ensure thorough mixing. 8% (w/v) 4-arm PEG-thiol (Layson Bio) was prepared in 

physiological buffer in a separate vial. The PGM-LL37 and PEG-thiol solutions were mixed at a 

1:1 ratio to synthesize the AMP-SM hydrogel solution at a final composition of 2% (w/v) PGM 
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and 4% (w/v) PEG-thiol. To make hydrogel discs, 100 µL of the mixed LL37-SM solution was 

transferred to cylindrical molds. The LL37-SM hydrogel solution was incubated for 12 hours at 

room temperature to allow for gelation. LL37-SM hydrogels were prepared with 100, 50, and 10 

µg/mL LL37 as final concentrations.  

3.2.4 Hydrogel degradation and swelling 

To evaluate degradation and swelling over time, LL37-SM hydrogels were prepared as 100 μL 

discs and submerged in 1 mL of phosphate buffer saline (PBS, Sigma-Aldrich) and incubated at 

37°C. At hour timepoints over 24 hours, the PBS was discarded and the masses of the hydrogels 

were measured to determine extent of degradation. After 4 hours of incubation, the swelled mass, 

(Ms) of the hydrogels was measured. The hydrogels were then lyophilized and the dried mass (Md) 

was measured. Swelling ratio, defined as the fractional increase in mass due to water absorption, 

was calculated using Eq. 3.1. 

																																																												Swelling	ratio = 	
𝑀! 	− 	𝑀"

𝑀"
	 Eq. 3.1 

 
3.2.5 Preparation of nanoparticles for multiple particle tracking  

Carboxylate-modified fluorescent polystyrene nanoparticles (NP; Life Technologies) of 100 

nm diameters were coated with polyethylene glycol (PEG) to form high-surface-densities. PEG 

conjugation was completed via carboxyl-amine linkage using 5 kDa methoxy PEG-amine 

(Creative PEGWorks) as previously reported 43,62. Zeta potential of the NPs was measured in 10 

mM NaCl at pH 7 using a NanoBrook Omni (Brookhaven Instruments).  

3.2.6 Multiple particle tracking microrheological characterization of SM hydrogels 

The rheological properties of the LL37-SM hydrogels were characterized using multiple 

particle tracking (MPT) microrheology 63. Microscopy chambers were made of o-rings coated with 
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vacuum grease on slides. To prepare samples for the microscopy chamber, 25 µL of LL37-SM 

hydrogel was added to the microscopy chamber and 1 μL of ∼0.002% w/v suspension PEG-coated 

NPs was mixed into the hydrogel sample. The hydrogels were allowed to equilibrate at 21°C for 

30 minutes. NP diffusion through the hydrogels was evaluated via fluorescence video microscopy 

as described in our work previously 43. NP trajectories were measured via a series of videos taken 

using fluorescent microscopy (Zeiss Confocal LSM 800) fitted with a 63x water-immersion 

objective and analyzed using a previously developed algorithm 43,64. Using the trajectories, the 

ensemble average mean squared displacement (MSD) as a function of lag time (τ) was calculated 

as MSD=  ([x(t+τ)-x(t)]2+[y(t+τ)-y(t)]2). The logarithm (base 10) of MSD at a time scale of τ	 =

1s	(log10[MSD1s]) was used to measure diffusion rate. The loss modulus (G”) was calculated from 

the Laplace transformation of (MSD(τ), MSD(s)) using the generalized Stokes-Einstein equation 

G" = 2kBT/[πasMSD],	where kbT is the thermal energy, a is the particle radius, and s is the complex 

Laplace frequency 65. The complex modulus G* was obtained as G*(ω) = G'(ω) + G''(iω),	where 

iω is substituted for s, i is a complex number, and ω is frequency. From the determined G*, the 

complex microviscosity (η*) was calculated using η* = G*(ω)/ ω and evaluated at a frequency of 

ω	= 1 Hz 43.  

3.2.7 Diffusion of LL37 within SM hydrogels 

Fluorescence recovery after photobleaching (FRAP) was used to assess the diffusion 

characteristics of LL37 through the SM hydrogel. LL37-SM hydrogel solutions were made with 

concentrations of TRITC LL37. Microscopy chambers were prepared with 25 µL of hydrogel. To 

conduct FRAP, we used fluorescence confocal microscopy (Zeiss Confocal LSM 800) with a 63x 

water-immersion objective. Prior to bleaching, 10 images were taken. LL37-SM hydrogels were 
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bleached with a 561 nm laser using a circular region of interest (ROI) with a diameter of 20 µm at 

100% laser transmission at 40 iterations. After bleaching, images were captured every 10 

milliseconds over 100 seconds using a 561 nm laser at 10% intensity. 

3.2.8 Release kinetics of LL37 from SM hydrogels 

LL37 loaded SM hydrogels were made in cylindrical molds to create 100 µL hydrogel discs 

with varying concentrations of fluorescently labelled tetramethylrhodamine-LL37 (TRITC-LL37, 

Rockland). A standard curve of TRITC fluorescence intensity as a function of LL37 concentration 

was generated to enable the quantification LL37 release. The LL37-SM hydrogel discs were 

submerged in 1 mL of PBS and incubated at room temperature of 37°C. At timepoints of 2, 4, 6, 

12, and 24 hours, the PBS was collected and replaced with 1 mL of fresh PBS. To determine the 

concentration of LL37 released, TRITC fluorescence within the collected PBS samples were 

quantified at an excitation wavelength of 557 nm and emission wavelength of 576 nm. LL37 

concentration was calculated from the TRITC fluorescence intensity and used to evaluate release 

profiles plotted as fluorescence intensity over time. From this curve, the release exponent n was 

calculated via the Korsmeyer-Peppas model (Eq. 3.2), which is used to describe drug release from 

cylindrical polymeric systems 66. The Korsmeyer-Peppas model is defined as: 

																																																										
Mt

M∞
= K × tn	 Eq. 3.2 

where Mt is the mass released at time t, M¥	is the mass released at time ¥, K is the release rate 

constant, t is time, and n is the release exponent. Rearranging the equation provides a linear 

relationship, given in Eq. 3.3, to determine the fit of the curve. 
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																																																						𝑙𝑜𝑔#$ <
𝑀%

𝑀∞
= = log(𝐾) + 	𝑛𝑙𝑜𝑔(𝑡)	 Eq. 3.3 

 
From this linear relationship, n and the coefficient of determination, R2, was calculated to 

determine the goodness of fit for the model. This process was repeated for LL37 loaded SM 

hydrogels in 200 ng/mL trypsin, representative of trypsin concentration in serum 67.  

3.2.9 Planktonic PAO1 viability with LL37-SM treatment 

Planktonic PAO1 (ATCC 15692) was cultured in lysogeny broth (LB, Sigma-Aldrich) to a 

working concentration at an optical density of 0.1 at OD600. As described earlier, 100 µL LL37-

SM hydrogel discs were prepared and placed in 1 mL of bacteria culture and incubated for 3 hours 

at 37°C. After incubation, the bacteria culture media was collected and made into serial dilutions 

of 1´105 to 1´108 for spot plating 10 µL spots onto agar plates. The colony forming units (CFUs) 

were counted after the plates were incubated at 37°C for 24 hours. Based on the plated volume, 

the logarithm (base 10) of CFU/mL was calculated and used to quantify PAO1 viability.  

3.2.10 Planktonic PAO1 growth with LL37-SM treatment 

LL37-SM hydrogel discs were made with concentrations of LL37. Planktonic green 

fluorescent protein (GFP) expressing Pseudomonas aeruginosa (GFP-PAO1, ATCC 10145GFP) 

were cultured in MOPS minimal media (Teknova). An optical density of 0.1 at 600 nm (OD600) 

was used as the working concentration of bacteria. After measuring the optical density, the LL37-

SM hydrogel disc was then placed into 1 mL of PAO1 culture and incubated at 37°C. At designated 

hour timepoints from 1-24 hours, 100 µL of media was collected and replaced with fresh media. 

GFP fluorescence intensity of the collected media was measured at 510 nm.  
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3.2.11 MPT microrheological characterization of LL37-SM hydrogels with PAO1 

LL37-SM hydrogels were prepared at a 20 µL volume with 100 nm PEGylated nanoparticles 

in microscopy chambers as described prior. The hydrogels were allowed to gel over night at room 

temperature prior to adding bacteria. A working concentration of PAO1 at 0.1 at OD600 was 

measured, and 10 µL of PAO1 was added onto each hydrogel. The diffusion of nanoparticles was 

measured as the log10[MSD1s] after 3 and 6 hours of incubation at 37°C and used to calculate the 

microviscosity and the elastic to viscus modulus ratio as described earlier. 

3.2.12 Statistical analysis 

Data were graphed and statistically analyzed using GraphPad Prism 9. Bar graphs show means 

with standard deviations, box and whisker plots show medians with 5th to 95th percentiles, and 

line graphs show means with standard deviations. Unpaired t-test was performed for analysis 

between two groups. For analysis between multiple groups, a one-way ANOVA with Tukey’s post 

hoc correction was performed. A two-way ANOVA was conducted to compare multiple groups 

with two independent factors. Kruskal-Wallis test with Dunn’s comparison was used to compare 

multiple groups with non-Gaussian distributions. Values of P<0.05 were considered statistically 

significant. 

3.3 Results and Discussion 

3.3.1 Extraction of mucins from native porcine mucus 

We have adopted a method inspired by Sharma et al to extract porcine gastric mucins (PGM) 

from native porcine small intestine mucus44. The mucus layer is completely solubilized, and 

through alternating the pH, the aggregation of mucins in solution can be controlled. At a pH of 7 

and above, PGM is electronegative and hydrophobic domains remain enfolded within the mucin 

structure. At a pH of 4, mucins unfold and expose previously buried hydrophobic domains. 
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Hydrophobic interactions between the hydrophobic domains promote mucin cross-linking, 

allowing mucins to undergo a sol-gel transition68. Centrifugation of the gel phase enables the 

collection of aggregated mucins and removal of cellular contaminants (Figure 3.1A). The 

extracted PGM contained approximately 30% residual DNA, a higher quantity than that found in 

commercial PGM (Figure 3.1B). However, compared to prior literature, similar mucin extraction 

methods have resulted in comparable DNA content 44. It should be noted this procedure could be 

further optimized in future studies to further improve DNA removal. The glycosylated mucin and 

protein contents were measured and used to determine the mucin to protein ratio by mass. We 

determined a significant increase in the mass protein content in extracted mucins (Figure 3.1C). 

There was no significant difference between the mucin to protein ratios between commercial PGM 

and our extracted PGM (Figure 3.1D).  

Excess residual DNA may be the result of DNA binding to positively charged amino acids on 

non-glycosylated domains that become exposed during the sol phase and remain entangled within 

the mesh of mucin molecules during the gel phase 69. Commercial preparation of mucins includes 

the treatment of mucus with pepsin and additional proteases to isolate mucins. However as noted, 

protease treatment has been shown to fragment mucins and alter mucin functionality61. Overall, 

this procedure provides a highly scalable method to extract mucins that are minimally altered and 

were used in this work to formulate synthetic mucus hydrogels.   
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Figure 3.1 Extraction of porcine gastric mucins (PGM). (A) Schematic of preparation of mucin 
extraction and preparation from porcine small intestine tissue. (B) Mass DNA content present in 
commercially available and in-house extracted PGM (n = 3). (C) Mass protein content present in 
commercially available and in-house extracted PGM (n = 3). (D) Glycosylated mucin to protein 
ratio of content in commercial and extracted PGM (n = 3). **P<0.01 and ****P<0.0001 for 
unpaired t-test. 
 
3.3.2 Engineering synthetic mucus hydrogels for LL37 encapsulation 

We have previously reported the design of a synthetic mucus hydrogel using 4-arm PEG thiol 

to form disulfide bonds and enable hydrogel formation43. Based on this design, we prepared 

synthetic mucus (SM) hydrogels with 2% (w/v) in-house extracted PGM and 4% (w/v) PEG-thiol 

to mediate crosslinking (Figure 3.2A). In comparison to our prior work, the amount of PEG-thiol 

used in this study was increased as we observed rapid degradation over 2 hours when formulated 

at a lower 2% (w/v) PEG-thiol Figure S1) which is not ideal for sustained or prolonged release. 

Mucins are negatively charged macromolecules and have been previously shown to bind to 
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cationic peptides via non-specific electrostatic interactions34,35. Based on this charge mediated 

interactions between mucins and LL37 AMPs, we hypothesized LL37 will associate to mucin 

glycoproteins and slowly release over time from our hydrogel formulation. When LL37 is 

encapsulated in the SM hydrogel, we will refer to them as LL37-SM hydrogels throughout the 

article. 

To characterize the degradation of the LL37-SM hydrogels, we formulated the hydrogels as 

discs and submerged the discs into PBS to observe the change in mass over time. The degradation 

profile showed all SM hydrogels initially swelling across 4 hours. Beyond 4 hours in PBS, the SM 

and 10 µg/mL LL37-SM hydrogels portrayed little to no decrease in mass over 24 hours. 

Meanwhile, the 50 and 100 µg/mL LL37-SM hydrogels exhibited a more rapid decrease in mass, 

and therefore, a greater rate of degradation over 24 hours (Figure 3.2B). Thus, it appears 

increasing the LL37 concentrations within SM hydrogels increased the rate of degradation. 

Increasing concentration of LL37 within the hydrogel may affect the net osmotic pressure which 

may contribute to the faster degradation observed. However, the mechanism by which this occurs 

has not been determined. Nonetheless, the gradual hydrogel degradation observed over 24 hours 

is expected to aid in the slow and prolonged release of LL37 over time. In addition, the degradation 

profiles demonstrate SM hydrogels, when loaded with higher concentrations of LL37, degrade 

completely in PBS, which may potentially aid in the complete release of LL37. The swelling ratios 

were determined using Eq. 3.1 after 4 hours of swelling in PBS and were not significantly different 

among all SM hydrogels (Figure 3.2C). All SM hydrogels swell upwards to an estimated 7 to 15 

times the hydrogel dry mass. Despite no significant differences determined amongst the swelling 

ratios, the SM and LL37-SM hydrogels exhibit different ranges of swelling ratios. The 

hydrophobicity of LL37 and steric hinderance may decrease the diffusion of water into the gels 
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and contribute to the decrease in the range of swelling ratios observed for LL37-SM hydrogels 

compared to only SM hydrogels. Overall, SM hydrogels have a high-water affinity and would 

potentially improve water retention as a topical application at local sites. 

 

Figure 3.2 Physical characterization of LL37-SM hydrogels. (A) Schematic of LL37-SM 
hydrogel preparation. (B) Degradation profile of LL37-SM hydrogels over 24 hours (n = 3). (C) 
Swelling ratio of LL37-SM hydrogels after 4 hours in PBS (n = 3). No statistical significance 
observed by one-way ANOVA. 
 
3.3.3 LL37-SM hydrogels are elastic dominant 

Using MPT microrheology, we assessed the rheological properties at the micro- and nano-

scale  to locally resolve the rheological moduli and microviscosity63. As compared to traditional 

rheological characterization, we were also able to examine biophysical properties using only small 

quantities of these biomaterials which enabled us to evaluate a range of LL37 loading 

concentrations more easily. Increasing LL37 concentration within SM hydrogels showed a 
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statistically significant decrease in nanoparticle diffusion as indicated by measured log10[MSD1s] 

(Figure 3.3A). Additionally, the 50 and 100 µg/mL LL37-SM hydrogels showed a significant 

decrease in log10[MSD1s] compared to the 10 µg/mL LL37-SM hydrogel. The MSD data indicates 

nanoparticle diffusion within the hydrogel mesh network has decreased when the LL37 

concentration is increased. An increase in cross-linking density and mesh entanglement promoted 

by the electrostatic interactions between LL37 and the mucin network may contribute to the 

decrease in MSD observed. All hydrogels showed elastic to viscous modulus ratios (G’/G”) 

greater than 1, indicating the hydrogels were elastic dominant. No significant difference was 

observed among the G’/G” ratios for different LL37 concentrations within SM hydrogels (Figure 

3.3B). Thus, the LL37-SM hydrogels have comparable modulus ratios to that of SM hydrogels. In 

addition, the 50 and 100 µg/mL LL37-SM hydrogels demonstrated a significant increase in 

complex microviscosity (h*) compared to the SM and 10 µg/mL LL37-SM hydrogels (Figure 

3.3C). The microrheological data confirmed our SM formulation forms hydrogels when loaded 

with LL37. The increase in complex microviscosity observed for 50 and 100 µg/mL LL37-SM 

hydrogels may be due to increased cross-linking aided by the electrostatic interactions, and thus, 

increased aggregation of LL37 to the SM matrix. However, the nonsignificant difference between 

the both the log10[MSD1s] and microviscosities for 50 and 100 µg/mL LL37-SM hydrogels suggest 

there may be a threshold for the concentration of LL37 that can bind to the SM matrix.  

We did not observe any significant difference between the log10[MSD1s], elastic to viscous 

modulus ratio, or microviscosity when incubated with LB across 3 and 6 hours (Figure S4). A 

significant increase in MSD was observed for 100 µg/mL LL37-SM hydrogels incubated with 

PAO1 from 3 to 6 hours. This indicates potential gel degradation occurring from a combination of 

both hydrolysis and proteolytic degradation by PAO1.  
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3.3.4 SM hydrogels show gradual release of and high association with LL37 

Fluorescence recovery after photobleaching (FRAP) was used to evaluate the diffusion and 

association of LL37 within SM hydrogels. From the FRAP fluorescence recovery profiles, the 

mobile fraction, based on relative fluorescence intensity at t = 100 s, were determined to be 0.20, 

0.30, and 0.35 for 10, 50, and 100 µg/mL LL37-SM hydrogels, respectively (Figure 3.4A). These 

data indicate LL37 is highly associated with the SM hydrogel as we expected with a majority of 

LL37 immobilized in the SM hydrogel. This high association of LL37 is hypothesized to be driven 

by binding via electrostatic interactions between positively charged LL37 and negatively charged 

mucin molecules. At lower concentrations of LL37, there may be more binding sites available on 

mucins for LL37 to interact with. However, as the LL37 concentration increases, the available 

binding sites may become limited and eventually reach a saturation threshold in which less LL37 

is bound to mucin.  

We characterized the release properties of the LL37-SM hydrogels by measuring the release 

of TRITC LL37 from SM hydrogel discs submerged in PBS (Figure 3.4B). SM hydrogels 

demonstrated initial burst release over 6 hours and maximum release LL37 over 8 hours. 

Approximately 90%, 95%, and 70% cumulative mass release was measured for 10, 50, and 100 

µg/mL LL37-SM, respectively (Figure 3.4C). The remaining LL37 not released may be bound to 

mucin or unable to diffuse through the hydrogel mesh network. From the LL37 concentrations 

assessed, 100 µg/mL SM hydrogels have a maximum release of 7 µg LL37 across 8 hours with an 

initial release of approximately 5 µg LL37 within the first hour (Figure S2A). The mass release 
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of LL37 from SM over time is comparable to the MIC of less than 10 µg/mL LL37 against P. 

aeruginosa. 

In addition, the release profiles were measured with the treatment of trypsin, a protease 

expressed at infection and inflammation sites and known to degrade mucins, to assess the effect 

on LL37 release 70–72. Trypsin is present in serum and within tissues where it is a major contributor 

to mucin degradation at mucosal sites 72. Hence, the treatment of LL37-SM hydrogels with trypsin 

enables a better understanding of LL37 release kinetics under physiological conditions and how 

LL37 release can be tuned with proteases. LL37-SM hydrogels demonstrated a slower release of 

LL37 when treated with trypsin (Figure 3.4D). With trypsin, the release of LL37 is prolonged 

across 24 hours and enables the complete release of 5 µg and 10 µg for 50 and 100 µg/mL LL37 

loaded SM hydrogels, respectively (Figure S2B). This released amount of LL37 is also 

comparable to the MIC for P. aeruginosa. However, LL37 release does not appear to be dependent 

on LL37 concentration. Trypsin is expected to rapidly SM hydrogel as trypsin able to cleave the 

mucin peptide backbone. Previously reported, colonic mucins treated with trypsin resulted in 

fragments comprised of decreased concentrations of positively charged amino acids and increased 

concentrations of hydrophobic residues71. The reduction of positively charged residues, may 

decrease repulsion between mucin domains and promote greater LL37 to mucin binding. In 

addition, the cleavage of mucin may expose more available sites for LL37 to bind through both 

electrostatic and hydrophobic interactions, and therefore, result in slower release. However, we 

must also consider the degradation of LL37 by trypsin19,73,74. Additional characterization of release 

kinetics for other AMP and peptide cargo from SM in future work will help to elucidate what 

drives the observed slowing of release in response to proteolysis.  
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Figure 3.3 Release kinetics of LL37 from SM hydrogels. (A) FRAP mean relative fluorescence 
intensity profile of LL37-SM hydrogels (n = 3). (B) Schematic of TRITC-LL37-SM hydrogel set 
up for evaluating release. Cumulative mass release profiles of LL37 from SM hydrogels (C) 
without (n = 3) and (D) with (n = 3) 200 ng/mL trypsin over 24 hours. 
3.3.5 Fitting of LL37 release to the Korsmeyer-Peppas model 

To compare and assess the release mechanism of LL37-SM hydrogels, we fitted the release 

profiles to the Korsmeyer-Peppas model which describes drug release from cylindrically–shaped 

polymeric systems66. Using the Korsmeyer-Peppas model (Eq. 3.2), we determined the values for 

the release exponent, n, which is used to describe the release mechanism. The fitted curves 

determined using Eq. 3.3 are provided in Figure S3. For a cylindrical geometry, values of n≤0.45 

indicate a diffusion dominant release, 0.45<n<1 indicate anomalous, non-Fickian diffusion 

transport, and n≤1 indicate anomalous, time independent release66. Release of LL37 from the SM 

hydrogel was determined to be Fickian diffusion dominant (Table 3.1). In the presence of trypsin, 
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release is anomalous and non-Fickian diffusion dominant as expected, supports the observed 

release profiles, and suggests hydrogel degradation plays an important role in LL37 release in the 

presence of trypsin. Additionally, the time required for 50% cumulative release of LL37, or the 

half-time t1/2, was calculated and ranged from approximately 0.5 to 2.6 hours and 5 to 21 hours 

without and with trypsin treatment, respectively. The half-times for LL37 release did not appear 

to be concentration dependent.  Increased half-time and prolonged release is expected to increase 

LL37 bioavailability. Interestingly, the half-times for LL37-SM release with trypsin are greater 

than the half-life of LL37 in PBS, which is estimated to be 0.5 - 1 hour6. Therefore, treatment with 

trypsin decreases the rate of LL37 release, and together with the high association of LL37 to SM, 

benefit in prolonging LL37 half-life and bioavailability. 

 
Table 3.1 Release profiles were fitted to the Korsmeyer-Peppas model. Coefficient of 
determination (R2), release exponents (n), release mechanisms, and half-times (t1/2) were 
determined for LL37-SM hydrogels with and without the addition of 200 ng/mL trypsin.   
Condition, LL37-SM R2 Release exponent, n Release 

mechanism 
Half-time, t1/2 

(h) 
10 µg/mL 0.78 0.39 ± 0.03 Diffusion 2.60 

10 µg/mL + trypsin 0.91 0.46 ± 0.09 Anomalous 9.61 

50 µg/mL 
0.89 

0.42 ± 0.08 Diffusion 0.51 

50 µg/mL + trypsin 0.76 0.93 ± 0.31 Anomalous 21.0 

100 µg/mL 0.58 0.24 ± 0.13 Diffusion 1.11 

100 µg/mL + trypsin 0.99 0.60 ± 0.31 Anomalous 4.96 
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3.3.6 LL37-SM hydrogel treatment inhibits PAO1 growth 

We evaluated the antimicrobial activity of LL37-SM hydrogels on planktonic P. aeruginosa  

(PAO1) (Figure 3.5A). To determine the effect on growth, we treated GFP expressing PAO1 

cultures with 100 µg/mL LL37-SM hydrogels. Compared to the untreated PAO1, treatment with 

free LL37 inhibited growth over 12 hours (Figure 3.5B). Meanwhile, treatment with SM and 

LL37-SM hydrogels exhibited bactericidal activity over the first 2 hours and continued to inhibit 

growth over 12 hours. Interestingly, the SM hydrogels alone without AMP demonstrated a similar 

trend in reducing PAO1 growth. It should be noted PGM used in our SM formulation is a crude 

extract and does contain excess proteins. Thus, the PGM extract consists of various proteins and 

peptides which may possess antimicrobial activity as they are naturally present within the 

gastrointestinal tract75,76. This likely explains the intrinsic antimicrobial activity observed for SM 

hydrogels. 

The viability of PAO1 after treatment was assessed via CFU count by plating. Treatment with 

free LL37, SM, and LL37-SM hydrogels significantly reduced PAO1 viability after 3 hours of 

treatment (Figure 5C). After 6 hours of treatment, free LL37 and both SM and LL37-SM 

hydrogels showed significantly reduced PAO1 viability compared to the untreated control. 

However, the free LL37 and SM hydrogel treatment showed a significant increase PAO1 viability 

from 3 to 6 hours. Only the LL37-SM hydrogel demonstrated continued inhibition of PAO1 

viability across 6 hours of treatment. This suggests that without LL37, SM hydrogels have a very 

short-lived antimicrobial effect, and with LL37, SM hydrogels exhibit a synergistic effect. In 

addition, the SM hydrogels preserve the antimicrobial activity of LL37 across 6 hours, which also 

suggests prolonged bioavailability for treatment.  
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Figure 3.4 Antimicrobial activity of LL37-SM hydrogels against planktonic PAO1. (A) 
Schematic of hydrogel treatment on planktonic GFP-PAO1 and PAO1 to assess the effect on 
growth and viability, respectively. (B) Growth profiles of planktonic PAO1 with treatment (n = 
3).  (C) PAO1 viability after 3 hours of treatment (n = 3).  ****P<0.0001 for two-way ANOVA. 
Blue asterisks indicate the comparison between time groups. 
3.3.7 LL37-SM hydrogel microstructure remains intact when incubated with PAO1 

To determine if the hydrogels remain intact when incubated with Pseudomonas aeruginosa, 

we performed microrheological characterization of both SM and LL37-SM hydrogels across 3 and 

6 hours (Figure S4). A significant increase in both log10 [MSD1s] and microviscosity was observed 

for SM and 100 µg/mL LL37-SM hydrogels incubated with PAO1 from 3 to 6 hours. At 3 hours 

of incubation with PAO1, all hydrogels remain elastic dominant. However, after 6 hours, the 

hydrogels become viscous dominant, indicating hydrogel degradation. Hydrogel degradation may 
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be occurring due to a combination of both hydrolysis and proteolytic degradation by PAO1 as 

expected. 

3.4 Conclusion 

We have developed a mucus-inspired biomaterial for the encapsulation and delivery of AMPs. 

Treatment with trypsin resulted in overall slower LL37 AMP release which may provide future 

interest to design protease responsive degradation for controlled release. Encapsulation of LL37 

by SM is expected to be driven by electrostatic interactions, in which LL37 demonstrated high 

association to SM. As such, SM provides a modular platform for delivery of cationic AMPs 

enabling its use for a wide number of infectious disease applications. LL37-SM hydrogels have 

enhanced antimicrobial therapeutic action with sustained inhibition of bacteria growth and 

viability. Given the antiviral capabilities of mucins and LL37, our LL37-SM hydrogels may have 

the potential to exhibit synergistic antiviral activity. This platform may also potentially be useful 

as an antimicrobial hydrogel in wound dressings which will be further explored in future work. In 

conclusion, this work establishes a promising new biomaterial strategy which will be tested further 

in pre-clinical in vivo infection models. 
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4. SYNTHETIC MUCUS BIOMATERIALS FOR ANTIBIOFILM TREATMENT 

4.1 Introduction 

Chronic infections are often linked to biofilms which form when bacteria attach to surfaces 

and form a matrix77. Biofilm associated infections have high resistance to antibiotic treatments due 

to the composition of the biofilm matrix which is comprised of extracellular DNA and extracellular 

polymeric substances (EPS), including bacterial polysaccharides and proteins, that encapsulate 

bacteria78–80. This biofilm matrix forms a barrier protecting bacteria within the biofilm and 

increases resistance to antibiotics and the immune system77. As a result, biofilms and chronic 

infections are exceptionally difficult to treat.  

Pseudomonas aeruginosa is an opportunistic pathogen with a propensity to form biofilms and 

is commonly found at chronic wound sites81,82. During biofilm formation, EPS are produced to aid 

in bacteria surface attachment, colonization, and propagation77,83. Electrostatic interactions 

between the cationic EPS and charged antimicrobial agents prevent penetration, inhibit antibiotic 

activity, and confer antibiotic resistance4. In this way, EPS mediates biofilm resistance to 

antimicrobial peptides (AMP) such as LL37, a cationic AMP that has a broad range of 

antimicrobial activity19,20.  

Shifts to investigate alternative agents, such as enzymes, for antibiofilm therapeutics are of 

interest84,85. Studies have previously reported the antibiofilm ability of the hydrolase, α-amylase, 

to disperse P. aeruginosa biofilms and inhibit biofilm growth by degrading the polysaccharides 

present in EPS within the biofilm matrix86,87. Another target of interest for antibiofilm therapies is 

extracellular DNA plays as it plays an extensive role in biofilm formation and structure. Within 

mature biofilms, extracellular DNA is produced by bacteria to stabilize the biofilm matrix78,88,89. 
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Treatments with DNase I are capable of targeting and cleaving the extracellular DNA to increase 

mature biofilm dispersal and inhibit biofilm formation89,90.  

Gastric mucins have been shown to have bacteria virulence modulating properties31,91. 

Additional research has shown that mucins are capable of disrupting biofilms by affecting bacteria 

motility and have potential in modulating macrophage phagocytic activity to clear bacteria33,91. In 

our previous work, we have developed a mucin-based synthetic mucus (SM) hydrogel that 

exhibited antimicrobial properties against P. aeruginosa (PAO1)45. In this study, we investigate 

the antibiofilm ability of our SM hydrogels in combination with LL37, α-amylase, and DNase. 

The combinatory effect of the SM hydrogels loaded with LL37 and enzymes is expected to aid in 

the dispersion of PAO1 biofilms and allow increased penetration of LL37 as well as increase 

macrophage phagocytic ability for biofilm clearance. 

4.2 Methods 

4.2.1 Preparation of synthetic mucus hydrogels 

Porcine gastric mucin (PGM) was obtained using a method to extract mucins from native 

porcine small intestinal tissues that we have described previously45. A 10 kDa 4-arm-PEG-thiol 

(Layson Bio) crosslinker was utilized to aid disulfide bond driven gelation with mucin. In a 

physiological buffer solution (154 mM NaCl, 3 mM CaCl2, and 15 mM NaH2PO4 at pH 7.4), 4% 

(w/v) PGM was mixed in a vial for 2 hours. Salts within the buffer aid in solubilizing the PGM 

within solution 43.  In a separate vial, 8% (w/v) 4-arm PEG-thiol was prepared in physiological 

buffer. The PGM and PEG-thiol solutions were mixed at a 1:1 volume ratio to produce the SM 

hydrogel solution at a final composition of 2% (w/v) PGM and 4% (w/v) PEG-thiol. Hydrogel 

discs were prepared at 20 µL volumes in cylindrical molds. The hydrogel solution was incubated 

for 12 hours at room temperature to allow for gelation.  
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To prepare loaded hydrogels, LL37 (Anaspec), α-amylase (from Aspergillus oryzae, Sigma-

Aldrich), or DNase I (from bovine pancreas, Sigma-Aldrich) was directly added into the PGM 

solution at initial concentrations of 200 µg/mL, 300 U/mL, and 300 U/mL, respectively. This 

solution was stirred for 2 hours at room temperature to ensure thorough mixing. Preparation of the 

SM hydrogel solution was prepared as described previously resulting in final concentrations of 

100 µg/mL of LL37, 150 U/mL of α-amylase, or 150 U/mL of DNase I based on the minimum 

inhibitory concentrations45,86,89.  

4.2.2 Preparation of biofilms 

Pseudomonas aeruginosa (PAO1, ATCC 15692) was cultured in lysogeny broth (LB, Sigma-

Aldrich) from frozen stock. The optical density was measured and a working concentration of 0.1 

at OD600 was prepared. This working concentration was used for all bacteria and biofilm 

preparations. In 96 well plates, 100 µL of PAO1 per well was transferred. The plates were then 

covered with a Breathe-Easy sealing membrane (Millipore Sigma) to allow for gas exchange and 

incubated at 37°C for 24 hours to form mature PAO1 biofilms.  

4.2.3 Biofilm viability, growth, and disruption 

Biofilm growth was assessed by quantifying the viability of PAO1 biofilms that formed after 

planktonic bacteria was treated with the SM hydrogel. In 96 well plates, 100 µL/well of PAO1 in 

LB was added. The prepared SM hydrogels were removed from the cylindrical molds and placed 

into the wells. No treatment and free LL37 treatment at 100 µg/mL were used for controls. Plates 

were covered with Breathe-Easy sealing membranes and incubated for 24 hours at 37°C. After 

incubation, the wells were gently washed with phosphate buffer saline (PBS, Sigma-Aldrich) three 

times to remove any planktonic bacteria. Fresh PBS was added into each well and sterile wooden 

applicator sticks were then used to scrape the biofilm off the walls of each well. The PBS 
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containing the scraped biofilm was collected and made into serial dilutions of 1´105 to 1´108 for 

spot plating via 10 µL spots onto agar plates. The plates were incubated at 37°C for 24 hours and 

the colony forming units (CFUs) were counted. Based on the plated volume, the logarithm (base 

10) of CFU/mL was calculated and used to quantify PAO1 viability for biofilm growth. 

Biofilm disruption was measured by quantifying the viability of PAO1 biofilms after mature 

24 hour old biofilms were treated with SM hydrogel conditions. Mature biofilms grown in 96 well 

plates and gently washed with PBS to remove planktonic bacteria. Fresh LB was added to the wells 

at 100 µL/well and the hydrogels were added. SM hydrogel treatment, biofilm collection, bacteria 

plating, and PAO1 viability were repeated and measured as described previously. 

4.2.4 Cotreatment and pretreatment of biofilms 

Biofilms were cotreated with free α-amylase or free DNase I in combination with SM 

hydrogels to assess the effect on biofilm disruption. Mature PAO1 biofilms were prepared as 

described prior. LB with 150 U/mL α-amylase or 150 U/mL DNase I were added to the wells at a 

total volume of 100 µL/well, and then SM hydrogels were added. Incubation conditions, biofilm 

collection, bacteria plating, and PAO1 viability were repeated and measured as described 

previously. Biofilm disruption was also assessed for pretreatment with free α-amylase or free 

DNase I prior to SM hydrogel addition. For pretreatment, mature PAO1 biofilms were first treated 

with 150 U/mL α-amylase or 150 U/mL DNase I in LB at a total volume of 100 µL/well and 

incubated for 24 hours at 37°C. The wells were washed with PBS and replaced with 100 µL of 

fresh LB in which the SM hydrogels were then added. The plates were incubated for an additional 

24 hours at 37°C. Biofilm collection, bacteria plating, and PAO1 viability were repeated and 

measured similarly. 
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4.2.5 Biofilm culture on air-liquid-interface tilted-plate 

PAO1 forms biofilms on surfaces at the air-liquid-interface (ALI); these biofilms can be 

visualized on well walls when grown in plates (Fig. 4.1A). However, due to the nature of PAO1 

biofilms to form at the ALI, an alternative method for growing biofilms on well plate bottoms for 

fluorescent microscopy imaging is needed. An ALI tilted-plate set-up was used to grow mature 

PAO1 biofilms. Using a tilted-plate set-up, the ALI can be aligned with the well plate bottom, and 

hence, allows the biofilm to grow at the well plate bottom for more accessible microscopy imaging. 

Optical black 96 well plates were tilted to a roughly 45° angle using wooden applicator sticks 

(Fig 4.2B). After attaching the sticks to the plates, 40 µL of green fluorescent protein (GFP) 

expressing PAO1 (ATCC 10145GFP) culture was added into each well at a working concentration 

of 0.1 at OD600. The plates were incubated for 24 hours at 37°C to form mature biofilms on the 

well plate bottom (Fig. 4.2C). Afterwards, the plates were gently washed with PBS three times to 

remove any planktonic bacteria. Fresh LB was added at 40 µL/well and SM hydrogels were added. 

For hydrogel treatment, the plates were incubated again for 24 hours at 37°C. After incubation, the 

media was removed and gently washed with PBS three times. 
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Figure 4.1 ALI tilted-plate preparation. (A) Crystal violet staining of mature 24 hour old PAO1 
biofilms in a clear 96 well plate illustrate how PAO1 forms biofilms at the ALI and was visible 
only on the well wall. (B) An optical black 96 well was propped with wooden applicator sticks to 
tilt the plate at approximately 45°. Crystal violet staining of mature 24 hour old PAO1 biofilms on 
the ALI tilted-plate demonstrate biofilms forming at the ALI interface across the well bottom. 
 

After hydrogel treatment, the biofilms were stained with 1 µg/mL of DAPI in PBS. The matrix 

of mature biofilms is partially composed of extracellular DNA. Thus, staining with DAPI will 

allow the visualization of the biofilm matrix and GFP will indicate bacteria. Plates were incubated 

with DAPI for 15 minutes at 37°C and then washed with PBS. Fresh 100 µL PBS was added into 

each well for microscopy imaging.  

4.2.6 Fluorescent confocal microscopy for biofilm thickness and surface area attachment 

Biofilms grown on ALI tilted-plates were imaged post SM hydrogel treatment via confocal 

fluorescence microscope (Zeiss Confocal LSM 800) fitted with a 25x water-immersion objective. 

DAPI and GFP were imaged three times per well using 385 nm and 475 nm lasers, respectively. 

Using the GFP channel, the top and bottom Z-heights for the biofilms were determined. The 

difference between the Z-heights was used to calculate the optical thickness of the biofilms. Z-

stack images were taken and analyzed using ImageJ analysis software to transform into sum slices 
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Z-projections. These projections were then converted into binary images to calculate the percent 

surface area of biofilm attachment. 

4.2.7 Statistical analysis 

Data were graphed and statistically analyzed using GraphPad Prism 9. Bar graphs show means 

with standard deviations, dot plots show means, and box and whisker plots show medians with 5th 

to 95th percentiles. For analysis between multiple groups, a one-way ANOVA with Tukey’s post 

hoc correction was performed. Values of P<0.05 were considered statistically significant. 

4.3 Results 

4.3.1 PAO1 biofilm viability after SM hydrogel treatments 

PAO1 viability was quantified via log10(CFU/mL) to determine the antibiofilm activity of the 

SM hydrogels and SM hydrogels loaded with LL37, α-amylase, or DNase I on biofilm growth and 

disruption. The treatment of planktonic PAO1 and assessment of the viability of PAO1 in the 

resulting biofilm formed was used to assess the effect of SM treatment on young biofilm growth. 

A significant decrease in PAO1 biofilm viability after all SM hydrogel treatments including 

loading with LL37 and the enzymes on biofilm growth compared to that of the untreated control 

of free LL37 or free enzyme only was observed (Figure 4.2A). Compared to free LL37 treatment, 

the SM and LL37 loaded hydrogels (LL37-SM) showed a significant decrease in PAO1 biofilm 

viability (log10(CFU/mL); Untreated: 11.1±0.18; LL37: 10.5±0.32, SM: 10.3±0.09; LL37-SM: 

10.3±0.06; α-amylase: 10.8±0.12; α-amylase-SM: 10.9±0.20; LL37-α-amylase-SM: 10.7±0.22; 

DNase: 11.0±0.28; DNase-SM: 10.5±0.04; LL37-DNase-SM: 10.3±0.06). For the α-amylase 

conditions, loading α-amylase into SM hydrogels (α-amylase -SM) did not show any significant 

difference compared to free α-amylase or the untreated conditions. However, SM hydrogels loaded 

with both α-amylase and LL37 demonstrated a significant decrease in biofilm viability. Similarly, 
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the SM hydrogel loading with DNase (DNase-SM) and both DNase and LL37 showed a decrease 

in PAO1 viability compared to free DNase treatment only. Our data indicate that treatment with 

SM hydrogels and SM hydrogels loaded with LL37 and α-amylase or DNase I reduce PAO1 

viability, and therefore, reduce the growth of young biofilms.  

 

Figure 4.2 Biofilm growth and disruption after SM hydrogel treatment. (A) PAO1 biofilm 
viability after 24 hour SM hydrogel treatment of planktonic PAO1 (n = 12). (B)  PAO1 biofilm 
viability after 24 hour SM hydrogel treatment of mature 24 hour old PAO1 biofilms (n = 12). 
**P<0.01 and ****P<0.0001 for one-way ANOVA. Black, green, and orange asterisks indicate 
the comparison to the untreated control, α-amylase only loaded SM hydrogel, and DNase only 
loaded SM hydrogel, respectively. 
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The treatment of mature biofilms and quantification of the resulting PAO1 biofilm viability 

was used to measure biofilm disruption (Figure 4.2B). LL37, SM, LL37-SM and all α-amylase 

treatment conditions showed no significant differences in PAO1 biofilm viability compared to the 

untreated control. Treatment with free α-amylase, α-amylase-SM, and free DNase I resulted in a 

significant increase in PAO1 viability (log10(CFU/mL); Untreated: 10.5±0.04; LL37: 10.6±0.03, 

SM: 10.5±0.04; LL37-SM: 10.4±0.04; α-amylase: 11.3±0.23; α-amylase-SM: 11.1±0.17; LL37-

α-amylase-SM: 10.6±0.07; DNase: 11.3±0.17; DNase-SM: 10.2±0.05; LL37-DNase-SM: 

10.2±0.23). Interestingly, within the α-amylase loading conditions, treatment with SM co-loaded 

with LL37 and α-amylase demonstrated the most significant decrease in PAO1 biofilm viability 

compared to free α-amylase. In contrast, DNase-SM or co-loaded with LL37 and DNase 

demonstrated the most significant decrease in PAO1 biofilm viability compared to free DNase, 

LL37, SM, or untreated. A decrease in PAO1 viability indicated an increase in disruption of the 

biofilms. Thus, the data suggest SM co-loading with DNase and LL37 was the most effective 

treatment for disrupting mature biofilms. 

The effect of the timing of treatment with α-amylase, DNase I, LL37, and SM hydrogels on 

PAO1 biofilm viability were investigated. Cotreatment of mature biofilms included treatment with 

free α-amylase or free DNase I simultaneously with SM hydrogel conditions. Pretreatment of 

biofilms consisted of treating mature biofilms with free α-amylase or free DNase I for 24 hours 

prior to SM hydrogel treatments (Figure 4.3A) (log10(CFU/mL); Untreated: 9.43±0.08; α-

amylase: 8.54±0.02; α-amylase®L37: 8.19±0.11; α-amylase®SM: 7.31±0.07; α-

amylase®LL37-SM: 7.32±0.11; DNase: 8.60±0.08; DNase®LL37: 7.38±0.10; DNase®SM: 

8.17±0.19; DNase®LL37-SM: 7.27±0.11). For the cotreatment with free α-amylase, α-amylase-

SM and SM co-loaded with LL37 and α-amylase showed decreases in PAO1 viability compared 
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to the untreated control (Figure 4.3B). For cotreatment with free DNase, free LL37 and LL37-SM 

hydrogels resulted in a decrease in CFU/mL compared to the untreated control, and similarly a 

decrease in CFU/mL compared to only free DNase treatment (log10(CFU/mL); Untreated: 

10.6±0.10; α-amylase: 10.6±0.07; α-amylase+LL37: 10.5±0.08; α-amylase+SM: 10.2±0.11; α-

amylase+LL37-SM: 10.3±0.08; DNase: 10.6±0.07; DNase+LL37: 10.5±0.14; DNase+SM: 

10.5±0.08; DNase+LL37-SM: 10.5±0.07). Compared to the untreated control, treatment with only 

α-amylase or only DNase did not result in any significant differences in PAO1 biofilm viability.  
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Figure 4.3 Biofilm disruption after SM and enzyme cotreatment and pretreatment. (A) 
Timeline for the cotreatment and pretreatment of PAO1 biofilms with α -amylase or DNase. (B) 
PAO1 viability after 24 hour cotreatment of mature 24 hour old PAO1 biofilms with α-amylase or 
DNase in combination with SM hydrogels (n = 12). (C)  PAO1 viability after 24 hour pretreatment 
with α-amylase or DNase prior to 24 hour SM hydrogel treatment of mature 24 hour old PAO1 
biofilms (n = 12). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 for one-way ANOVA. 
Black, green, and orange asterisks indicate the comparison to the untreated control, α-amylase 
only loaded SM hydrogel, and DNase only loaded SM hydrogel, respectively. Timeline schematic 
made with the help of BioRender. 

In comparison to the untreated control, α-amylase pretreatment followed by SM and LL37-

SM hydrogel treatments resulted in significant decreases. Meanwhile, DNase pretreatment 

followed by LL37 and LL37-SM treatment showed decreases compared to the untreated control. 

Amongst the conditions with pretreatment of PAO1 biofilms with α-amylase, only the SM and 

LL37-SM hydrogel treatments resulted in a decrease in PAO1 viability. Pretreatment with DNase 

prior to LL37 or LL37-SM treatments resulted in a similarly in significant decreases compared to 

DNase only treatment. Pretreatment with the antibiofilm agent alone also did not demonstrate any 

significant differences in biofilm viability. Interestingly, pretreatment with DNase followed by SM 

hydrogel treatment and pretreatment with α-amylase and followed by LL37 treatment did not 

significantly affect PAO1 biofilm viability compared to both the antibiofilm agent alone and the 

untreated control.  

4.3.2 Biofilm thickness and surface area attachment  

GFP expressing PAO1 (GFP-PAO1) were used to form mature biofilms on ALI tilted plates. 

Mature PAO1 biofilms had a generally smooth and slightly porous morphological appearance and 

were populated by colonies of GFP-PAO1. After 24 hours of treatment with LL37, α-amylase, 

DNase, or SM hydrogel conditions, the biofilm matrix and bacteria were visualized via DAPI and 

GFP, respectively (Figure 4.4A). We observe a visual disruption in the biofilm matrix with SM 

treatment and a decrease in visible GFP in with enzyme loaded SM hydrogels. Compared to the 
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untreated control, SM treatment appeared to disrupt the biofilm matrix. LL37-SM treatment 

reduced PAO1 viability as shown by the decrease in GFP detected. Similarly, DNase-SM treatment 

decreased PAO1 viability but did not appear to disrupt the biofilm matrix. Free LL37 and DNase 

treatments did not appear to disrupt the biofilm matrix or affect PAO1 viability. Meanwhile, 

treatment with α-amylase and α-amylase-SM both disrupted the biofilm matrix but did not seem 

to affect PAO1 viability. The biofilm fluorescent images support the results obtained from 

quantifying the PAO1 biofilm viability after treatment for biofilm disruption. 

Mean optical thickness of the biofilms was measured via confocal fluorescence microscopy. 

Free LL37 and free DNase treatment did not result in any significant differences in mean biofilm 

thickness while free α-amylase treatment decreased the mean biofilm thickness compared to the 

control (Figure 4.4B). Treatment with SM sand LL37-SM hydrogels resulted in decreases in mean 

biofilm thickness (Untreated: 16.7±1.63 µm; LL37: 17.4±1.47 µm, SM: 9.04±1.70 µm; LL37-SM: 

8.60±1.38 µm; α-amylase: 14.33±1.55 µm; α-amylase-SM: 9.39±0.95 µm; LL37-α-amylase-SM: 

10.3±1.69 µm; DNase: 14.9±2.09 µm; DNase-SM: 9.68±1.32 µm; LL37-DNase-SM: 10.9±1.92 

µm). For treatment conditions including α-amylase, free α-amylase reduced the mean biofilm 

thickness and showed a similar trend. Treatment with α-amylase-SM or SM co-loaded with α-

amylase and LL37 further reduced the mean biofilm compared to α-amylase only. Compared to 

only DNase treatment, DNase-SM and SM co-loaded with DNase and LL37 reduced the mean 

biofilm thickness more significantly. 

The percent biofilm surface area was calculated from the fluorescent z-stack projection images. 

Compared to the untreated control, treatment with free LL37, α-amylase, or DNase did not 

significantly affect the percent surface area of the biofilms (Figure 4.4C). All SM hydrogel 

treatment conditions resulted in a significant decrease in the percent surface area biofilm compared 
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to the control (Untreated: 90.6±1.27%; LL37: 92.9±4.62%, SM: 70.6±5.45%; LL37-SM: 

67.1±2.78%; α-amylase:84.2±3.61%; α-amylase-SM: 61.2±3.18%; LL37-α-amylase-SM: 

61.1±8.53%; DNase: 87.3±3.27%; DNase-SM: 76.3±12.3%; LL37-DNase-SM: 

70.9±2.45%).However, there was no significant difference in the percent area biofilm attachment 

amongst all the SM hydrogel conditions. Treatment with LL37-SM, LL37, and co-loaded LL37 

and DNase SM resulted in decreases in surface area. Interestingly, the α-amylase-SM and co-

loaded LL37 and α-amylase SM hydrogels demonstrated the largest decrease in percent biofilm 

surface area. 
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Figure 4.4 Biofilm thickness and surface area attachment. (A) Fluorescent microscopy images 
of the top view of PAO1 (GFP) within the biofilm matrix (DAPI) after 24 hour treatment (n = 4). 
Scale bar represents 50 µm. (B) Percent surface area biofilm coverage after 24 hour SM hydrogel 
treatment (n = 4). (C) Mean optical biofilm thickness after 24 hour hydrogel treatment (n = 3). 
*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 for one-way ANOVA. Black, grey, green, 
and orange asterisks indicate the comparison to the untreated control, free LL37, α-amylase only 
loaded SM hydrogel, and DNase only loaded SM hydrogel, respectively. 

4.4 Discussion and Conclusion 

Due to the cationic nature of LL37, LL37 has difficulty penetrating the cationic biofilm matrix 

due to electrostatic repulsions4,19. P. aeruginosa biofilms were dispersed by mucins by triggering 

active biofilm bacterial escape through the detachment of cells from the biofilm matrix surface33,92. 

In addition, P. aeruginosa has been previously shown to adhere to native mucins and, therefore, 

prevent the aggregation of planktonic bacteria to limit biofilm attachment and growth31,91. SM 

treatment resulted in the reduction in biofilm growth and increase in biofilm disruption as 

measured by PAO1 viability within the biofilm. Our data also suggested our SM hydrogels exhibit 

similar properties by inhibiting biofilm growth and increasing biofilm disruption. With the biofilm 

disrupted by the SM hydrogels, the loaded LL37 were able to better penetrate the biofilm matrix 

allowing the LL37 to kill bacteria within the biofilm as observed by the reduction in PAO1 

viability. However, the degradation of polysaccharides and extracellular DNA from the biofilm 

matrix by α-amylase-SM and DNase-SM may instead be acting as a nutrient source for PAO193,94. 

This may account for the increase in PAO1 viability seen after the treatment of mature biofilms.  

Interestingly, the decrease in PAO1 viability on biofilm growth with cotreatment of free α-

amylase may potentially be due to the degradation of EPS, preventing the biofilm from stabilizing 

and attaching to surfaces. DNase cotreatment may not have been effective on forming biofilms as 

the composition of EPS is mainly polysaccharides compared to that of mature biofilms where 

extracellular DNA has a greater presence95,96. Pretreatment of mature PAO1 biofilms with either 
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α-amylase or DNase also degrades the biofilm matrix and potentially enhances the penetration of 

LL37 from co-loaded hydrogels. The change in biofilm composition during biofilm maturation 

may contribute to the differences in antibiofilm effectivity of DNase I treatment against growing 

biofilms and biofilm disruption. Thus, the data suggest the order of α-amylase and DNase 

treatment with SM hydrogels affected the antibiofilm effectivity.  

PAO1 formed generally smooth with a slightly porous morphological appearance for mature 

biofilms. When the biofilms were disrupted, the SM hydrogels may be inhibiting the motile 

bacteria released from biofilm dispersion, preventing further bacteria surface attachment and 

biofilm propagation. The addition of LL37, α-amylase, or DNase to SM hydrogels also 

demonstrated a similar trend in increasing biofilm disruption. Mature PAO1 biofilms range in 

thickness between 15 and 20 µm97,98. The optical biofilm thicknesses decreased below this known 

range when treated with the SM and all loaded SM hydrogels. The percent biofilm surface area 

attachment demonstrated a similar trend with SM and loaded SM hydrogel treatment. Our SM 

hydrogels degraded over 24 hours and suggested the now free mucins were able to interact with 

and disrupt the biofilm matrix as well as release the loaded agents, α-amylase or DNase, to degrade 

the matrix or LL37 to kill bacteria. 

Mucins have potential antibiofilm properties, and in combination with various therapeutic 

agents, may provide an alternative tool to treat chronic and antibiotic resistant infections. We have 

demonstrated that the combinatorial treatment of our SM hydrogels with α-amylase or DNase can 

effectively disrupt biofilms and prevent further biofilm growth for static in vitro PAO1 biofilms. 

Through this study, we have provided a foundation and further motivation to investigate mucin-

based biomaterials for direct antibiofilm treatment and as platforms to aid in therapeutic agent 

delivery.  
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5. MODULATING INFECTION RESPONSE AND INFLAMMATION WITH 
SYNTHETIC MUCUS HYDROGELS 

5.1 Introduction 

Pseudomonas aeruginosa is an opportunistic pathogen that often causes infections in 

immunocompetent and immunocompromised hosts99. Approximately 7.1%-7.3% of healthcare 

infections are associated with P. aeruginosa and lead to increased mortality rate in patients100,101. 

Lipopolysaccharides present on the surface of bacteria are recognized by the innate immune 

system and activating an inflammatory signal cascade38,39. Due to the propensity of P. aeruginosa 

to form biofilms, complete eradication of P. aeruginosa is difficult. Neither the innate nor adaptive 

immune responses can eradicate biofilms or clear bacteria from the infection site. This leads to a 

cycle of chronic infection, inflammation, and potential tissue damage102,103. The complex matrix of 

biofilms renders many antibiotic therapeutic agents ineffective, effectively being antibiotic 

resistant. Therefore, there is growing interest in designing biomaterials to control immune 

response, particularly the innate response, to treat infections and modulate inflammation. 

Prior studies have investigated different materials to modulate immune response to combat 

bacterial infections and aid tissue repair41,104–106. One of the first lines of innate immune response 

involves the recruitment of phagocytic cells, including macrophages, to the site of infection107,108. 

Recruited macrophages undergo polarization and are differentiated towards an inflammatory 

phenotype to increase phagocytic activity. Thus, macrophages are an ideal target in developing an 

immunomodulating biomaterial approach to treating bacterial infections. Hydrogels provide the 

advantage of tunable design, therapeutic agent loading, and direct interaction and response to 

environmental stimuli109–111. This approach to biomaterial design and application can be used to 

enhance the innate immune response to overcome antimicrobial resistance. 
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LL37 is a cationic antimicrobial peptide expressed by neutrophils and epithelial cells as a 

response to microbial infections and plays a role in macrophage differentiation40,112. Macrophages 

stimulated with LL37 at the recruitment site will differentiate towards a pro-inflammatory 

phenotype and produce LL3724,113. However, the short half-life of LL37 due to degradation at 

infection sites limits the antimicrobial and immunomodulating effectivities5,6. In our prior work, 

we have developed a mucin-based synthetic mucus (SM) hydrogel to encapsulate and sustain 

release of LL37 over time45. Mucins, the main gelling component in mucus, is another biomolecule 

with immunomodulating properties. Not only do mucins act as a barrier by limiting the binding of 

bacteria to epithelial cells through steric hinderance, but mucins are also suggested to have 

immunomodulating properties through interacting with sialic acid receptors on macrophages114–116. 

Previous studies investigating the use of mucin-based biomaterials have shown to activate regulate 

macrophage differentation29,116. Thus, SM hydrogels may potentially be used as a bioactive, 

biocompatible material to modulate immune response. In this study, we investigated the 

immunomodulating properties of our SM hydrogels and LL37 loaded SM hydrogels (LL37-SM). 

Our SM hydrogels were previously shown to possess antimicrobial properties and were also able 

to retain the antimicrobial property of LL37 upon release45. We focused on targeting macrophages 

for treatment as macrophages are one of the predominant cells interacting in material-immune 

interactions and play a crucial role in pathogen clearance117–119. Combinatory treatment of LL37 

with our SM hydrogels will provide additional insight on how macrophage innate immune 

response are affected and modulated by both mucins and antimicrobial peptides. 
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5.2 Methods 

5.2.1 Preparation of synthetic mucus hydrogels 

Porcine gastric mucin (PGM) was obtained using a method to extract mucins from native 

porcine small intestinal tissues that we have described previously45. A 10 kDa 4-arm-PEG-thiol 

(Layson Bio) crosslinker was utilized to aid disulfide bond driven gelation with mucin. In a 

physiological buffer solution (154 mM NaCl, 3 mM CaCl2, and 15 mM NaH2PO4 at pH 7.4), 4% 

(w/v) PGM was mixed in a vial for 2 hours. Salts within the buffer aid in solubilizing the PGM 

within solution 43.  In a separate vial, 8% (w/v) 4-arm PEG-thiol was prepared in physiological 

buffer. The PGM and PEG-thiol solutions were mixed at a 1:1 ratio to produce the SM hydrogel 

solution at a final composition of 2% (w/v) PGM and 4% (w/v) PEG-thiol. Hydrogel discs were 

prepared at 100 µL volumes in cylindrical molds. The hydrogel solution was incubated for 12 

hours at room temperature to allow for gelation. To load LL37 into SM hydrogels, mucin solutions 

were prepared with LL37 and mixed and combined similarly with the PEG-thiol solutions at a 

final concentration of 100 µg/mL of LL37. 

5.2.2 Cell culture 

Murine RAW 264.7 macrophages (ATCC TIB-71) were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) media (Gibco) with 10% fetal bovine serum (FBS, Sigma-Aldrich) and 

1% Penicillin-Streptomycin solution (Pen-Strep. Sigma-Aldrich) at 37°C and 5% CO2. Cells were 

grown to approximately 80% confluency and detached using cell scrapers for seeding in well 

plates. 

5.2.3 Cell viability 

Cell viability was assessed using a resazurin cell viability assay kit (Biotium). Cells were 

seeded at a density of 1x105 per well in tissue culture treated 96 well plates and incubated overnight 



 
 

56 

at 37°C and 5% CO2 to allow the macrophages to attach. Media was aspirated and the wells were 

rinsed with PBS. Fresh media was added to each well and SM hydrogels or free LL37 were added. 

For treatment, the plates were incubated for an additional 24 hours at 37°C and 5% CO2. Media 

was aspirated and the wells were rinsed with PBS. Wells were incubated with resazurin for 2 hours 

at 37°C, and the assay was conducted as described by the manufacturer.  

5.2.4 ELISA quantification of IL-6, IL-10, TNF-α, and TGF-β cytokine concentration 

Macrophages were seeded at a density of 5x105 per well in tissue culture treated 24 well plates 

and incubated overnight at 37°C and 5% CO2 to allow the macrophages to attach. Fresh media was 

added and free LL37 at 100 µg/mL or SM hydrogels were added into the wells and incubated at 

37°C and 5% CO2 for 24 hours. Untreated macrophages were used as the control. After incubation, 

the media from the wells was collected and stored at -20°C until use. To assess how SM hydrogel 

treatment effected cytokine secretion by pro-inflammatory polarized macrophages, seeded 

macrophages were stimulated with 10 ng/mL lipopolysaccharide (LPS) 24 hours at 37°C and 5% 

CO2. Stimulation with LPS polarizes macrophages towards a pro-inflammatory phenotype and was 

used to mimic the conditions of pro-inflammatory macrophage response that occur at sites of 

bacterial infection120–122. As described prior, macrophage treatment with LL37 and SM hydrogels 

and media collection were repeated. Enzyme-linked immunosorbent assays (ELISAs) were used 

to measure the concentration of IL-10 and TNF-α cytokines produced by RAW 264.7 

macrophages. Plates from ELISA mouse kits (Thermofisher Scientific) were coated and the 

ELISAs conducted as described by the manufacturer. 
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Figure 5.1 Timeline of macrophage treatment. After the seeding of RAW 264.7 macrophages, 
unstimulated macrophages were treated with LL37, SM, or LL37-SM for 24 hours or remained 
untreated for the control. For assessment of stimulated macrophages, macrophages were treated 
with LPS for an initial 24 hours prior to treatment with LL37, SM, or LL37-SM. The effect of SM 
treatments on cytokine expression, cell surface marker expression, and phagocytic activity both 
unstimulated and LPS stimulated macrophages were investigated via ELISA, flow cytometry, and 
fluorescence imaging in this manner. 

 
5.2.5 Cell surface staining 

The expression of anti-inflammatory macrophage cell surface marker (CD 80), pro-

inflammatory macrophage cell surface marker (CD 206), and general macrophage marker (F4/80) 

were measured in this study. Zombie near-infrared (NIR) was chosen as the indicator for live cells. 

Phycoerythrin (PE)-anti-mouse CD 80 antibody, allophycocyanin (APC)-anti-mouse CD 206 

antibody, Pacific Blue-anti-mouse F4/80, Zombie NIR, and Trustain FcX PLUS antibody 

(Biolegend) were used for staining. Unstained cells blocked with FcX PLUS were used as the 

control. Prior to surface staining, the optical concentrations for staining were determined using 

titration. Staining was performed for both unstimulated and LPS stimulated macrophages treated 

with SM hydrogels. After treatment in 24 well plates, the macrophages were scraped with mini 

cell scrapers and suspended in PBS. Suspended cells were stained with Zombie NIR in a 500 µL 

volume, blocked with Trustain FcX PLUS, and incubated at 4°C for 30 minutes. The cell 
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suspension was then stained with the chosen antibodies in cell staining buffer (Biolegend) and 

incubated at 4°C for 60 minutes. The cells were fixed in 4% paraformaldehyde (Thermofisher 

Scientific), washed with cell staining buffer, and resuspended in 300 µL of fresh cell staining 

buffer for flow cytometry. 

5.2.6 Flow cytometry 

A flow cytometer (BD FACSCelesta) equipped with violet 405 nm, blue 488 nm, and red 640 

nm lasers and BD FACSDiva software. Pacific blue was detected using the violet 405 nm laser 

450/40 nm bandpass filter. PE was detected using the blue 488 nm laser 575/25 nm bandpass filter. 

APC and NIR were detected using the red 640 nm laser 670/30 nm and 780/60 nm (APC-Cy7) 

bandpass filters, respectively. All flow cytometry data was analyzed using FlowJo analysis 

software. 

5.2.7 Phagocytosis of pHrodo bioparticles 

Macrophages were seeded at a density of 5x105 per well in a tissue culture treated 24 well plate 

and incubated at 37°C and 5% CO2 overnight. SM hydrogels were added into the wells for 

treatment and untreated macrophages were used as the control. Phagocytosis of pHrodo Red 

Escherichia coli Bioparticles (Thermofisher Scientific) was assessed for both SM hydrogel treated 

unstimulated and LPS stimulated macrophages. To observe the phagocytic activity of 

macrophages, bioparticles were added at a final concentration of 100 µg/mL per well and were 

incubated at 37°C and 5% CO2 for 2 hours. Wells were then washed with PBS.  

5.2.8 Fluorescent staining and microscopy 

In 24 well plates, sterile 14 mm circular glass cover slides were placed into each well. 

Macrophages were seeded, incubated, and treated with SM hydrogels and bioparticles as described 

prior. After treatment, macrophages were fixed with 1% paraformaldehyde and stained with Alexa 
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Fluor 647 phalloidin (Abcam) and DAPI (Thermofisher Scientific) to visualize the actin filaments 

and nuclei, respectively. Using sterile tweezers, the circular glass cover slides were removed from 

the wells and mounted onto rectangular glass slides using Vectashield Antifade Mounting Medium 

(Vector Laboratories). Images were taken using a confocal fluorescence microscope (Zeiss 

Confocal LSM 800) fitted with a 25x water-immersion objective. Phalloidin, DAPI, and pHrodo 

red were detected using 555 nm, 385 nm, and 475 nm lasers, respectively. Four images were taken 

per well.   

5.2.9 Flow cytometry for pHrodo particle uptake 

As previously described, macrophages were seeded and treated with SM and bioparticles in 24 

well plates. Macrophages were scraped from the wells, stained with Zombie NIR, and moved on 

ice for flow cytometry of live macrophages. The 488 nm and 640 nm lasers with the PE and APC-

Cy7 bandpass filters were used to detect pHrodo red and Zombie NIR, respectively.  

5.2.10 Statistical analysis 

Data were graphed and statistically analyzed using GraphPad Prism 9. Bar graphs show means 

with standard deviations. For analysis between multiple groups, a one-way ANOVA with Tukey’s 

post hoc correction was performed. A two-way ANOVA was conducted to compare multiple 

groups with two independent factors. Values of P<0.05 were considered statistically significant. 

5.3 Results and Discussion 

5.3.1 SM hydrogels exhibit minimal cytotoxicity against RAW 264.7 macrophages 

We assessed the viability of naive RAW 264.7 macrophages after treatment with SM and 

LL37-SM hydrogels compared to an untreated and LL37 treated controls (Figure 5.2). The percent 

cell viabilities were not significantly different after 24 hours of treatment. LL37 possesses 

immunomodulating properties in addition to neutralizing LPS123,124. Free LL37 was tested on 
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macrophages at a non-toxic final concentration of 10 µg/mL and representative of physiological 

concentrations. The data suggest the SM and LL37-SM hydrogels do not exhibit cytotoxicity 

against RAW 264.7 macrophages and are, therefore, biocompatible at approximately 90% cell 

viability. 

  

Figure 5.2 Cell viability of LL37 and SM treatments. Percent cell viability of RAW 264.7 
macrophages after 24 hours of LL37, SM, or LL37-SM treatment compared to untreated 
macrophages (n = 8). *P<0.05, **P<0.01, and ***P<0.001 for two-way ANOVA. Black, grey, 
blue asterisks indicate the comparison to the untreated control, free LL37, and SM hydrogel, 
respectively. 

5.3.2 Pro-inflammatory cytokine production increases with SM hydrogel treatment 

During microbial infection, LPS on the surface of bacteria is recognized through pathogen 

associated molecular patterns (PAMPs) by the innate immune system. This activates an immune 

cascade resulting in the recruitment of macrophages and secretion of cytokines125. We measured 

the concentrations of the pro-inflammatory cytokine, TNF- α, and the anti-inflammatory cytokine, 

IL-10. TNF- α modulates inflammatory response and can have cytotoxic effects leading to the 

exacerbation of disease if continually expressed126–128. IL-10 is another inflammation modulator 

and exhibits anti-inflammatory properties by maintaining tissue homeostasis129,130. Comparisons of 
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free mucin treatment and SM treatment were compared to an untreated control. We found that after 

24 hours of treatment with SM and LL37-SM, naïve RAW 264.7 macrophages expressed 

significantly increased levels of TNF-α (Untreated: 312±50.8 pg/mL; LL37: 260.7±45.0 pg/mL, 

PGM:  121±21.3 pg/mL, PGM+LL37: 96.3±13.5 pg/mL, SM 765±119 pg/mL, LL37-SM: 

861±105 pg/mL) and IL-10 (Untreated: 236±15.2 pg/mL; LL37: 352±43.3 pg/mL, PGM:  

33.1±26.7  pg/mL, PGM+LL37: 39.4±37.1 pg/mL, SM 4873±388 pg/mL, LL37-SM: 5172±484 

pg/mL). Free PGM and PGM with LL37 (PGM+LL37) showed a significant decrease in IL-10 

concentrations only (Figure 5.3A). 
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Figure 5.3 Cytokine concentrations produced by macrophages after treatment. Treatment of 
(A) unstimulated (n = 5-8) and (B) LPS stimulated (n = 5-8) RAW 264.7 macrophages with LL37, 
PGM, LL37-PGM, SM, and LL37-SM. The concentrations for the cytokines IL-10 and TNF-α 
were measured, and the (C) TNF-α to IL-10 ratios were calculated. **P<0.01, ***P<0.001, and 
****P<0.0001 for one-way ANOVA. 
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To assess the effect on differentiated macrophages, RAW64.7 macrophages were stimulated 

with 10 ng/mL LPS to represent a pro-inflammatory macrophage phenotype. The TNF-α 

concentrations (Untreated: 347±27.7 pg/mL; LL37: 118±7.04 pg/mL, PGM: 166±25.7 pg/mL, 

PGM+LL37: 113±13.1 pg/mL, SM 234±22.7 pg/mL, LL37-SM: 295±41.1 pg/mL) significantly 

increased with SM and LL37-SM treatment and significantly decreased with PGM and 

PGM+LL37 treatment (Figure 5.3B). IL-10 concentrations (Untreated: 1593±319 pg/mL; LL37: 

1362±145 pg/mL, PGM: 335±73.7 pg/mL, PGM+LL37: 283±90.3 pg/mL, SM: 1679±321pg/mL, 

LL37-SM: 2230±433 pg/mL) decreased for all treatment conditions compared to the untreated 

control. LL37 has been shown to promote pro-inflammatory responses from monocytes or in some 

cases selectively reduce pro-inflammatory response in macrophages24,113. The increase in both 

TNF-α and IL-10 production are expected as increased production of TNF-α leads to the increased 

production of IL-10 as a response131,132. IL-10 regulation plays a large role in infection and 

inflammatory response and is an indicator of chronic infection at high concentrations of 

production129,133. Meanwhile, the reduction of IL-10 has been shown to result in increased pathogen 

clearance134,135. 

The TNF-α to IL-10 ratio was observed to assess the relationship between the cytokine 

concentrations and determine whether the response to treatment was pro-inflammatory or anti-

inflammatory in effect. The ratio increased with PGM and PGM+LL37 treatment for unstimulated 

RAW 264.7 (Untreated: 1.32±0.153, LL37: 0.747±0.137, PGM: 5.79±3.70, PGM+LL37: 

5.89±7.05, SM: 0.158±0.275, LL37-SM: 0.167±0.028). The ratio showed a similar trend for LPS 

stimulated macrophages (Untreated: 0.228±0.067, LL37: 0.087±0.035, PGM: 0.509±0.089, 

PGM+LL37: 0.436±0.140, SM: 0.144±0.035, LL37-SM: 0.135±0.0.023) with greater significant 

differences. Thus, our data suggest PGM and PGM+LL37 treatment of both unstimulated and LPS 
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stimulated macrophages may be more predominantly pro-inflammatory in response. However, 

treatment with SM and LL37-SM hydrogels reduces this pro-inflammatory response caused by 

PGM. The macrophages may be interacting with available sialic acid residues on the mucins. 

Macrophages interacting with sialic acid differentiation macrophages towards a pro-inflammatory 

phenotype136,137. Free PGM would have more available sialic acid residues than the PGM entangled 

within the hydrogel and could account for the differences in the ratio observed.  

5.3.3 Anti-inflammatory cell surface markers are increased with SM hydrogel treatment 

The population of macrophages expressing the surface cell markers, CD80, CD206, and F4/80, 

were determined via flow cytometry. Unstimulated and LPS stimulated macrophages were 

similarly treated with LL37, SM, and LL37-SM for 24 hours prior to flow cytometry. The surface 

cell marker F4/80 was used as a general macrophage marker to identify RAW 264.7 macrophages. 

CD80 and CD206 are pro-inflammatory and anti-inflammatory surface cell markers, respectively. 

For the treatment of unstimulated macrophages, the percentage of F4/80+ (Percent F4/80+; 

Untreated: 96.2±4.79, LL37: 96.1±6.53, SM: 99.3±0.359, LL37-SM: 99.5±0.568) was consistent 

across all samples (Figure 5.4A). The percentage of CD80+ (Percent CD80+; Untreated: 

53.3±6.70, LL37: 50.9±4.33, SM: 74.6±17.7, LL37-SM: 72.2±17.7) showed no significant 

difference amongst all conditions except treatment with SM which increased. The percentage of 

CD206+ (Percent CD206+; Untreated: 0.618±0.504, LL37: 0.934±01.03, SM: 61.6±5.96, LL37-

SM: 49.4±7.59) significantly increased with SM and LL37-SM treatment. The increase in CD206+ 

cells for SM and LL37-SM treatments indicated the SM hydrogel itself may possess 

immunomodulating properties that can induce an increased anti-inflammatory expression.  

LPS stimulated RAW 264.7 macrophages did not show any significant differences amongst all 

the treatment conditions for the percent F4/80+ (Percent F4/80+; Untreated: 89.6±1.82, LL37: 
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95.5±2.87, SM: 98.73±0.613, LL37-SM: 97.2±1.07) and CD80+ (Percent CD80+; Untreated: 

80.8±2.02, LL37: 91.0±4.46, SM: 95.9±2.14, LL37-SM: 94.6±0.510). Treatment of stimulated 

macrophages showed a similar trend in the percent CD206+ (Percent CD206+; Untreated: 

1.17±0.274, LL37: 0.778±0.434, SM: 23.7±6.45, LL37-SM: 4.93±3.45) to that of the unstimulated 

macrophages (Figure 5.4B). LPS stimulation of macrophages is known to increase the expression 

of CD80 marking the differentiation into pro-inflammatory signature macrophages138,139. 

Treatment with LL37 and LL37-SM neither decreased nor increased the percent of CD80+ cells 

indicating that LL37 may be modulating this immunomodulating affect. The increase in CD206+ 

cells for SM and LL37-SM similarly demonstrated that SM hydrogels exhibit a mixed 

inflammatory response. Prior investigations of mucin-based biomaterials have also resulted in a 

mixed inflammatory response from macrophages116,140. 
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Figure 5.4 Cell surface markers expressed by macrophages after treatment. The percent 
positive expression of cell surface markers, F4/80, CD80, and CD206, by (A) unstimulated (n = 
4) and (B) LPS stimulated (n = 4) RAW 264.7 macrophages after treatment with LL37, SM, and 
LL37-SM were detected via flow cytometry. *P<0.05 and ****P<0.0001 for one-way ANOVA. 

5.3.4 Phagocytic activity is increased with SM treatment 

The phagocytic activity of unstimulated and LPS stimulated macrophages was assessed by 

imaging and quantifying the uptake of pHrodo bioparticles. Using pHrodo tagged E. coli derived 

bioparticles, we utilized a pH-sensitive method to image and quantify the uptake via fluorescence 

microscopy and flow cytometry, respectively. The pHrodo bioparticles are only detectable when 

phagocytized by cells and uptaken into endosomes where the decrease in pH results in detectable 

fluorescence141,142. Macrophages were stained with phalloidin and DAPI to visualize the actin and 
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nuclei to identify the cells and cell morphology. Macrophages at every condition were observed to 

phagocytize pHrodo bioparticle, with an increase in the number of particles seen in LL37 and 

LL37-SM treated macrophages. Unstimulated macrophages treatment with SM showed spread 

action and multinucleation (Figure 5.5A). Cellular spreading macrophages were also observed for 

SM treated unstimulated macrophages and all treatment conditions for LPS stimulated 

macrophages. Cellular spreading is morphological indicator for pro-inflammatory macrophage 

differentiation143. In addition, cellular spreading and cell lysis may indicate the pyroptosis of 

macrophages after SM treatment and LPS stimulated macrophages. Pyroptosis occurs when 

immune cells to undergo programmed cell death to release pro-inflammatory cytokines to attract 

additional inflammatory cells and is an essential mechanism used by the innate immune system in 

clearing pathogens144,145. Therefore, in unstimulated macrophages, SM treatment may increase 

pyroptosis. Meanwhile, LL37 and LL37-SM treatments did not show as much cell spreading and 

may indicate the regulation of pro-inflammatory response. The treatment of LPS stimulated 

macrophages showed a similar trend in observed changes in morphologies. 

Through flow cytometry, the percent positive cells represent the number of cells in which had 

phagocytized pHrodo bioparticles (Figure 5.5B). LL37 has been shown to promote macrophage 

phagocytic activity in prior literature146. However, although we observed an increase in the percent 

positive cells for LL37 treatment of unstimulated cells, this increase was not significant compared 

to the untreated control (Percent pHrodo positive; Untreated: 52.4±6.60, LL37: 65.0±7.62, SM: 

85.3±13.6, LL37-SM: 81.3±14.8). Similarly, LL37 treatment of LPS stimulated macrophages did 

not show a significant difference. Meanwhile, SM and LL37-SM treatments of unstimulated 

macrophages showed significant increases in the percent positive cells compared to the control. 
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However, this trend did not follow for the treatment of LPS stimulated macrophages (Percent 

pHrodo positive; Untreated: 79.6±4.84, LL37: 64.3±4.64, SM: 87.2±7.01, LL37-SM: 87.6±19.1).  

Additionally, the mean fluorescence intensity (MFI) was measured and used to quantify the 

phagocytic capacity of RAW 264.7 macrophages post treatment. All treatment conditions for both 

unstimulated and LPS stimulated macrophages did not show any significant differences in the MFI 

compared to the untreated control (Figure 5.5C). Stimulated macrophages did have higher MFIs 

as expected for pro-inflammatory differentiated macrophages, but treatment did not affect the 

amount of bioparticle uptake per cell (Unstimulated MFI; Untreated: 12500±2980, LL37: 

19400±9170, SM: 25000±1990, LL37-SM: 24400±12200; LPS stimulated MFI; Untreated: 

69400±41100, LL37: 69000±26300, SM: 67400±9160, LL37-SM: 13800±398). The data suggest 

that treatment with SM and LL37-SM hydrogels may interact with and activate more cells to 

undergo phagocytosis. Sialic acid receptors on macrophages may be interacting with the sialic acid 

residues that become available upon SM hydrogel degradation147. However, the amount of 

bioparticles phagocytized by each macrophage does not change after hydrogel treatment. Hence, 

SM hydrogels have potential in increasing macrophage phagocytic activity and therefore, 

increasing bacteria clearance from sites of infection and inflammation. 
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Figure 5.5 Phagocytic activity of macrophages after treatment. (A) After treatment with LL37, 
SM, or LL37-SM, RAW 264.7 macrophages were incubated with pHrodo bioparticles (yellow) 
for 2 hours and imaged. Macrophages were stained phalloidin (red) and DAPI (blue) to visualize 
actin and nuclei, respectively (n = 4). Scale bar represents 50 µm. (B) The percentage of 
macrophages that phagocytized pHrodo bioparticles after treatment was quantified via flow 
cytometry (n = 4). (C) The mean fluorescence intensity (MFI) was measured using flow cytometry 
to determine the phagocytic capacity of macrophages that phagocytize pHrodo bioparticles (n = 
4). **P<0.01 and ***P<0.001 for one-way ANOVA. 

5.4 Conclusion 

SM hydrogels may be promising bioactive, biocompatible biomaterials for an 

immunomodulating approach to infectious disease therapy. Targeting macrophages for 

immunomodulation has become an approach of interest. Our work implicated SM hydrogels alone 

can exhibit a mixed inflammatory response, and possibly modulate macrophage pro-inflammatory 

response after LPS stimulation. Although mucins are suggested to play roles in 

immunomodulation, the exact mechanism and pathway which mucin may partake in is still 

unknown. Through this study we gained further understanding of the material-immunomodulation 

interactions between mucins and macrophages. This insight will aid in facilitating the development 

of future biomaterials for modulating inflammation and regulating microbial infection. 
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Summary and Conclusions 

Antibiotic resistant infections resulted in an estimated 4.95 million deaths in 2019 and continue to 

result in high mortality rates in immunocompromised patients1. AMPs are an attractive alternative 

to antibiotics as AMPs exhibit broad antimicrobial activity and can selectively target bacteria17,22. 

Infectious diseases and chronic infections are often exacerbated and propagated by biofilm 

formation4,13,77. Biofilm formation contributes to antibiotic resistance via inhibition of the 

penetration of antimicrobial agents into the biofilm matrix via electrostatic interactions4. This leads 

to a cycle of infection and inflammation, and potentially tissue damage. Thus, there is interest in 

developing bioactive, multifunctional antimicrobial and immunomodulating biomaterials to 

address both infection and inflammation response. 

The objective of this dissertation was to design a mucin-based biomaterial to better understand 

the interactions between antimicrobial peptides and mucins regarding material-bacteria, material-

biofilm, and material-immunomodulation interactions. The motivation of this work was to 

contribute to our understanding of mucins and the role mucins play in bacterial infectious disease 

and immune response to develop an alternative biomaterial approach to tackling antibiotic resistant 

infections. This study provided a foundation for synthetic mucus materials and additional 

motivation to further investigate mucin-based materials as platforms for therapeutic agent delivery. 

6.2 Summary of Work Characterizing SM Hydrogel Mechanical, Physical, and 

Antimicrobial Properties 

In Chapter 3, we characterized the microrheological, release kinetics, and antimicrobial 

properties of our SM hydrogels with LL37. We designed a mucin-based synthetic mucus 

biomaterial to encapsulate LL37 and sustain release over 24 hours while exhibiting and 
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maintaining antimicrobial properties. Our findings indicate that our SM biomaterial forms elastic 

dominant hydrogels capable of loading LL37. LL37 is highly associated to the SM hydrogel matrix 

which may contribute to the protection and retention of sustained LL37 release. In addition, our 

SM hydrogels alone exhibit some antimicrobial activity. Thus, the data suggest SM hydrogels may 

provide an alternative platform for antimicrobial peptide delivery. 

6.3 Summary of Work Investigating SM Hydrogel Antibiofilm Properties 

In Chapter 4, we assessed the effect of SM hydrogel treatment in combination with LL37 and 

antibiofilm therapeutic enzymes, α-amylase and DNase I, on biofilms. From our data, we 

determined that our SM hydrogels displayed antibiofilm activity by preventing biofilm growth and 

increasing biofilm disruption. In addition, pretreatment with the enzymes prior to SM hydrogel 

treatment resulted in a great significant decrease in PAO1 biofilm viability indicating the 

synergistic enhanced disruption of the mature biofilm with combinatory treatment. The biofilm 

thickness measured further supported the trend of SM hydrogels loaded with LL37 and the 

enzymes, enhancing mature biofilm disruption. 

6.4 Summary of Work Investigating SM Hydrogel Immunomodulatory Properties 

In Chapter 5, we investigated the effect of SM hydrogel treatment in combination with LL37 

as an immunomodulating material to treat bacterial infection. The SM hydrogels displayed little 

to no cytotoxicity on macrophages. We observed the SM hydrogels to reduce pro-inflammatory 

response and increase phagocytic ability. Thus, the data indicate SM hydrogels are biocompatible 

materials and are capable of potentially modulating immune response by regulating pro-

inflammatory response and increasing phagocytosis of macrophages to increase bacterial 

clearance. 
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Figure 6.1 Summary of work. Chapter 3 presented an AMP loading mucin-based SM 
biomaterial with antimicrobial properties. Chapter 4 assessed the antibiofilm properties of SM in 
combination with LL37 and enzymes, α-amylase and DNase I. Chapter 5 investigated the 
immunomodulating properties of SM hydrogels with LL37 on RAW 264.7 macrophages. Images 
made with the help of BioRender. 
 
6.5 Future Research Directions 

6.5.1 SM hydrogels for extracellular vesicle delivery 

We have demonstrated that our SM hydrogels are capable of loading and releasing AMPs. 

Alternatively, we are also interested in the delivery of other antimicrobial and immuno-therapeutic 

agents, such as extracellular vesicles (EVs), as antibiotic alternatives against planktonic bacteria 

and biofilms. EVs modulate the innate immunity and inflammation148. In addition, EVs have been 

more recently shown to possess antimicrobial properties149,150. 

In our preliminary work, we prepared our SM hydrogels at 2% w/v PGM and 4% w/v PEG-

thiol with EVs derived from THP-1 monocytes. The THP-1 derived EVs were received as a 

generous gift from Dr. Steven Jay at the University of Maryland. A final concentration of 

approximately 109 EVs/mL was used. RPMI media (Gibco) and untreated conditions were used as 

controls. SM and SM prepared with EVs (EVTHP1-SM) or equal volume of RPMI media (RPMI-

Pseudomonas aeruginosa
Biofilm

RAW 264.7

Chapter 3 Chapter 4 Chapter 5

Planktonic 
Pseudomonas aeruginosa
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SM) were used as treatment conditions. Planktonic PAO1 or 24 hour mature biofilms were 

incubated with SM hydrogels for 24 hours at 37°C. For the treatment of planktonic PAO1, we 

observed an increase in PAO1 viability for EV only treatment (~12.6 log10(CFU/mL)) and no 

significant difference for all other treatments compared to the untreated control. Meanwhile, all 

treatment conditions except the RPMI-SM showed significant decreases in PAO1 viability for 

biofilm growth, ie. the viability of the biofilm formed after the treatment of planktonic bacteria. 

Interestingly, SM combinatory treatment with EVs reduced PAO1 viability at a lesser magnitude 

compared to EV treatment alone (~11.5 and ~11.5 log10(CFU/mL), respectively).  

 

 

Figure 6.2 Antimicrobial and antibiofilm activity of EV and SM treatment. Antimicrobial 
activity against planktonic PAO1 (n = 12) (A) and antibiofilm activity against PAO1 biofilm 
growth after 24 hours of treatment (n = 12) (B) of THP-1 derived EVs and EV loaded hydrogels 
in comparison to RPMI and untreated controls. PAO1 viability was represented as log10(CFU/mL). 
**P<0.01, ***P<0.001, ****P<0.0001 for one-way ANOVA. 

 

Our preliminary findings indicate EVs and EVTHP1-SM did not exhibit antimicrobial activity 

against planktonic PAO1. On the other hand, treatment with EVs and SM alone did reduce biofilm 
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growth and demonstrated potential antibiofilm activity. Although, EV and SM together did not 

show synergistic effects. In future studies, we will continue to assess the effect of EVs and EV-

SM and EVs derived from different cell lines on mature biofilm disruption.  

6.5.2 Porcine trachea mucin 

Our lab has made strides in adapting the mucin extraction protocol to extract native porcine 

trachea mucins (PTM) form fresh porcine trachea tissues. Different types of mucins which differ 

in their glycosylation pattern are found at different concentrations within different mucosal 

tissues114,151,152. Airway mucins have different glycosylation patterns compared to gastric mucins 

which aid in the ability of airway mucins to capture and hinder pathogen movement151–153. Thus, 

we interested in investigating the potential antimicrobial activity of PTM. To do this, we treated 

planktonic PAO1 with concentrations of PTM at 0.5, 1, and 2% w/v with an untreated control for 

comparison and measured PAO1 viability. 

 

Figure 6.3 Antimicrobial activity of PTM. Antimicrobial activity of PTM against planktonic 
PAO1. PAO1 was treated for 3, 6, and 24 hours with varying concentrations of PTM and spot 
plated to count CFUs and calculate PAO1 viability in log10(CFU/mL) (n = 1-8). **P<0.01, 
***P<0.001, ****P<0.0001 for one-way ANOVA. 
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Our data suggest there is no significant difference amongst the treatment conditions within 

each timepoint. However, this may be due to the aggregation of bacteria and adhesion of bacteria 

to PTM which reduces CFU countability. The concentrations of PTM used may have also been 

too low to observe any antimicrobial effect for the concentration of PAO1 used, ie. PAO1 may be 

metabolizing mucin at low concentrations. In future studies, we will alternatively assess and 

compare the growth of GFP-PAO1 after PTM treatment and increase PTM concentration.  

6.6 Contributions 

The work discussed in this dissertation has been published and presented and rewarded at 

various conferences. Chapter 3 has been adapted with permission into this dissertation. Currently, 

I am preparing to submit the work in Chapters 4 and 5 for publication. I have presented my work 

at 5 conferences. My research has been supported by the National Science Foundation Graduate 

Research Fellowship, the University of Maryland Clark Doctoral Fellowship, and the NIBIB 

Diversity Supplement. 

6.6.1 Peer reviewed journal publications 

1. Bolbotz A, Yang S, Duncan GA. Engineering in vitro models of cystic fibrosis lung disease 

using neutrophil extracellular trap inspired biomaterials. J Mater Chem B. 2023, 

doi:10.1039/d3tb01489d 

2. Yang S, Duncan GA. Synthetic mucus biomaterials for antimicrobial peptide delivery, J 

Biomed Mater Res Part A. 2023, 1- 11, doi:10.1002/jbm.a.37559 

3. Yeruva T, Yang S, Doski S, Duncan GA. Hydrogels for mucosal drug delivery, ACS Appl Bio 

Mater. 2023, 6(5): 1684-1700, doi:10.1021/acsabm.3c00050 

4. Joyner K, Yang S, Duncan GA. Microrheology for biomaterial design, APL Bioengineering. 

2020, 4: 041508, doi:10.1063/5.0013707 
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6.6.2 Conference presentations 

1. Yang S, Duncan GA. Synthetic mucus hydrogels for antimicrobial peptide delivery and 

biofilm treatment. Immunomodulation and Engineering Symposium 2023 (November 2023). 

Philadelphia, PA. Poster presentation. 

2. Yang S, Duncan GA. Synthetic mucus hydrogels for antimicrobial peptide delivery. 

Controlled Release Society Conference 2023 (July 2023). Las Vegas, NV. Poster presentation. 

3. Yang S, Duncan GA. Mucin hydrogels for antimicrobial peptide delivery. Biomedical 

Engineering Society Conference 2022 (October 2022). San Antonio, TX. Poster presentation. 

4. Yang S, Duncan GA. Synthetic mucus for the delivery of antimicrobial peptides. Society for 

Biomaterials Conference 2022 (April 2022). Baltimore, MD. Oral and poster presentations. 

5. Yang S, Duncan GA. Mucin-based hydrogels as tools for antimicrobial peptide delivery. 

University of Maryland Bioengineering Symposium 2021 (August 2021). College Park, MD. 

Oral presentation. 
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7.  APPENDIX 

7.1 Chapter 3 supplementary material 

 

Figure S1. Comparison of degradation profiles for 2% (w/v) PGM, 2% (w/v) 4-arm PEG-thiol 
hydrogels (n = 3) and 2% (w/v) PGM, 4% (w/v) 4-arm PEG-thiol hydrogels (n = 3). 

 

 

Figure S2. Cumulative mass release of TRITC LL37 from SM hydrogels (A) without (n = 3) and 
(B) with 200 ng/mL trypsin (n = 3). 
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Figure S3. Curve fitting for LL37 release (A) without (n = 3) and (B) with 200 ng/mL trypsin (n 
= 3) using the Korsmeyer-Peppas model. 

 

 

 

Figure S4. Microrheological characterization of SM and 100 µg/mL LL37-SM hydrogels when 
incubated with PAO1 over 3 and 6 hours. (A) Measured diffusion of 100 nm PEG-coated NP in 
LL37-SM hydrogels via log10[MSD1s] after incubating hydrogels across 6 hours at 37ºC (n = 9). 
****P<0.0001 for two-way ANOVA. (B) Elastic to viscous modulus ratio (G’/G”) at a frequency 
w = 1 Hz calculated from measured MSD (n = 10). No significant significance found. (C). 
Complex microviscosity (h*) at a frequency w = 1 Hz calculated from measured MSD (n = 3). 
*P<0.5 and **P<0.01 for two-way ANOVA. 
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