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ABSTRACT 

Microbial infections are a global problem. Due to the over and misuse of antibiotics, drug-

resistant pathogens are becoming more common. It is imperative to explore broad spectrum 

antimicrobial approaches. In this work, we modified collagen/hyaluronic acid polyelectrolyte 

multilayers (PEMs) with the natural antimicrobial peptide, LL-37 to study hepatic infections. LL-

37 was physisorbed and covalently linked to the surface of the PEMs.  Escherichia coli DH10B 

were cultured in the presence of LL-37modified PEMs in bacterial adhesion and contact killing 

models. Physisorbed LL-37 PEMs prevented bacterial adhesion and could also kill pathogens in 

the surrounding environment due to the release of LL-37 from the film. Immobilized LL-37 PEMs 

resulted in less bacterial adhesion on the surface due to the presence of the peptide. Films were 

then placed in contact with primary rat hepatocytes as well as in hepatocyte/bacteria co-

cultures. LL-37 input concentrations up to of 16μM did not exhibit cytotoxic effects on 

hepatocytes. The LL-37 modified PEMs exhibited a hepatoprotective effect on albumin and urea 

secretion functions in co-cultures. The hepatoprotective effects were dependent on the ratio of 

hepatocytes and bacteria as well as the concentration of LL-37. These findings are encouraging 

and demonstrate that LL-37 modified PEMs can be used to investigate hepatic infections 

caused by bacteria.  
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1 Literature Review 
 

1.1 Polyelectrolyte Multilayers 

Polyelectrolytes (PEs) are polymers with ionic groups along the chain backbone [1, 2]. The 

degree of ionization of a PE can be modified through dissolution in different solvents and the 

use of salts. Changes in ionization, and therefore chain conformations of a PE, can affect its 

viscosity and optical properties in solution [3, 4]. Polyelectrolyte multilayers (PEMs) are 

assembled through the layer-by-layer (LbL) deposition of alternatively charged PEs [5-7] 

wherein the electrostatic interactions between PEs directs their self-assembly. Typically, the first 

step in assembling PEMs is to start with a charged substrate.  The first PE deposited exhibits an 

opposing charge to that of the underlying charged substrate [8]. The overcompensation of 

charge permits the successive deposition of alternately charged PEs [5, 7, 9-11] (Figure 1). The 

irreversibility of this process enables the assembly of a stable multilayer [8, 12]. A significant 

advantage of this process is that substrate size and topography do not affect PEM assembly 

[13]. PEMs are widely used in separations, water treatment, coatings, microfluidics, fuel cells, as 

well as pH and electrochemical sensors [7, 14-18].  

 

The use of PEMs in biological applications continues to gain popularity [19-33]. The ease of 

fabrication, ability to tune their chemical and mechanical properties, the introduction of 

functional moieties, proteins or peptides [19, 34-38], and the availability of different PE 

combinations make such multilayers ideal for biocompatible substrates [39-43], basement 

membranes [44-49], and as scaffolds [50-55] .  
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Figure 1: Schematic of LbL deposition for the assembly of PEMs. Cassin, M.E. and P. Rajagopalan, 

Polyelectrolyte Multilayers for Applications in Hepatic Tissue Engineering, in Layer-by-Layer Films for 

Biomedical Applications, C. Picart, F. Caruso, and J.C. Voegel, Editors. 2015, Wiley-VCH. p. 487-506. Used 

with permission of John Wiley and Sons, 2015. 

 

PEMs can be assembled using a range of PE combinations [5, 54, 56-58]. The choice of PEs 

and the resulting range of properties lead to a wide range of applications. For example, thicker, 

more hydrated films can be used as hydrogel scaffolds [59-63], while thinner, more rigid 

multilayers can be used to emulate narrow tissue architectures such as membranes [35, 47, 64, 

65]. Porous PEMs can be fabricated through salt- or pH-induced structural changes [11, 65] and 

enable the exchange of nutrients between cell types in a co-culture.  In contrast, non-porous 

multilayers can function as barriers [66, 67].  

 

PEMs composed of synthetic polymers typically exhibit a linear correlation between thickness 

and the number of bilayers, while their biological counterparts show an exponential relationship 
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[8, 13, 28, 56, 68, 69].  The height of a PEM can be controlled by varying the ionic strengths and 

pH of individual PE solutions [5, 7, 33, 69-73]. The presence of salts increases the mobility of 

the polymer chains, allowing them to attain a more thermodynamically favorable structure [69, 

71-73]. The arrangement of the available protonated and deprotonated groups, resulting from 

changes in pH, can result in linear or “loopy” chain configurations, contributing to differences in 

thickness [5, 7, 33, 70].  

 

Synthetic PEs used in biomedical applications include poly(acrylic acid) (PAA), poly(allylamine 

hydrochloride) (PAH), poly(diallyldimethylammonium) (PDAC) and sulfonated polystyrene (SPS) 

[5, 28, 33, 34, 39, 74, 75].  Some biologically-derived PEs are poly(glycolic acid) (PGA), 

poly(lactic acid) (PLA), their copolymer poly(lactic-glycolic acid) (PLGA), poly(caprolactone) 

(PCL), poly(ethylene oxide) (PEO), poly(ethylene glycol) (PEG) and poly-β-hydroxybutyrate 

(PHB) [35, 50, 57, 62, 67, 76-82].  

 

Due to the wide-ranging biological applications of PEMs, different approaches have been 

utilized to modify their mechanical and chemical properties during or subsequent to their 

assembly [35, 57, 67, 80, 83]. Chemical modifications conducted post-assembly include 

conjugation of functional groups, peptide sequences or other small molecules that can promote 

cellular adhesion, proliferation and function [19, 28, 29, 37, 38, 84, 85]. Physical properties are 

usually varied through the use of naturally-occurring or synthetic cross-linkers [19, 21, 33, 43, 

45, 86, 87]. Such processes assist in matching the mechanical properties to native tissues [88-

90].  

 

The combination of the ease of assembling PEMs and the ability to modify them post-assembly 

has led to their uses in drug delivery [40, 58, 75, 91], tissue engineering [47, 54, 57, 67, 84, 86, 

92, 93], nano- and microfluidic devices [66, 94], and cellular adhesion studies [30, 33, 35, 37, 
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39, 49, 95].  In subsequent sections, we outline how these versatile PEMs are being modified 

and utilized for hepatic tissue engineering. 

 

1.1.1 The Liver 

The liver is a highly vascularized organ and is involved in several metabolic functions [96] 

(Figure 2).  This organ plays a critical role in the biotransformation of drugs and 

pharmaceuticals, cholesterol metabolism, glucose homeostasis and in the synthesis of blood 

plasma proteins [80, 96-98]. Hepatocytes are the principal or parenchymal cells (PCs) of the 

liver, comprising over 80% of its mass [96]. These cells are involved in the synthesis of 

cholesterol, bile, salts, and phospholipids, protein synthesis and storage, transformation of 

carbohydrates, and the modification and excretion of substances such as alcohol and drugs 

from the body [57, 80, 96, 99]. The liver is divided into hexagonal lobules; these lobules contain 

the microcirculatory units known as liver sinusoids [96, 100]. In a liver sinusoid, PCs are 

separated from the non-parenchymal cells (NPCs) by an interfacial region called the Space of 

Disse [96] (Figure 3A). The Space of Disse is a protein-enriched region (0.5-1μm in height) that 

facilitates the transfer of nutrients and signaling molecules between the hepatocytes and the 

NPCs [47, 96, 98, 101]. This interfacial region is composed of fibrillar and network collagens (I-

IV), adhesion proteins, such as laminin and fibronectin, as well as proteoglycans, such as 

heparan sulfate, heparin, chondroitin sulfate, and dermatan sulfate [96, 102, 103]. The chemical 

and mechanical properties of the Space of Disse are altered during certain liver diseases due to 

increased production of extracellular matrix (ECM) components by hepatic cells [99, 101, 104] 

(Figure 3B). NPCs are comprised of Kupffer cells (KCs), liver sinusoidal endothelial cells 

(LSECs), and hepatic stellate cells (HSCs). KCs are specialized macrophages that initiate and 

contain inflammation, and are responsible for mounting the immune response [96]. LSECs are 

highly metabolic in nature and participate in the scavenging of lipid and fat molecules [96, 101, 



5 

 

105]. These cells exhibit fenestrae or pores that range from approximately 90-150nm in 

diameter depending on the species.  These fenestrae can expand or contract resulting in the 

promotion or prevention of the transport of small molecules or pathogens to the hepatocytes 

below [106-108].  HSCs store vitamin A droplets and secrete ECM proteins during liver fibrosis 

[57, 96, 109-113].  Together, these four cell types perform several metabolic functions and 

maintain organ-level homeostasis.  

 

 
Figure 2: Cellular architecture of the liver depicting the flow of blood and cellular arrangement. Cassin, M.E. 
and P. Rajagopalan, Polyelectrolyte Multilayers for Applications in Hepatic Tissue Engineering, in Layer-by-
Layer Films for Biomedical Applications, C. Picart, F. Caruso, and J.C. Voegel, Editors. 2015, Wiley-VCH. p. 
487-506. Used with permission of John Wiley and Sons, 2015. 
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Figure 3: Schematic of healthy (3A) and fibrotic (3B) liver sinusoids. Cassin, M.E. and P. Rajagopalan, 

Polyelectrolyte Multilayers for Applications in Hepatic Tissue Engineering, in Layer-by-Layer Films for Biomedical 
Applications, C. Picart, F. Caruso, and J.C. Voegel, Editors. 2015, Wiley-VCH. p. 487-506. Used with permission of 
John Wiley and Sons, 2015. 

 

1.1.2 PEMs and Hepatic Tissue Engineering 

The biocompatibility and inert properties of PEMs render them highly suitable for tissue 

engineering applications.  Furthermore, the ability to incorporate biological molecules and the 

high degree of molecular control over film properties are critical to match their properties with 

those of native tissues [39, 57]. In hepatic tissue engineering, PEMs have been incorporated as 

encapsulants [94, 114, 115], biomimetic membranes [47, 48, 78], cell-adhesive regions [19, 33-

35, 37, 38, 116], and  in drug delivery [58, 75, 91, 117, 118].   

 

PEMs used in biological applications often include ECM proteins or peptides.  This has arisen 

from the popularity of ECM-based proteins such as collagen, used as scaffolds in tissue 

engineering, [57, 92, 93], wound healing devices [36, 40, 119], and films [45, 49, 83, 95].  Three 

commonly used biologically-derived PEs are collagen (COL), chitosan, and hyaluronic acid (HA) 

[45-49, 78, 86, 87, 95, 120]. COL is increasingly used in PEMs since it is cationic [43, 45, 76, 

121]. Specifically, in the context of the liver, COL (type I) is found in the Space of Disse  [45, 46, 
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49, 83, 121]  and is likely to improve hepatic functions in vitro [86, 99].  Chitosan is derived from 

the shells of crustaceans, and has been repeatedly shown to be a PE compatible with hepatic 

cells [78, 122, 123]. HA, an anionic PE, found in the basal membrane of connective tissues has 

been used in combination with both COL and chitosan to produce biologically compatible 

multilayers [46, 78, 83, 95, 121, 122, 124]. Other biological PEs such as polysaccharides [125, 

126], polypeptides [54, 127], and DNA [35, 54, 128, 129] have also been used in the fabrication 

of  biocompatible PEMs. Synthetic and naturally derived PEs can elicit differing adhesive and 

functional behaviors when placed in contact with hepatic cells [57].  Whether a PE is naturally-

occurring or synthetic in its origin, the mechanical and chemical properties of the resulting self-

assembly must often be changed in order to recapitulate the tissue microenvironment.  

 

1.1.3 Tuning Mechanical and Chemical Properties of PEMs 

The ability to alter the mechanical properties of PEMs enables a broad range of cell-based 

studies [22, 33, 35, 43, 116, 126, 130-132]. Chemical crosslinking agents are often introduced 

to modify the modulus of the resulting multilayer after the assembly is completed [24, 45, 83, 

116, 133].  In addition, several factors during the assembly process such as pH and ionic 

strength can influence the stiffness of the PEM [28, 33, 69, 134]. Other forms of altering 

mechanical properties have been investigated, such as, temperature and pH responsive 

materials [135, 136], biochemical functionalization of the film [35, 137], as well as 

electrochemically responsive films [133].  

 

Chemical crosslinking is one approach to enhance PEM stability and alter its moduli [21, 43, 45, 

86]. Biological PEMs assembled with COL (cationic) and HA (anionic) or chitosan (cationic) and 

HA are not stable in aqueous environments and thus require crosslinking to prevent their 

dissolution once placed in an in vitro culture. Un-crosslinked PEMs have been reported to 



8 

 

dissociate within minutes of being placed in an aqueous environment [9, 46, 47, 122]. Cross-

linking can also improve cellular responsiveness. However, some of the issues that arise using 

any cross-linking reagent are loss in optical transparency of the PEM and reorganization of 

polymer chains [45, 138]. Additionally, the presence of unreacted cross-linkers can result in 

cytotoxicity. 

 

Ionic crosslinking can also be employed to alter the stability and moduli of the multilayer during 

deposition by altering the pH of each PE [33, 69, 70]. In a study on the behavior of hepatocytes 

as a function of mechanical compliance, the pH of strong PEs, such as PAA and PAH were 

varied [28]. It was found that when the pH of the PE solutions was closer to neutral, a higher 

degree of ionic crosslinking was obtained. PEMs deposited at lower pH (pH=2.0) self-

assembled in a linear fashion and had a lower compliance than those assembled at neutral pH. 

Primary hepatocytes cultured on PEM surfaces exhibited a higher degree of adhesion on stiffer 

substrates (elastic modulus ~140MPa), while hepatic functions, such as albumin and urea 

secretion and cytochrome P450 activity, were found to be higher on softer substrates (elastic 

modulus ~200kPa) over a 2 week period [24, 28]. It is therefore important to assemble PEMs 

with moduli which improve both hepatic function and adhesion.   

 

Modulation of chemical properties can also affect hepatic function and adhesion. Since ECM 

proteins are a ubiquitous component of the liver, hepatic cells are commonly cultured on COL or 

fibronectin-coated substrates. Studies show that hepatic functional and phenotypic markers are 

maintained when cultured in contact with ECM proteins [57, 80, 84, 92]. Since ECM proteins 

contain integrins, such as the arginine-glycine-aspartic acid (RGD) sequence which aid in 

cellular adhesion, these peptide sequences have been incorporated to promote adhesion [19, 

23, 139]. Synthetic PEs can be limited for hepatic tissue engineering applications due to their 

lack of naturally occurring cell recognition motifs [19, 57, 140]. 
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1.1.4 PEMs for 3D Hepatic Cell Cultures 

Mechanical and chemical modifications have been used extensively in 2D cell cultures for 

adhesive, migratory, and functional studies. However, commonly used 2D culture architectures 

such as hepatocyte monolayers (HM), collagen sandwiches (CS) and co-cultures cannot mimic 

the intricate interactions between cells in a tissue system.  The ability to tune the physical 

properties of PEMs using LbL deposition has expanded their use from 2D cultures to 3D 

systems. These 3D models can provide environments more suitable for long-term hepatic tissue 

engineering studies. 

 

3D hepatic tissues cultured in microenvironments that recapitulate the liver in vivo, exhibit 

significant potential as  in vitro models of the liver [47, 54, 141-143]. However, designing such in 

vitro constructs necessitates recreating the physical, chemical and cellular composition found in 

the organ [54, 57, 80, 141, 142].  

 

1.1.4.1 PEMs that Mimic the Space of Disse  

The assembly of liver tissue models is challenging since hepatic cells exhibit reduced functional 

capabilities in vitro. One approach to enhance cellular functions is to use PEMs as substitutes 

for the Space of Disse [47, 48, 54, 78, 98]. Using the LbL technique, Rajagopalan et al. 

assembled nano-scale chitosan/DNA polyelectrolyte scaffolds above a confluent layer of 

primary hepatocytes [54]. Chitosan and DNA solutions were sequentially deposited directly 

above live cells. PEMs were composed of DNA and chitosan since these PEs are ionic at 

values of pH compatible with cell-culture [52, 144-146]. A second layer of cells was 

subsequently cultured above the PEM. Through this approach, multicellular 3D tissue mimics 

(hepatocytes-PEM-hepatocytes, hepatocytes-PEM-endothelial cells, and hepatocytes-PEM-
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fibroblasts) were designed. Over a seven-day culture period, 3D liver models exhibited 

significantly higher albumin secretion than HM cultures.  Hepatocytes also maintained their 

polygonal morphology when in contact with the multilayer.  

 

Using this approach, Kim et al. designed liver sinusoidal structures using primary hepatocytes 

and either human or rat LSECs. Instead of DNA, HA was used as the anionic PE in the 

assembly of the multilayer [48, 98] since this biopolymer is found in the Space of Disse [147, 

148]. The height of the PEMs ranged from 30 to 55nm and exhibited a shear modulus of 

approximately 100kPa.  In the hepatocyte–PEM–LSEC liver-mimetic cellular constructs, LSEC 

phenotype was maintained, and these cultures exhibited stable urea and albumin production. 

Cytochrome P450 1A1/2 (CYP1A1/2) enzymatic activities activity was significantly higher in the 

hepatocyte–PEM–LSEC constructs than in 2D cultures. A 16-fold increase in CYP1A1/2 activity 

was observed for hepatocyte–PEM–LSEC models, demonstrating that inter-cellular 

communications between cell types promoted important hepatic functions.  A rat LSEC-specific 

marker, the sinusoidal endothelial 1 antibody (SE-1) was only exhibited over 12 days in the 3D 

models. In addition, the hepatocyte-PEM-rat LSEC cultures exhibited increasing CYP1A1/2 and 

CYP3A activity, as well as well-defined bile canaliculi. When these liver models were monitored 

for their ability to maintain bile acid homeostasis, only the 3D liver models exhibited ratios 

similar to those obtained in vivo [149]. 

 

Although, these studies exhibited the potential of PEMs in the design of liver-mimetic tissues, 

the deposition of the PEs directly above cells limited their capacity for assembly and post-

deposition modifications. Therefore, Larkin et al. designed detachable PEMs for use in 3D 

hepatic cultures [47, 78]. Detachable, free standing chitosan/HA PEMs were assembled on 

hydrophobic poly-(tetrafluoroethylene) (PTFE) substrates [47, 78]. The hydrophobicity of PTFE 

enabled easy detachment of the chitosan/HA PEMs. Using primary rat hepatocytes, KCs and 
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LSECs, a liver model was developed to mimic closely the in vivo architecture [48, 54, 96, 98]. 

The hydrated thickness for a 12.5 bilayer (BL) (chitosan/HA) PEM was 751± 29 nm which is 

close to the height of the Space of Disse (0.5-1μm). A BL was designated as one anionic and 

one cationic PE layer. PEMs were cross-linked to increase their stability in aqueous media as 

well as to match the Young’s modulus to mimic that of bulk liver tissue [150, 151]. The PEMs 

exhibited a modulus of 41.79 ± 3.65kPa, were optically transparent, and exhibited smooth 

surfaces [47, 98].  

 

Liver-mimetic models composed of primary hepatocytes, KCs and LSECs were assembled and 

investigated. Markers of hepatic function, such albumin secretion and urea production were 

higher in the 3D tissues in comparison to 2D cultures and co-cultures [67, 98, 99]. Hepatocytes, 

KCs and LSECs proliferated in the 3D liver model, and maintained cellular ratios at the end of 

the culture, that were very close to those observed in vivo [152]. LSECs and KCs maintained 

their characteristic phenotypic markers, SE-1 and CD163, respectively, throughout the culture 

period.   

 

The versatility of PEMs has been utilized in different ways to design engineered liver tissues.  

We have discussed an innovative way that researchers incorporate LbL methods in efforts to 

recreate the hepatic microenvironment. We anticipate that through ongoing and future efforts, 

additional novel applications will emerge. For example, PEMs are already being studied in the 

realm of regenerative medicine, specifically, in stem cell differentiation [93].  In the future, we 

envision that the synergy between PEMs and liver tissue engineering will continue to grow.  

Here, we strive to investigate the potential for PEMs in liver hepatic tissue engineering in 

contact with pathogens. 
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Text in this section was used with permission from John Wiley and Sons, 2015 in Cassin, M.E. 

and P. Rajagopalan, Polyelectrolyte Multilayers for Applications in Hepatic Tissue Engineering, 

in Layer-by-Layer Films for Biomedical Applications, C. Picart, F. Caruso, and J.C. Voegel, 

Editors. 2015, Wiley-VCH. p. 487-506. 

 

1.2 Bacteria 

While there are many pathogens, in this review we will focus on bacteria. Bacteria can be 

categorized as Gram-positive or Gram-negative based on the composition of their cell walls and 

membranes. The Gram stain was invented in 1884 by Christian Gram; this stain allowed for the 

visualization of bacteria in a tissue sample. Gram-positive bacteria retain a deep purple color 

when stained versus the light pink color of gram-negative bacteria. This difference arises due to 

the thickness of the peptidoglycan layer in bacteria [153]. Some common examples of gram-

positive bacteria are in the Staphylococcus, Enterococcus and Lactobacillus genus [154, 155].  

Common gram-negative bacteria fall in the geneses of Escherichia, Enterobacter, and 

Pseudomonas [153, 156].   

 

The internal cytoplasm can create substantial turgor pressure; therefore, to prevent the cell from 

bursting, both gram-positive and gram-negative bacteria possess rigid cell walls and 

membranes [153]. The plasma membrane is comprised of a lipid bilayer. Unlike eukaryotic cells, 

bacteria do not possess organelles. Therefore, all DNA synthesis and biological processes 

occur within the cell’s cytoplasm or along the cellular membrane. The inner plasma membrane 

is where significant transport and energy functions occur [153]. Eukaryotic cell membranes 

contain a significant fraction of sterol molecules which give the membrane fluidity and 

permeability whereas bacterial membranes have far fewer of these molecules [157, 158]. The 
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higher fraction of phospholipids to sterols results in a greater negative potential on the bacterial 

surface as well as a more rigid membrane [159]. 

 

1.2.1 Gram-positive bacteria 

Gram-positive bacteria have a thick cell wall comprised of peptidoglycan. Peptidoglycan is a 

molecule comprised of glycan which is a sugar backbone composed of N-acetylglucosamine 

and N-acetylmuramic acid.  These moieties are crosslinked by peptides (Figure 4). Polymers 

such as teichoic acids, teichuronic acids, neutral polysaccharides, lipoteichoic acids, and 

glycolipids are linked to glycan chains [153-155]. These polymers are typically polyanionic in 

nature, giving the surface of a bacterial a negative charge.  Additionally, these polymers provide 

additional strength and structure to the cell wall. Below the peptidoglycan layer of the gram-

positive bacteria lies the plasma membrane.  

 

1.2.2 Gram-negative bacteria 

Gram-negative bacteria differ from gram-positive bacteria due to the presence of a secondary 

outer membrane. This outer membrane serves to protect the cell’s thin peptidoglycan layer, 

periplasmic space, and inner plasma membrane (Figure 4). The outer membrane is a complex 

structure comprised of lipopolysaccharide (LPS), phospholipids and proteins. LPS is composed 

of 3 regions a) lipid A, b) the core, and c) the O-antigen [153, 156, 160]. LPS is responsible for 

much of the barrier function of the outer membrane but it also recognized by immune cells in the 

body as a foreign entity. Therefore, LPS is routinely used as a marker for bacterial presence 

[159]. The periplasm is a hydrated gel-like layer containing many enzymes and solubilizing 

factors.  It also contains transport and chaperone proteins to enable the passage of nutrients 

and waste from the interior of the cell to the extracellular space. Within this periplasmic space is 
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the thin peptidoglycan layer of the gram-negative cell. Together the outer membrane and 

peptidoglycan layer add structural support to the cell [153]. 

 

 
Figure 4: Membrane structures of Gram-negative and Gram-positive bacteria 

 

1.2.3 Microbial Infections 

Both gram-positive and gram-negative bacteria have developed resistance mechanisms against 

traditional antibiotics [161-165]. Antibiotics commonly target a specific component of the 

bacterial peptidoglycan layer or outer membrane since these entities are not present in 

eukaryotic cells. When a gram-negative bacterium develops resistance to an antibiotic 

treatment, it can often alter the makeup of its O-antigen, therefore, rendering the antibiotic 

ineffective [153, 156, 160]. Likewise, gram-positive bacteria can alter their peptidoglycan 

composition to have a lesser negative potential reducing the effect of charge dependent 

therapies [155]. Due to the overuse and misuse of antibiotics it is extremely important to identify 

and investigate new antimicrobial strategies that can be effective against resistant pathogens. 

Drug resistant pathogens are a global problem [166-172]. Infections caused by these “super 

bugs” can result in serious health risks and high health care costs [173-177]. In the United 

States alone antibiotic-resistant bacteria annually cause over 2 million infections and over 
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23,000 deaths [178]. Many products such as medical implants, surgical supplies, and food 

packaging are often contaminated by bacteria.  Such contaminated products are often the 

cause of microbial infections [179-182].  

 

Some non-antibiotic antimicrobial strategies currently being pursued are metal oxide 

nanoparticles, silver impregnated coatings, and cationic polymers and peptides. Metal oxide 

nanoparticles such as TiO2, ZnO, CuO, and SiO2, have been used to promote oxidative stress 

to kill pathogens [183, 184]. These nanoparticles can also alter the DNA replication in bacteria 

which leads to reduced microbial proliferation or complete annihilation. A second and commonly 

used strategy is impregnating coatings with silver [36, 185-188]. Silver ions, specifically in the 

form of nanoparticles can alter the conformation of enzymes such as dehydrogenases 

necessary for glycolysis. Silver can also increase permeability in bacterial membranes through 

binding with thiol groups, which results in bacterial death. Metallic antimicrobial strategies can 

be effective; however, they can also be toxic to eukaryotic hosts.  

 

We have investigated antimicrobial strategies using cationic polymers and peptides. These 

polymers and peptides disrupt bacterial membranes through electrostatic interactions [36, 167, 

189-194].  For this reason, such materials possess anti-bacterial properties against a broad 

spectrum of pathogens. For the remainder of this work, we will discuss a class of cationic 

peptides known as antimicrobial peptides (AMPs). 

 

1.3 Antimicrobial Peptides 

AMPs are an inherent component of the body’s defense against invading pathogens [195-208]. 

They are short peptide sequences (<100 amino acids) that can exhibit broad-spectrum function 

against gram-positive and gram-negative bacteria, fungi, and certain enveloped viruses [189, 
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209]. AMPs can be found in plants, insects, and animals and act as a first line of defense more 

commonly known as the innate immune response [189]. Hundreds of AMPs have been 

identified and are present at constitutive levels in organisms [201, 203]. The concentration of 

these AMPs can increase at the site of infection or inflammation [190]. Some AMPs can also 

influence other physiological functions such as the promotion of angiogenesis, the recruitment 

of immune cells, and the acceleration of the wound healing process [189, 190, 200, 206, 210-

212]. 

 

1.3.1 Membrane Disruption Mechanisms 

AMPs function by disrupting the cell membrane through electrostatic interactions [201, 203]. 

AMPs typically carry a positive charge (ranging from +2 to +9) and have an amphipathic 

structure [190]. The separation of the charged groups from hydrophobic residues on the peptide 

promote the interaction of an AMP with the negatively charged bacterial membrane and 

subsequent penetration into the hydrophobic lipid bilayer [189]. Due to the differing charge and 

composition of bacterial and mammalian membranes, bacteria have a higher number of 

negatively charged lipids within their membranes. For this reason, AMPs preferentially target 

bacteria over their eukaryotic hosts, and therefore function as host defense peptides [203]. 

AMPs can disrupt microbial membranes through various mechanisms such as pore formation 

(barrel-stave or toroidal-pore model) or detergent-like solubilization (carpet or detergent model) 

[189, 190, 204, 205, 213, 214] (Figure 5). The increase in permeability can disrupt the potential 

within the bacterial cell as well as cause outflow of cellular contents into the extracellular space, 

ultimately killing the microbe. These methods of neutralization reduce the likelihood of bacteria 

becoming resistant to the AMP. 
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Figure 5: AMP membrane disruption models. (A) Barrel stave model: peptides aggregate and insert into the 
lipid bilayer. Hydrophilic regions of AMP form the interior of pore. (B) Carpet model: AMPs disrupt bilayer by 
orienting parallel to membrane surface to form a ‘carpet’ layer. (C) Toroidal pore model: peptides aggregate 
and induce lipids to bend throughout the pore. The core of the pore is lined with hydrophilic regions of the 
AMP and lipid heads groups. (Hydrophobic regions = blue, Hydrophilic regions = orange) 

 

1.3.2 Defensins and Cathelicidins 

The majority of AMPs can be categorized into two broad groups: defensins and cathelicidins 

[189, 209].  Defensins represent a diverse family of AMPs containing 6-8 cysteine residues 

which enable the formation of disulfide bridges. Based on the location of these disulfide bridges, 

defensins can form α- or β-defensin structures which alter their microbial activity. Humans 

possess six α-defensins which are typically expressed in neutrophils, the gastrointestinal (GI) 

tract and the female genitourinary tract [189]. Likewise, humans express four β-defensins found 

in many cells types, but predominantly epithelial cells and neutrophils. The majority of defensins 

function through pore forming mechanisms of microbial neutralization. The second major class 

of AMPs, cathelicidins, are defined by their conserved cathelin precursor domain with variable 

C-terminal positively charged peptide sequence. The cathelin domain mimics the cathelin 
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protein which inhibits cathepsin L.  This is a lysosomal endopeptidase involved in the catabolism 

of ECM components during wound healing [189]. The N-terminal cathelin domain is 

proteolytically cleaved to form the mature, active peptide [190, 209]. This cleavage results in an 

increase in cathelicidin concentration at the site of infections, while keeping constitutively (or 

basal) levels low.  

 

1.3.3 LL-37 

The only human cathelicidin is LL-37, a 37-amino acid sequence beginning with two leucine 

residues (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES; MW 4.5kDa) [215-217]. LL-37 

is the mature peptide expressed after the cleavage of the human cationic antimicrobial protein 

(hCAP18) encoded by the CAMP gene. It is produced by granulocytes and is naturally found in 

blood plasma at concentrations ranging from 1-2μg/mL (0.2-0.4μM) which can increase up to 

>25μM during infections [202, 206, 218]. LL-37 is commonly found in inflamed skin 

keratinocytes and is linked to inflammatory skin conditions, such as atopic dermatitis or 

psoriasis, when under or over expressed, respectively [189, 201, 209, 219].  

 

The cationic (+6 charge) and amphipathic nature of LL-37 promotes interaction with bacteria cell 

membranes though the toroidal pore mechanism [204, 217, 220, 221]. In solution, LL-37 is 

found in a predominantly random coil formation, but upon contact with bacteria or in high salt 

environments such as sweat glands, this peptide forms an α-helical structure [204, 222]. The α-

helices in LL-37 first cover the surface of the membrane. They then aggregate to penetrate the 

lipid bilayer which “bends” the lipid molecules. A resulting pore is formed, lined with the 

hydrophilic regions of the LL-37 peptide and the membrane’s polar head groups (Figure 5).  
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LL-37 exhibits antimicrobial activity against gram-positive and gram-negative bacteria.  Studies 

have shown that this AMP performs best in environments with low ionic concentrations and at 

neutral pH [215, 218, 223]. LL-37 has also been shown to act as a chemoattractant for 

macrophages at concentrations ranging from 0.1-11μM. The chemoattraction occurs through 

the formyl peptide receptor-like 1 (FPRL1) on the surface of immune cells [206, 210, 211, 218, 

223, 224]. In addition, LL-37 has been shown to aid in wound healing by promoting cell 

proliferation and angiogenesis at the site of injury [218, 225-227]. Incorporating AMP 

sequences, such as LL-37, in thin films, scaffolds, or basement membranes can prevent 

bacterial infections as well as aid in the wound healing process.   

 

1.4 Combining PEMs and LL-37 to Study Hepatic Infections 

1.4.1 Bacterial Infections in the Liver 

The liver can be affected by a variety of infections. Some infections stem from the blood due to 

trauma, abscesses, or complications from liver disease such as cirrhosis [228]. While 

haematogenous infection of the liver is less frequent today due to the use of circulating 

intravenous antibiotics, it is still common for bacteria to infect the liver through the biliary or GI 

tracts. The majority of these infections are caused by trauma, such as disease or surgery, to an 

infected organ or tissue which then spreads to the liver [228, 229].  

 

The GI tract contains numerous strains of beneficial and infectious microbes [230]. Since the 

liver receives approximately 70% of its blood supply from the GI tract, bacteria and bacterial 

components often come in contact with hepatic cells [229, 231]. In a healthy individual, the 

majority of these foreign organisms are cleared from the body by the liver. This role typically 

performed by the KCs as well as other smaller populations of immune cells in the liver sinusoid, 

such as neutrophils [229, 230, 232]. In addition, when liver cells, specifically KCs are exposed to 
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LPS, they release nitric oxide, a vasodilator to remove the pathogens from the liver sinusoids 

and recruit more neutrophils [233]. However, when the liver is not functioning properly due to 

disease, such as fibrosis or cirrhosis (resulting from alcoholic or nonalcoholic fatty live disease, 

ischemic liver injury or hepatocarcinoma), major complications can occur due to the presence 

and proliferation of bacteria in the liver [229].  

 

Bacterial infections are a common complication associated with cirrhosis of the liver. They are 

responsible for up to 25% of liver disease related deaths [234]. While the use of broad-spectrum 

antibiotics has reduced the severity of infections, the ever-present risk of antibiotic resistant 

bacteria still results in high morbidity and mortality. As of 2013, patients with cirrhosis exhibited 

a ~30% bacterial infection rate.  This percentage increased to approximately 45% in patients 

being treated for both cirrhosis and GI hemorrhage [234-236]. In comparison, the general 

population has only shown a 5-7% hepatic infection rate. The most common bacterial infections 

arise from Escherichia coli (E. coli) and Klebsiella pneumoniae (K. pneumoniae) due to the 

continuous interactions between the liver and the GI tract [228, 234, 237]. While the majority of 

E. coli strains can still be neutralized by conventional antibiotics, the antibiotic-resistant K. 

pneumoniae, Pseudomonas aeruginosa, methicillin-resistant Staphylococcus aureus (MRSA), 

and vancomycin-resistant Enterococcus (VRE) are all still major concerns [236]. The presence 

of a bacterial infection can then lead to renal failure, shock, sepsis, and ultimately full system 

organ failure if left untreated [234].  

 

1.4.2 Antimicrobial PEMs 

The Rajagopalan group has been designing 3D liver models to investigate hepatic function and 

signaling.  In order to recreate the microbial hepatic environment it is critical to incorporate 

AMPs to the model.  Although, soluble AMPs can be added, they may be rapidly metabolized by 
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hepatocytes.  For this reason, we have designed PEMs that contain immobilized AMPs.  When 

such antimicrobial PEMs are cultured with hepatic cells and bacteria, the microenvironment may 

begin to emulate what is found in vivo. 

 

PEMs have been designed to promote microbial death as well as stimulate wound healing. 

Antimicrobial PEMs are traditionally impregnated with conventional antibiotics [36, 238-242] or 

silver nanoparticles [36, 179, 187, 243] which are released into the surrounding environment 

over time as the PEM degrades. Other studies use PEMs assembled with innately antimicrobial 

PEs such as chitosan, HA, and N-alkylated poly(ethylenimine) (PEI) [179, 244-247]. Many of 

these PEs mimic the cationic and hydrophobic charge and structure of native AMPs. Significant 

work has been done using antibacterial agents as well as AMPs in solution [194, 199, 215, 220, 

221, 242, 248] or on materials, including non-detachable PEMs, as coatings [36, 175, 187, 239, 

241, 247, 249-255].  

 

Due to the cost and experimental challenges associated with AMPs, many studies have been 

conducted using synthetic AMPs which mimic the charge and structure of native peptides [169, 

170, 179, 194, 245, 247]. While these synthetic peptides can interact with bacterial membranes 

and cause microbial death, they do not allow for further interaction with the host organism in 

terms of immune system communication or cell proliferation.  Additionally, higher concentrations 

of synthetic AMPs are needed than their natural counterparts in order to kill bacteria. Therefore, 

incorporating natural AMP sequences, such as LL-37, in thin films has the potential to kill 

bacteria in addition to aiding in the immune response at physiologically relevant concentrations.  

 

Our work focuses on the AMP LL-37 which is either physisorbed or immobilized on 

biocompatible, detachable, PEMs. While there are many known AMPs, LL-37 is the only human 

derived cathelicidin, reducing xenogeneic effects when in contact with infection and wounds. We 
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aim to investigate the interactions between hepatic cells and bacteria in a 3D liver model that 

contains an AMP-modified PEM. By harnessing the broad-spectrum antimicrobial capabilities of  

LL-37, as well as its’ chemotactic properties, it is possible to design a thin film that can act as a 

Space of Disse mimic for hepatic models while also adding protection against bacterial 

infections. 

 

1.5 Antimicrobial PEMs to Study Bacterial Infections in the 

Liver 

The Rajagopalan research group has used detachable PEMs to design 3D hepatic models 

which mimic the stratified architecture of a liver sinusoid by incorporating a polymeric space of 

Disse [47, 48, 78, 98]. However, there have been no studies to date that utilize PEMs modified 

with AMPs to study bacterial infections in the liver.  

 

We have designed novel thin films modified with LL-37. The polymeric membranes were 

assembled with Type 1 COL (polycation) and HA (polyanion) using the LbL deposition 

technique [6, 35, 45, 67, 256]. COL and HA were chosen to mimic the chemical composition of 

the ECM found in vivo, particularly the Space of Disse. The detachable nature of the PEMs 

enables mechanical and chemical modification of the films post-assembly.  

 

LL-37 modified PEMs can be brought into contact with monocultures of bacteria and hepatic 

cells as well as co-cultures of the two. By combining cultures of bacteria and mammalian cells in 

contact with these LL-37 modified films, we can monitor the death or proliferation of both cell 

types to determine if LL-37 is preferentially neutralizing microbes while protecting hepatic cells.  

As mentioned earlier, LL-37 has been known to promote the proliferation of immune cells 

(macrophages) at the site of infection while simultaneously killing bacteria through electrostatic 
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interactions [257]. These films can be used as a biocompatible, space of Disse mimics for 

studying bacterial infections in hepatic models in addition to movable bandage inside or outside 

the body and coatings for medical equipment and implants. 

 

There are five primary aims of my thesis. 

1) Assemble and characterize a PEM comprised of biocompatible COL and HA to be 

used as a Space of Disse mimic for in vitro liver model studies. 

2) Incorporate LL-37 to the surface of PEMs via physisorption or immobilization. 

3) Culture E. coli on LL-37 modified PEMs.  We will vary the concentration of LL-37 to 

investigate “bacterial adhesion” and “contact killing”. 

4) Culture hepatic cells on LL-37 modified PEMs.  

5) Co-culture hepatic cells and bacteria on LL-37 modified PEMs  

 

I seek to combine these five aims to design an in vitro hepatic model that can be utilized to 

study bacterial infections.   



24 

 

2 Assembly and Characterization of COL/HA 

PEMs Modified with LL-37 
 

Research Aims: 

1) Assemble and characterize a PEM comprised of biocompatible COL and HA to be 

used as a Space of Disse mimic for in vitro liver model studies. 

2) Incorporate LL-37 to the surface of PEMs via physisorption or immobilization. 

 

2.1 Introduction 
From early reports on PEMs, they were assembled using synthetic PEs such as poly(vinyl 

sulfate) (PVS), PAH, PAA, and SPS [5, 9, 73, 258]. However, there has been recent interest in 

using more biologically derived or “natural” PEs to assembled PEMs for use in cellular adhesion 

studies [30, 33, 35, 37, 39, 49, 95], drug delivery [40, 58, 75, 91], and tissue engineering [47, 

54, 57, 67, 84, 86, 92, 93]. 

 

Cationic COL is the most abundant protein in the body and is therefore suitable for many 

biological applications. COL has been used in combination with alginate, chondroitin sulfate and 

heparin to act as coatings to promote cellular attachment on implants [35, 45, 49, 259]. COL has 

also been used commonly with HA to design hydrated ECM scaffolds and coatings [35, 46, 83, 

121]. HA, a common anionic PE, is naturally present in connective tissues. It has been used 

with poly(L-lysine) to design films to act as drug delivery systems [132, 259, 260], as well as 

with synthetic PEs like PEI to assemble adhesive coatings [261]. PEMs assembled from 

chitosan and HA exhibited anti-adhesive capabilities toward blood plasma proteins as well as 

cells [122]. The surfaces of these films could be modified with ECM components, such as COL 

or fibronectin, to allow for selective cell adhesion in cultures.  
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The Rajagopalan research group has assembled PEMs comprised of chitosan and HA to act as 

a Space of Disse mimic. Such a membrane enabled the exchange of nutrients and signaling 

molecules between cell types in 3D liver models [48, 98]. Chitosan/HA PEMs assembled by 

Larkin et al. [47, 78] were detachable from hydrophobic PTFE and mimicked the thickness of 

the space of Disse found in vivo.  

 

It is of interest to modify the surfaces of PEMs with antimicrobial agents. Such multilayers have 

been used in different antimicrobial applications [179, 188, 238, 240, 245, 247, 262-264]. 

Significant work has been conducted using AMPs, specifically LL-37, however these studies 

have been performed in vivo or in vitro in solution [194, 199, 210, 212, 215, 220, 221, 224-226, 

242, 248]. However, there are very few studies conducted with AMPs that have been 

immobilized on surfaces. 

 

LL-37 is a cationic (+6 charge) 37 amino acid sequence and is the only human cathelicidin [215, 

218, 222, 223, 265]. It is constitutively present in low concentrations in the blood in a random 

coil formation; however, at the site of infection or inflammation can alter its conformation to an α-

helix and increase in concentration in order to interact with microbes and elicit an immune 

response [222, 266]. The conformational change allows for the separation of hydrophilic and 

hydrophobic residues to allow the AMP to interact with the bacterial lipid bilayer.  

 

Depending on the concentration of the AMP and its’ environment (e.g. ionic strength, pH), LL-37 

can be used to elicit many different physiological responses. For example, LL-37 has been 

shown to be most beneficial for wound healing applications at concentrations ranging from 

0.2μM to 1μM; whereas, antimicrobial potential has been observed at concentrations from 
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0.02μM to 16μM [223]. In contrast, studies conducted on individuals with skin lesions from 

psoriasis exhibit LL-37 concentration levels as high as 500μM [222, 267].  

 

Significant work has been conducted utilizing the potential of LL-37 as an antimicrobial agent. 

LL-37 is known to act on a broad spectrum of pathogens including gram-positive and gram-

negative bacteria, fungi, and some viruses [222, 223]. The antimicrobial capabilities of LL-37 

rely heavily on the environment surrounding the AMP as well as the pathogen strain. The 

minimum inhibitory concentration (MIC) is defined as the lowest concentration of antimicrobial 

agent to inhibit bacterial growth. In a study conducted on gram-negative Pseudomonas 

aeruginosa, LL-37 could prevent biofilm formation at concentrations significantly lower (0.1μM) 

than the minimum inhibitory concentration (7.1μM to 14.2μM) [215, 223, 227]. In contrast, gram-

positive Staphylococcus aureus showed much lower MIC values ranging from 0.4μM to 2.0μM 

[215]. Fungicidal effects were exhibited against the fungi, Candida albicans at LL-37 

concentrations from 4.4μM to 6.6μM [268]. Depending on the strain, the MIC values for E. coli 

can range from 2μM to 25μM [220, 248, 269]. While higher concentrations can more effectively 

kill bacteria, at these higher concentrations, LL-37 can become less selective and target 

mammalian cells as well as microbes.  Therefore, it is crucial to determine the optimal LL-37 

concentration range that can kill pathogens without harming the host [223, 248]. 

 

A large fraction of studies dedicated to LL-37 focus on their antimicrobial capabilities [217, 223, 

227, 248, 268]. However, LL-37 can also elicit a beneficial immune response. In an article by De 

Yang et al. [224], LL-37 induced chemotactic effects in human neutrophils, monocytes, and T-

cells through FPRL1 indicating that this AMP can participate in the innate immune response as 

well. In a study by Koczulla et al. [226] LL-37 was shown to induce angiogenesis through 

FPRL1 in in vivo mouse and rabbit models. FPRL1 was initially thought to only affect immune 
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cells, but resulted in proliferation and the formation of vessel-like structures with endothelial 

cells.  

 

In this work we assembled detachable PEMs comprised of HA and COL. The thickness, elastic 

modulus, optical transparency, stability and zeta potential of these PEMs were characterized. 

LL-37 was physisorbed and covalently immobilized on the PEMs at concentrations ranging from 

0-16μM. Here we investigate the addition and release of LL-37 from these films to be used in 

future bacterial infection studies. 

 

2.2 Materials and Methods 

Glacial acetic acid and a Pierce® FITC antibody labeling kit were purchased from ThermoFisher 

Scientific. LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES; MW 4.5kDa), was 

obtained from AnaSpec, Inc. (Fremont CA). Type I COL was isolated from rat tails. All other 

materials, unless otherwise noted, were received from Sigma Aldrich (St. Louis MO). 

 

2.2.1 Extraction of COL 

COL was extracted by dissecting tendons from rat tails [141, 270]. Tendons were dissolved in 

3v/v% acetic acid and centrifuged at 13,000xg. A 30w/v% sodium chloride solution was dripped 

into the supernatant. The resulting gel was centrifuged at 8,500xg. The gelatinous pellet was 

collected, diluted in 0.6v/v% acetic acid for 48h and then dialyzed in 1mN hydrochloric acid. The 

final COL suspension (2.5-3.0mg/mL) was maintained at a pH of 3.1. 

 

2.2.2 PEM Assembly 

Detachable PEMs were assembled using type I COL and HA. COL (cationic) was dissolved in 

1v/v% acetic acid to obtain a solution concentration of 1.5mg/mL. HA (anionic) was dissolved in 
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18MΩ∙cm deionized water to obtain a concentration of 1.5mg/mL. The pH of the PEs and rinse 

solutions was maintained at 4.0. PEMs were assembled on PTFE (McMaster-Carr) substrates 

using a robotic deposition system (StratoSequence VI, nanoStrata Inc.). The PTFE substrates 

were cleaned prior to deposition by sonication in toluene for 1h. Water contact angle 

measurements were >110° for clean PTFE substrates. PEMs were assembled by depositing HA 

followed by COL for 30min each to assemble a PEM of 15BL. The PEM assemblies were rinsed 

for 10min between PE depositions with DI water. Dry, deposited PEMs were crosslinked with 

8w/v% glutaraldehyde for 30s, rinsed and air-dried. After 24h of air-drying, films could be 

detached from the underlying hydrophobic substrate. 

 

2.2.3 PEM Characterization 

2.2.3.1 PEM Stability 

Dry, detached COL/HA PEMs were weighed and placed in 1X PBS (37°C) over a 3, 7, or 14-

day period. After the designated time period, the PEMs were dried under vacuum for 24h at 

50°C. The mass of the PEM was recorded. Mass retention was calculated to determine the 

degree of degradation of the PEM in a hydrated state.  

 

2.2.3.2 Profilometry 

A DektakXT profiler (Bruker, Billerica MA) was used to determine the thickness of dry and 

hydrated detachable PEMs. A scan length of 1000μm was taken over 20s for each sample. 

Thickness values were measured at five different locations per sample. Hydrated thicknesses 

were obtained by submerging the PEMs in DI water for 20min and subsequently wicking off 

excess liquid.  
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2.2.3.3 Modulus and Surface Characterization 

Young’s moduli (YM) of dry and hydrated PEMs were obtained using a Veeco MultiMode Atomic 

Force Microscope (AFM; Veeco, Santa Barbara CA) in a liquid cell chamber. Pyramidal SiN 

cantilever tips (k=0.06Nm-1; Bruker AFM Probes, Camarillo CA) were used for all measurements 

in contact mode. Force-distance curves were obtained using a Z-scan distance of 1um and 1Hz. 

The YM was obtained by fitting the force-distance curves to a modified Hertz-cone model (Eq 

1,2) [116].  

 

Eq. 1  𝐹 = 𝑘(𝑑 − 𝑑𝑜)  

Eq. 2  𝐹 =
2 tan 𝛼

𝜋
[

𝐸

1−𝜈2] 𝛿2 

 

where F = applied force, α = half open tip angle; 18°, E = YM, k = spring constant of the 

cantilever,  = Poisson’s ratio (constant = 0.40) d = deflection of the cantilever, do = deflection 

point during contact, and δ = indentation.  To eliminate substrate effects, indentations up to 10% 

of the overall PEM thickness were used when obtaining force-distance curves. 

 

Surface images were also taken using the MultiMode AFM liquid cell in contact mode to 

determine the roughness and porosity of the resulting multilayer. All AFM work was performed 

by Andrew Ford, a graduate student in the Rajagopalan research group. 

 

2.2.3.4 Optical Transmission 

The PEM optical transmission was measured on a SpectraMax M2 UV/vis spectrophotometer 

(Molecular Devices, Sunnyvale CA) over the range 400-900nm. Measurements were taken on 

dry and hydrated detached multilayers. Hydrated films were maintained in DI water for 20min 

before measurements were taken.  
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2.2.4 LL-37 Modification of PEMs 

2.2.4.1 Physisorption of LL-37 

The physisorption of LL-37 onto COL/HA PEMs was performed on both PTFE-adherent and 

detached PEMs. Detached PEMs were placed in 12-well plates with stainless steel washers 

placed above them to prevent folding of the PEMs. Films were hydrated with 1XPBS for 30min; 

100μL of the desired LL-37 solution (2μM, 8μM, 16μM) was then added to the PEM and allowed 

to physisorb for 30min. The resulting PEM was then rinsed three times with 1XPBS.  

 

2.2.4.2 Immobilization of LL-37 

LL-37 was immobilized onto the surface of the PEMs using carbodiimide chemistry [271]. 

Briefly, PEMs were hydrated in 1XPBS for 30min. EDC (1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide) was added in 10-fold molar excess to LL-37 in 0.1M MES 

buffer (2-[morpholino]ethanesulfonic acid) at pH 6.0.  NHS (N-hydroxysuccinimide) was added 

to the solution at 10-fold molar excess to LL-37. This solution was allowed to react for 15min. 

The LL-37 solution was then added to the hydrated PEMs (100μL/PEM) and allowed to react for 

2h at room temperature. The PEMs were maintained in a hydrated state over the course of 

release studies for both physisorbed and immobilized films. 

 

2.2.4.3 Conjugation of FITC to LL-37 

FITC was conjugated to the LL-37 peptide using a Pierce® FITC antibody labeling kit. 

Unconjugated FITC dye was separated from conjugated dye by passing the LL-37/FITC solution 

through a resin-filled spin column. The resulting peptide+dye solution was passed through a 

0.2μm syringe filter to remove excess resin beads. FITC-conjugated LL-37 was added to 
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hydrated PEMs and imaged using a green filter on a Nikon Eclipse TE2000-U microscope 

(Nikon, Linthicum MD) to detect LL-37 coverage on the surface of the PEM. 

 

2.2.4.4 Zeta-potential 

Zeta-potential measurements were conducted on unmodified and LL-37 modified PEMs using a 

SurPASS electrokinetic analyzer (Anton Paar, Ashland VA) equipped with a clamping cell; a 

minimum of eight measurements were taken per sample. Two PEMs attached to TCPS 

substrates were separated by a 100μm thick spacer with a 5mm wide channel (Figure 6). A 

solution of 0.05M NaCl was flowed in the channel between PEM samples in the clamping cell at 

a pressure of 200mbar to obtain pressure-potential curves. Zeta potential measurements were 

calculated using a modified Smoluchowski equation (Eq 3). 

 

Eq. 3  𝜁 =
𝑑𝑈

𝑑𝑝

𝜂

(𝜀∗𝜀0)
𝐾𝐵 

 

where ζ = zeta potential (mV), dU/dp = slope of streaming potential vs differential pressure, η = 

electrolyte viscosity, ε = dielectric coefficient of electrolyte solution, ε0 = vacuum permittivity 

(8.854x10−12F/m), and KB = electrolyte conductivity [76, 272-274]. 
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Figure 6: PEMs in clamping cell for zeta potential measurements 

 

2.2.4.5 Release Profile 

PEMs with FITC-conjugated LL-37 were maintained in 2mL of Lysogeny broth (LB). Sample 

aliquots were collected over a 96h period. The fluorescent intensity of aliquots was measured 

using a SpectraMax M2 UV/vis spectrophotometer (Molecular Devices, Sunnyvale CA) at 

495nm. These values were compared to a standard curve to determine the release of LL-37 

from PEMs.   

 

2.2.5 Statistics 

All PEM testing was conducted with a sample size n≥3. A two-tailed t-test (α=0.05) assuming 

unequal variance was used to determine significance for zeta potential measurements between 

unmodified and LL-37-modified PEMs as well as zeta potential differences between the COL 

and HA terminating sides of the films. 

 



33 

 

2.3 Results 

2.3.1 PEM Characterization 

COL/HA PEMs were assembled using the LbL technique. The assembly process was optimized 

to obtain PEMs that were detachable and stable. The COL and HA concentrations, number of 

bilayers and crosslinking conditions were optimized to achieve these characteristics. For all 

PEM trials, the pH of PE and DI water solutions was maintained at 4.0. The deposition time was 

30min and 10min for PE and DI water, respectively. The PEMs were all crosslinked with 8 w/v% 

glutaraldehyde.  Our goal was to obtain hydrated PEMs that would be in the 2-3m range in 

thickness.  

 
Table 1: COL/HA PEM Optimization trials 

Trial 
[COL/HA] 
(mg/mL) 

BL 
Crosslink 
Time (s) 

Detachable Ease of Use 
Hydrated 

Thickness (μm) 

1 0.1/1.0 30 15 No -  

2 1.0/1.0 30 15 No -  

3 1.5/1.5 30 15 Yes Good 15.2 ± 2.1 

4 1.5/1.5 30 30 Yes Good 14.4 ± 2.7 

5 1.5/1.5 15 30 Yes Good 3.3 ± 0.6 

6 1.5/1.5 12 30 Yes Poor 3.6 ± 0.8 

7 1.5/1.5 10 30 Yes Poor 3.5 ± 0.7 

8 1.5/1.5 5 30 No -  

 

The final PEM conditions that resulted in detachability were obtained by using 1.5mg/mL COL 

and HA, deposited for 15BL and crosslinked with glutaraldehyde for 30s (Figure 7A). These 

PEMs were then further characterized. 
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Figure 7: (A) COL/HA detached PEM (Scale = 1cm) (B) Surface AFM image of hydrated COL/HA film 

 

The stability of these films was monitored over 14 days in an aqueous environment. The PEMs 

exhibited approximately 87% mass retention after 14 days, thereby, exhibiting stability in 

aqueous medium (Table 2).  

 

Table 2: PEM stability in an aqueous environment as determined by mass retention  

 Day 3 Day 7 Day 14 

Mass Retention (%) 
98.0 ± 0.9 

(n=3) 
94.6 ± 1.5 

(n=9) 
86.9 ± 0.1 

(n=6) 

 

Profilometry measurements were conducted using a DektakXT profiler on dry and hydrated 

PEMs.  PEMs used in these studies exhibited dry and hydrated thicknesses of 2.1±0.6μm 

(n=38) and 3.3±0.6μm (n=62), respectively (Table 3). Hydrated film thickness was ~1.6-fold 

higher than dry films indicating swelling of the PEM. The observed increase in PEM thickness 

upon hydration is consistent with previous studies on multilayers [78, 275-277].   

 

The Young’s modulus of dry and hydrated PEMs was found to be 32.5±7.3MPa (n=9) and 

128.6±24.4kPa (n=18), respectively (Table 3). The hydrated modulus of these films mimics the 

elastic modulus of several tissues found in vivo [278, 279]. Hydrated AFM surface images depict 

a highly porous film with an average roughness of 158.7±45.2nm (n=3 PEMs, 3 
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measurements/PEM) and a peak to valley ratio of 1.18±0.47μm (Figure 7B). The average pore 

diameter was found to be 161.0±43.2nm (n=90). 

 
Table 3: PEM characterization of thickness and Young’s modulus via profilometry and atomic force 
microscopy, respectively. 

 Dry Hydrated 

Thickness (μm) 
2.1 ± 0.6 
(n=38) 

3.3 ± 0.6 
(n=62) 

YM (kPa) 
32503.9 ± 7296.0 

(n=9) 
128.6 ± 24.4 

(n=18) 

 

The optical transmittance over 400-900nm for these PEMs was found to range between 74.5-

85.6% for dry multilayers (n=10) and 85.8-94.6% for hydrated films (n=10) (Figure 8). Optical 

transparency is one of the desired features of a PEM when assembling layered cellular 

architectures, since visual inspection and imaging of cellular layers above and below the PEM 

can be easily conducted.  

 

 
Figure 8: Percent transmission of light through dry and hydrated COL/HA PEMs between 400-900nm (n=10) 

 

2.3.2 LL-37 Modification of PEMs  

2.3.2.1 Zeta Potential 

Zeta potential values were found to be significantly more negative on unmodified PEM surfaces 

compared to LL-37 modified films indicating the presence of cationic LL-37 on the surface of the 

PEM. COL/HA PEMs were assembled with the HA PE in contact with the PTFE substrate and 
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the COL PE as the last deposited layer in contact with air. The reverse assembly, (COL in 

contact with PTFE) was also deposited to determine the effect of PE chemistry and surface 

roughness on the zeta potential. The zeta potential was measured on both sides of the films and 

indicated that the HA side had a statistically less negative potential with the incorporation of 

cationic LL-37 compared to the COL counterpart for immobilized films. These values validated 

our choice to use the HA side of the PEM for future bacterial studies. 

 

For physisorbed films, the zeta potential did not show a concentration dependence as a function 

of input LL-37 concentration from 2μM to 16μM (Figure 9A). The immobilized films (Figure 9B) 

however showed a marked decrease in zeta potential upon the addition of higher concentrations 

of LL-37.  

 

 
Figure 9: Zeta potential for A) physisorbed and B) immobilized LL-37 modified and unmodified COL/HA PEMs 
(n≥8) on COL and HA ending sides. Significance compared to 0μM (*), 2μM (#), 8μM (+)  (p<0.05).  

 

2.3.2.2 Release of LL-37 from PEMs 

FITC-conjugated LL-37 was used to detect the presence of LL-37 on PEMs. The fluorescent 

signal from the FITC-conjugated LL-37 was observed across the entire surface area of the PEM 

(Figure 10). The release of LL-37 from physisorbed PEMs over a 96h period indicated 

sustained release of LL-37 into the media over time with approximately 20%, 60%, and 100% 

released after 24h, 48h and 96h, respectively (Figure 11). When LL-37 was chemically 
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conjugated to PEMs, there was virtually no release of this AMP into solution when monitored 

over 96h. These results indicate that the AMP continued to be covalently bound to the PEM 

over this time period.  

 

 
Figure 10: FITC-conjugated LL-37 on physisorbed and immobilized films. Scale bar = 150μm 

 

 
Figure 11: Release profile for (A) physisorbed and (B) immobilized FITC-conjugated LL-37 modified PEMs 
over 96h. No detectable LL-37 release indicated by #. 
 

2.4 Discussion 

COL and HA were used to assemble biocompatible, detachable PEMs. COL is the most 

abundant protein in the body while HA is naturally found in connective tissues. Together, the 

natural and biocompatible composition of these PEMs makes them ideal for studying biological 

systems. It is desirable to use these films in liver models. Therefore, the properties of the PEMs 
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such as thickness, stability, and elastic modulus were tuned to more closely mimic those of the 

Space of Disse found in vivo. 

 

The properties of PEMs can be altered by modifying the number of bilayers, pH and 

concentration of PE solutions, crosslinking conditions, and deposition time [7]. By changing the 

crosslinking exposure time, a greater stability in aqueous solution was achieved. While 

uncrosslinked PEMs can deteriorate within minutes [78], the COL/HA PEMs crosslinked with 8 

w/v% glutaraldehyde for 30s remained stable for up to two weeks. Increasing the concentration 

of COL and HA from 0.1 to 1.5mg/mL also allowed for more stable, easier to detach PEMs.  

 

These PEMs were transparent over the 400-900nm range. Since these PEMs are to be used in 

biological systems, such as the aforementioned liver models, transparency is a desirable 

quality.  The detachability of these PEMs is another important characteristic. The majority of 

PEMs are assembled on charged surfaces which limits their uses to coatings [8, 56]. Films that 

are detachable usually require the dissolution of a sacrificial layer [280, 281]. Due to the weak 

Van der Waals interactions between the first layers of PE and PTFE, these COL/HA PEMs can 

easily be peeled from their hydrophobic substrate. 

 

In addition, by altering the number of deposited BLs from 30 to 15 we were able to decrease the 

thickness of the films from 14.4μm to 3.3μm when hydrated. Due to the biological nature of the 

chosen PEs, these PEMs grow in an exponential fashion [8, 9, 14, 29, 68, 69]. Therefore, 

dividing the number of BLs by two was sufficient to decrease the thickness of the PEMs 4-fold. 

Furthermore, the thickness of the hydrated films compared to their dry counterparts indicated 

significant swelling to a hydrogel-like state. Hydrogel materials, specifically those which model 

the native ECM are becoming more popular for use in 3D models to study cell migration and 

tissue physiology [282-286]. In addition to the PEM’s hydrogel character, their hydrated YM 
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mimics the moduli of many tissues in vivo such as cartilage, ligament, and some connective 

tissues [278, 279]. 

 

Once a detachable, stable PEM was assembled the surface was modified with the AMP LL-37. 

While the majority of studies on LL-37 are conducted in solution [209, 214, 219, 220, 223, 247], 

here, we physisorbed and covalently linked the AMP to the surface of the COL/HA film. Zeta 

potential measurements of unmodified PEMs indicated a negatively charged surface even on 

the cationic COL ending side. This would suggest interdigitation of the anionic and cationic 

layers within the PEM [7, 287]. The addition of cationic LL-37 created a less negative potential 

with a concentration dependence observed on the immobilized films. 

 

Based on the release profiles of LL-37 from these films it would be beneficial to use physisorbed 

PEMS for short-term studies in which sustained release of AMP is needed. In contrast, the 

immobilized films showed no detectable release of LL-37 over 4 days. These films could be 

used for longer studies as coating for medical equipment such as catheters or for sterile 

packaging. 

 

2.5 Conclusion 

We have shown the successful assembly of biocompatible, detachable COL/HA PEMs. These 

PEMs can be used in cellular studies due to their stability, optical transparency and ease of 

surface modification. Through the introduction of LL-37 to the film surface, these PEMs can be 

used to study bacterial infection.  
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3 LL-37 Modified PEMs in Contact with Bacteria 

Research Aim: 

3) Culture E. coli on LL-37 modified PEMs.  We will vary the concentration of 

LL-37 to investigate “bacterial adhesion” and “contact killing”. 

 

3.1 Introduction 

A wound is defined as any disruption in tissue. Common dermal wounds are a result of cuts, 

scraps or burns; however wounds can occur inside the body as well due to trauma or disease. 

Wounds leave the body open to attack by microbes which can proliferate and cause infections. 

The body defends itself through the activation of the immune response. Microbial infections can 

result in serious health risks [173, 177]. To date, microbial infections have led to close to $50 

billion annually in health care costs in the United States alone [162, 163]. They are of concern in 

other applications such as medical implants, surgical equipment and in food packaging. These 

infections are traditionally treated by using either an oral or topical administration of antibiotics. 

However, bacteria such as E. coli and Staphylococcus aureus are common pathogens which 

are rapidly becoming antibiotic resistant (i.e. MRSA) [177]. Therefore there is emerging 

consensus that alternatives to conventional antibiotics must be identified. 

 

One alternative approach to traditional antibiotics is the use of AMPs. AMPs are a key 

component of the body’s natural defense mechanisms against invading pathogens. AMPs can 

exhibit broad-spectrum function against gram-positive and gram-negative bacteria, as well as 

other pathogens [205]. Some AMPs also have the ability to act as chemoattractants to direct the 

migration of white blood cells. By incorporating AMPs in a substrate, such as a PEM, a novel 



41 

 

multifunctional film can be designed which not only neutralizes invading microbes but also 

activates the organism’s cellular immune response. 

 

Research has recently been conducted using synthetic AMP or protein-impregnated PEMs as 

coatings for wound healing patches [247, 288]. However, these PEMs were permanently 

attached to a substrate and could not be peeled off, therefore, restricting their use only as 

coatings. Detachable, biocompatible PEMs composed of COL and HA have been assembled by 

the Rajagopalan research group which closely match the mechanical properties of tissues in 

vivo [47]. These robust PEMs are deposited on hydrophobic PTFE and can be easily detached 

due to weak van der Waal’s interactions with the underlying substrate. In order to functionalize 

these PEMs, AMPs can be incorporated onto the surface to design a novel multifunctional patch 

which can elicit antimicrobial and immune responses. For this work, the human cathelicidin LL-

37 was physisorbed and covalently linked to the surface of the PEM. 

 

The bactericidal capabilities of these films were tested using two different models – “bacterial 

adhesion” and “contact killing”. Bacterial adhesion is a measure of the ability of an AMP-

modified PEM to repel bacteria from the surface as well as kill any bacteria that do adhere. 

Contact killing is a measure of how an AMP-modified PEM functions when placed on a surface 

contaminated with bacterial growth.  This is a measure of how such a film could potentially 

neutralize an existing infection.  

 

LL-37 has been shown to have many effects on pathogen and hosts. For example, at 

concentrations 0.2-1μM, LL-37 has exhibited wound healing potential [223, 289, 290]. Below 

1μM, this AMP has shown angiogenic and anti-biofilm capabilities [223, 227, 290].  From 0.2-

16μM LL-37 has antibacterial properties against a number of gram-positive and gram-negative 

bacteria. Also in this range, chemotactic effects have been witnessed [224, 291]. However, with 
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increasing LL-37 concentrations, the host may also be negatively affected; cytotoxicity and 

apoptosis of mammalian cells can occur at concentrations >10μM [223, 289-291]. Therefore in 

this work, we study concentrations from 0-16μM to determine the optimal concentration of LL-37 

on PEMs to elicit an antimicrobial response without harming mammalian cells. 

 

This chapter studies the neutralization effects of detachable PEMs modified with LL-37 on the 

ubiquitous Gram-negative bacteria, E. coli.   

 

3.2 Materials and Methods 

Phosphate-buffered saline (PBS) and a LIVE/DEAD® BacLight™ bacterial viability kit were 

obtained from Invitrogen Life Technologies. The AMP LL-37 

(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES; MW 4.5kDa), was obtained from 

AnaSpec, Inc. (Fremont CA). Type I COL was isolated from rat tails. E. coli strain DH10B was a 

gift from the Mukhopadhyay laboratory at Virginia Tech. All other materials, unless otherwise 

noted, were received from Sigma Aldrich (St. Louis MO). 

 

3.2.1 E. coli Preparation 

Gram negative E. coli, strain DH10B was used for all bacterial studies. E. coli was seeded on a 

LB agar plate and allowed to grow at 37°C overnight. The composition of LB was 10 g/L NaCl, 5 

g/L yeast extract, and 10 g/L tryptone; 1.5% agar powder was added to the LB for agar plates. 

An inoculum was then prepared in 5mL LB and allowed to grow at 37°C with agitation for ~6h to 

late-log phase. The inoculum was diluted to OD600=0.300 with fresh LB for bacterial studies; 

OD600 values were taken in a cuvette (1.5mL; 1cm path-length) using a SpectraMax M2 UV/vis 

spectrophotometer at 600nm. Bacterial measurements were taken at 24h and 48h after 

seeding.  
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3.2.2 Bacterial Growth Profile 

For all bacterial studies, bacteria were seeded during the late-log phase of growth. Therefore it 

was necessary to first determine the growth profile for E. coli DH10B. This growth curve would 

provide information on the inoculation time associated with exponential growth. E. coli were 

plated on an LB agar plate and were allowed to incubate at 37°C overnight. A single colony was 

transferred from the agar plate to a test tube containing LB. The inoculated tubes were 

incubated at 35°C with agitation. OD600 measurements were taken from aliquots over 24h. A 

growth profile was plotted (Log OD600 vs time) and a best fit line using an S-curve function (Eq. 

4) was calculated to match the data. 

 

Eq. 4   𝑋 =
1

1+𝑒−∝(𝑡−𝑇𝑜) 

 

where X=OD600 value (concentration scaled from 0 to 1), t=time, α and To are correction factors 

to fit data. 

 

Once α and To were determined using a least squares approach, the derivative of the equation 

was taken. The minimum value was calculated which indicated the log/stationary transition 

point.  

 

3.2.3 Minimum Inhibitory Concentration (MIC) 

Bacteria were cultured on an LB agar plate overnight. An inoculum was prepared in LB broth 

and diluted to OD600=0.050 according to the Clinical and Laboratory Standards Institute [292]. 

Equal parts LL-37 and bacteria inoculum (100μL each) were added to a 96 well plate in 

triplicate. LL-37 concentrations used in these studies, ranged from 0-16μM. Fresh broth acted 
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as a negative control and fresh inoculum (0μM LL-37) acted as a positive control. OD600 

measurements were taken at time t=0 using a SpectraMax M2 UV/vis spectrophotometer. The 

samples were incubated at 37°C for 18h and then reread at 600nm. The MIC was determined to 

be the concentration of LL-37 which prevented bacterial growth – no change in OD600. 

 

3.2.4 Bacterial Adhesion Studies 

Detached PEMs were placed in 12-well tissue culture polystyrene (TCPS; ThermoFisher 

Scientific) well plates. Sterile washers were placed above PEMs to hold multilayers in place 

when hydrated. PEMs were placed in wells with either the COL or HA ending side in contact 

with bacteria to determine if chemical and structural variations on the PEM surface could 

significantly alter bacterial adhesion. Desired concentrations of LL-37 were added to hydrated 

PEMs and allowed to physisorb for 30min. Bacteria were added to each well (0.5mL, 

OD600=0.300) and incubated at 37°C. Bacteria seeded on TCPS and unmodified PEMs acted as 

controls. Spent broth was removed after 24 hours of incubation and PEMs were rinsed with 

fresh broth to remove non-adherent cells. Fresh LB was added to samples designated for 48h 

time points. 

 

LIVE/DEAD staining was performed on the underlying PEMs (or TCPS control) using a 

LIVE/DEAD® BacLight™ bacterial viability kit; 100μL of dye solution (3μL live stain STYO9 + 

3μL dead stain propidium iodide/1mL 1XPBS) was added to each well. The SYTO9 dye 

permeates both intact and membrane-altered cells, while the propidium iodide can only enter 

cells with a compromised membrane. The cultures were allowed to incubate in the dark for 

15min at room temperature before being imaged on a Nikon Eclipse TE2000-U (Nikon, Melville 

NY) microscope using green and red filters for live and dead bacteria, respectively. Percent 
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area coverage measurements were taken for live and dead cells using NIS-Elements Advanced 

Research software (Nikon, Linthicum MD).  

 

OD600 and LIVE/DEAD measurements were also conducted on the spent broth aliquots using a 

SpectraMax M2 UV/vis spectrophotometer. Aliquots were centrifuged at 10,000xg for 10min. 

The pellet was resuspended in 0.85% NaCl; 100μL of bacterial suspension was added to a 96-

well plate in triplicate for OD600 measurements. LIVE/DEAD dye solution (100μL/well) was then 

added to determine percent viability. Live (SYTO9) and dead (propidium iodide) measurements 

were taken at 530nm and 630nm, respectively. A ratio of live:dead cells was calculated and 

compared to a standard curve to determine percent viability of the sample.   

 

3.2.5  Contact Killing Studies 

Contact killing studies were performed with PEMs adherent to PTFE substrates. Bacteria 

(0.5mL, OD600=0.300) was seeded on empty 12-well TCPS plates and allowed to incubate at 

37°C for 24h. PEMs, or clean PTFE (control), were added on top of the bacterial layer and 

incubated for 24h or 48h. At the designated time, the PEM was removed. LIVE/DEAD staining 

was performed on the underlying bacterial layer as described above. 

 

3.2.6  Statistics 

All bacteria testing was conducted with a sample size of n≥3. A two-tailed t-test (α<0.05) was 

used to determine significance between TCPS controls, unmodified PEMs and LL-37 modified 

PEMs. Bonferroni’s correction was applied to adjust for multiple hypotheses testing. 
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3.3 Results 

3.3.1 Bacterial Growth Profile 

The growth profile for E. coli DH10B was constructed by monitoring OD600 values over time 

(Figure 12). The transition point between the log and stationary phases of growth was 

determined to be 6.53 ± 0.31h. Therefore an inoculation period of 5h was chosen to ensure that 

the bacteria would be in the log phase when seeded for further experiments. 

 

 
Figure 12: Growth profile for E. coli DH10B over 24h 

 

3.3.2 Minimum Inhibitory Concentration 

The MIC of LL-37 for the DH10B strain of E. coli was determined in LB.  These studies were 

conducted by exposing bacteria to LL-37 in solution. The MIC for DH10B was found to be 8μM 

(Figure 13). Due to this MIC value, concentrations of 2μM (25% MIC), 8μM (MIC), and 16μM 

(200% MIC) were chosen to determine the effect LL-37 would have on E. coli when in contact 

with modified COL/HA PEMs. 
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Figure 13: Difference in OD600 measurements for t=0h and t=18h to determine MIC of E. coli strain DH10B 

 

3.3.3 Bacterial Adhesion Studies 

LIVE/DEAD bacterial adhesion studies were performed in spent broth as well as on the surface 

of the PEM or TCPS control. Staining on the surface of the PEMs demonstrated a significant 

difference between the unmodified PEMs and TCPS; there was an approximate 2-fold decrease 

in live cell area coverage in the presence of unmodified PEMs (0μM) suggesting that these 

PEMs alone discourage bacterial adhesion (Figure 14).  

 

 
Figure 14: LIVE/DEAD staining of E. coli on physisorbed LL-37 modified PEMs for bacterial adhesion studies 
at 24h. (Magnification=20x, Scale bar=100μm, Green = live cells, Red = dead cells) 

 

There was a decrease in the surface coverage of live bacteria between TCPS and unmodified 

PEMs. There was an additional decrease in the surface coverage of live bacteria coverage in 

contact with physisorbed LL-37 (Figure 15A). Interestingly, this decrease in live cell coverage 
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occurred at an LL-37 concentration of 2μM, a concentration that is significantly below that of the 

MIC (for E. coli DH10B).  These results, suggest that the presence of the PEM can reduce the 

concentration of LL-37 required to prevent the adhesion of E. coli.  Over a 48h period, the 

surface occupied by bacteria increased from 16% up to 23% in unmodified PEMs. In contrast, 

the LL-37 modified films exhibited no change (statistically insignificant) in bacterial coverage.  

 

 
Figure 15: Live bacteria %area coverage over time on (A) physisorbed and (B) immobilized LL-37 modified 
and unmodified PEMs and TCPS controls for bacterial adhesion on HA ending side of PEM. (n≥6) 
Significance compared to TCPS controls (*), 0μM (#), 2μM (+), 8μM (†)  (p<0.05).   

 

Bacterial adhesion tests were conducted on the HA and COL ending sides of the PEMs. The HA 

side showed statistically lower adhesion compared to COL for all LL-37 concentrations at 24h 

(Table 4). These values, along with the previous zeta potential studies, influenced our choice to 

run the remainder of immobilized tests on the HA side of PEMs.  

 
Table 4: Live %area coverage on HA and COL sides of physisorbed PEMs for bacterial adhesion at 24h and 
48h (n≥6) 

Condition HA (24h) COL(24h) HA (48h) COL (48h) 

TCPS 26.7 ± 2.3 26.6 ± 10.4 41.7 ± 3.8 45.2 ± 10.4 

0μM 15.9 ± 0.1 29.9 ± 6.9 21.3 ± 2.4 24.2 ± 11.5 

2μM 11.5 ± 2.1 24.3 ± 4.3 13.8 ± 1.2 15.9 ± 4.9 

8μM 6.9 ± 0.2 13.2 ± 4.2 6.5 ± 0.3 10.2 ± 7.1 

16μM 2.3 ± 1.0 7.1 ± 3.2 2.3 ± 0.9 3.3 ± 0.3 

 

Similar to the trends seen in the physisorbed films, the surface occupied by bacteria on 

immobilized PEMs was lower compared to TCPS and unmodified controls (Table 5, Figure 
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15B, 16).  LL-37 modified PEMs showed a concentration dependent decrease in live cell 

coverage with 16μM films exhibiting approximately 2% live bacteria coverage. There was no 

significant increase in bacterial coverage between 24h and 48h on the modified films. 

 

 
Figure 16: LIVE/DEAD staining of E. coli on immobilized LL-37 modified PEMs for bacterial adhesion studies 
at 24h. (Magnification=20x, Scale bar=100μm, Green = live cells, Red = dead cells) 

 
Table 5: Live %area coverage on HA side of immobilized PEMs for bacterial adhesion at 24h and 48h (n≥6) 

Condition 24h 48h 

TCPS 27.8 ± 1.4 41.6 ± 1.4 

0μM 19.8 ± 0.0 20.2 ± 0.0 

2μM 11.2 ± 4.7 9.7 ± 0.8 

8μM 4.8 ± 1.2 5.4 ± 1.8 

16μM 2.9 ± 1.0 1.8 ± 0.5 

 

There was no significant difference between the LL-37 concentrations on immobilized and 

physisorbed PEMS for bacterial adhesion. While the absolute average values for the 

immobilized films are consistently lower than the physisorbed, the standard deviations for all 

conditions result in non-significant p-values (p>0.05). 

 

The surface area covered by dead bacteria (measured as a percentage) remained relatively 

constant over all conditions on the surface of the PEM/TCPS (<5%, Table 6). Dead cells lift off 

of the PEM/TCPS surface and enter the surrounding media. Therefore we investigated the 

number and viability of bacterial cells in the spent medium.  
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Table 6: Dead cell area coverage (%) for physisorbed and immobilized PEM bacterial adhesion studies at 24h 
and 48h (n≥6) 

Condition 24h 48h 

 Physisorbed Immobilized Physisorbed Immobilized 

TCPS 2.5 ± 0.8 1.3 ± 0.1 5.4 ± 0.7 2.4 ± 0.7 

0μM 1.6 ± 0.4 1.2 ± 0.7 3.7 ± 1.4 1.6 ± 0.8 

2μM 3.1 ± 1.4 0.6 ± 0.4 2.3 ± 0.9 0.6 ± 0.1 

8μM 1.1 ± 0.4 0.4 ± 0.0 1.5 ± 0.8 0.9 ± 0.4 

16μM 0.5 ± 0.3 0.4 ± 0.1 1.2 ± 0.6 0.5 ± 0.0 

 

The number of live cells in the broth was calculated based on OD600 and LIVE/DEAD staining 
(Figure 17A). At 24h, all PEM-based cultures exhibited fewer live cells in solution than TCPS 
controls. There was no significant change in live cells based on LL-37 concentration. Based on 
our release profile, for physisorbed PEMs <20% of the LL-37 is released into the broth by 24h; 
therefore, the dilute LL-37 concentration may not have a significant effect on bacterial viability in 
the broth.  
 

 
Figure 17: Live E. coli/initial seeded density over time in broth from (A) physisorbed and (B) immobilized LL-
37 modified and unmodified PEMs and TCPS controls for bacterial adhesion on HA ending side of PEM. (n≥3) 
Significance compared to TCPS controls (*), 0μM (#), 2μM (+), 8μM (†)  (p<0.05) 

 

At the end of 24h the PEMs were rinsed and the spent broth was replaced with fresh LB.  In this 

manner, bacteria present in solution were removed leaving only the cells on the surface of the 

PEMs or the TCPS to repopulate the media. At 48h we saw a decrease from 100% live/seeded 

bacteria to approximately 30% for all physisorbed LL-37 modified conditions while the TCPS 

and unmodified films exhibited a 50% increase in live bacteria. 

 

Broth values for bacteria in contact with immobilized films mimicked the values obtained at 24h 

for physisorbed PEMs (Figure 17B). In contrast, the number of live cells doubled by 48h. Based 
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on the release profile, LL-37 is not being released into the surrounding media to kill planktonic 

bacteria.  Thus, any live planktonic cells would have the time to proliferate. 

 

3.3.4 Contact Killing Studies  

PEMs were modified with LL-37. These films were placed above a culture of E. coli. After 24h 

and 48h, the PEMs were removed and the underlying cultures were stained with LIVE/DEAD 

solutions and imaged. Unlike the bacterial adhesion studies, the unmodified PEMs did not 

exhibit a significant decrease in the surface coverage of live bacteria when compared to the 

TCPS samples (Figure 18).  

 

 
Figure 18: LIVE/DEAD staining of E. coli on physisorbed LL-37 modified PEMs for contact killing studies at 
24h. (Magnification=20x, Scale bar=100μm, Green = live cells, Red = dead cells) 

 

For the physisorbed films, the 8μM and 16μM modified films showed significant decreases in 

the surface coverage by bacteria compared to the TCPS and unmodified controls (Figure 18A). 

The 16μM films also exhibited statistically lower live cell coverage than the 2μM and 8μM PEMs. 

These findings indicate that the concentration of the LL-37 is an important factor for contact 

killing especially over time a 48h time period.  
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Figure 19: Live bacteria %area coverage over time on (A) physisorbed and (B) immobilized LL-37 modified 
and unmodified PEMs and TCPS controls for contact killing on HA ending side of PEM. (n≥3) Significance 
compared to TCPS controls (*), 0μM (#), 2μM (+), 8μM (†)  (p<0.05). 

 

Immobilized LL-37-PEMs exhibited bacterial areas that were statistically lower than the TCPS 

and unmodified controls (Figure 19B, 20). All modified PEMs exhibited live bacteria coverage 

<20% over 48h. The 16μM films exhibited the lowest coverage at approximately 5%.  

 

 
Figure 20: LIVE/DEAD staining of E. coli on immobilized LL-37 modified PEMs for contact killing studies at 
24h. (Magnification=20x, Scale bar=100μm, Green = live cells, Red = dead cells) 
 

The LL-37 immobilized films show much lower coverage than their physisorbed counterparts. 

The values of surface coverage by live bacteria are significantly less on the 2μM and 8μM films 

when immobilized compared to physisorbed. The presence of LL-37 on the surface of the PEM 

can be contributing to this effect. The release of LL-37 into the surrounding medium over time 

from the physisorbed films is likely contributing to their lower performance, however, such PEMs 

appear to better control the numbers of live bacteria in the surrounding environment. The 16μM 
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physisorbed films exhibit the same percent of surface-adherent bacteria.  We attribute this result 

to the higher concentration of the input LL-37 solution.  

 

3.4 Discussion 

E. coli strain DH10B was placed in contact with LL-37 modified PEMs. These PEMs were 

modified through physisorption or covalent linking of 2μM, 8μM and 16μM LL-37. The range of 

LL-37 was based on corresponding values for MIC. While the MIC for DH10B was found to be 

8μM in solution, we wanted to determine if the presence of LL-37 on a PEM could deter 

bacterial adhesion and growth. PEMs were tested in the presence of bacteria in two ways: a) 

bacterial adhesion and b) contact killing. Bacterial adhesion tests were used to determine the 

ability of an AMP-modified PEM to prevent bacterial adhesion and subsequent growth. In 

contrast, contact killing studies were used to establish the modified PEM’s ability to neutralize 

an existing culture. 

 

Bacterial adhesion tests demonstrated that even in the absence of an AMP, COL/HA PEMs 

were able to inhibit bacterial adhesion. This antimicrobial effect can be attributed to the negative 

zeta potential on the surface of the COL/HA PEM which could deter the adhesion of negatively 

charged bacteria. In addition, the hydrated state of the films can result in a thermodynamically 

unfavorable environment for cell attachment and spreading [293-295]. Lastly, the components of 

the films, COL and HA, result in a similar cationic and amphipathic makeup as an AMP [296, 

297]. The cationic and hydrophobic components could interact with bacterial membranes and 

further discourage adhesion on the PEM surface. Additional studies in the future will provide 

deeper insights into the mechanisms by which COL/HA PEMs exhibit antimicrobial properties.  
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The negative charge of the unmodified PEMs themselves can repel some bacteria from 

adhering. However, with an increase in zeta potential through the addition of LL-37, we still see 

a decrease in adhesion. This would indicate that the addition of LL-37 can deter adhesion even 

without significant negative potential. Instead, the less negative character of the LL-37 modified 

PEM is attractive to the negatively charged bacteria. The LL-37 on the PEMs can then interact 

with the membrane surface. 

 

LL-37 functions through the toroidal pore mechanism. Groups of LL-37 α-helices come together 

on the surface of bacteria to form pores. This would indicate that higher concentrations of LL-37 

could form more pores killing more bacteria. However, anti-biofilm activity has been seen at 

concentrations below the MIC (25% MIC; [223, 227]) indicating that 2μM can still deter 

adhesion.  We observed this result with the COL/HA PEM cultures.  

 

The MIC by definition is the minimum inhibitory concentration, not bactericidal concentration. 

While 8μM may deter the growth of more bacteria, it is not as potent in killing as many bacteria 

as an AMP concentration of 16μM. Since 16μM is 200% of the MIC, there is a greater 

concentration of LL-37 to simultaneously reduce adhesion and promote bacterial death.  

 

We also investigated the concentrations of live bacteria in the spent broth. There were 

significant differences between the bacterial broth from LL-37 physisorbed and immobilized film 

cultures. We observed that when LL-37 was physisorbed to PEMs, the resulting bacterial 

concentration was 160% percent lower than their corresponding immobilized counterparts. This 

difference can be attributed to the LL-37 release from the surface of the PEMs. By 48h 

approximately 60% of the input LL-37 concentration is released into the surrounding broth from 

physisorbed PEMs whereas there was no detectable LL-37 released from the immobilized films. 

This lack of release resulted in uninhibited planktonic bacterial growth. 
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Results obtained from contact killing demonstrated that AMP-modified PEMs can neutralize 

bacteria that are adherent on a plastic surface. Under these experimental conditions, 

immobilized LL-37 PEMs exhibited consistently lower cell coverage over the 48h period. This is 

attributed to the lack of release of the AMP when it is covalently linked to a COL/HA PEM. 

These data would suggest that to neutralize adherent bacteria a covalently linked LL-37 

modified PEM would result in lower live cell coverage over time.   

 

3.5 Conclusion 

We have demonstrated that COL/HA PEMs alone exhibit some antimicrobial properties.  

Although, the exact mechanisms are not known, we hypothesize that a combination of protein 

charge, hydration and surface properties play a role. Our results indicate that when LL-37 is 

physisorbed on a COL/HA PEM it serves to prevent bacterial adhesion on the substrate as well 

as to kill pathogens in the surrounding environment.  In contrast, immobilizing LL-37 resulted in 

better results when placed in contact with bacteria that had been growing on a plastic surface.  

In the future, incorporating LL-37 in PEMs via simultaneous physisorption and covalent linking 

may result in completely neutralizing bacteria on surfaces as well as in the surrounding aqueous 

environment.  
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4 LL-37 Modified Films in Contact with Hepatic 

Cells 

Research Aims: 

4) Culture hepatic cells on LL-37 modified PEMs.  

5) Co-culture hepatic cells and bacteria on LL-37 modified PEMs  

 

4.1 Introduction 

The liver is continuously exposed to toxins and pathogens due to its connection with the GI tract 

and its detoxification and metabolic functionalities [227, 228]. The presence of immune cells in 

the liver sinusoid as well as the flow of blood through the liver work together to prevent hepatic 

infection [230, 231]. However, when the liver is damaged due to trauma or disease, infections 

can become more severe. Therefore, it is crucial to study hepatic infections.  

 

The Rajagopalan research group has designed a liver model which combines hepatic cells 

separated by a polymeric Space of Disse [47, 48, 98]. It would be beneficial to modify this 

polymeric interface, comprised of a COL/HA PEM with an antimicrobial agent, such as LL-37, to 

study hepatic cells in an infected environment. While it is necessary to determine the 

bactericidal capabilities of LL-37, it is also important to determine the selectivity of the peptide 

so that this peptide does not kill or reduce the phenotypic functions of hepatic cells. 

 

LL-37 is naturally present in the human body at constitutively expressed low levels 0.2-1μM in 

serum. Increasing concentrations of LL-37 aids in microbial neutralization and wound healing, 

but excessive LL-37 concentrations can do damage to host cells [222]. LL-37 has been shown 
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to promote apoptosis of epithelial cells, smooth muscle cells, and T-cells at concentrations 

between 6-11μM and has been shown to be cytotoxic above 13μM [223, 290]. LL-37 has also 

been found at elevated levels in patients with skin disorders such as psoriasis (200-500μM) 

[175, 187, 195, 205] as well as individuals with liver disease like hepatitis C (2-fold higher serum 

levels than healthy individuals) [298, 299].  

 

In an article by Park et al., the AMP melittin, a component of bee venom, was used to deter the 

effect of LPS on hepatic cells [300]. Mice were administered LPS in the presence and absence 

of melittin. Mice treated with melittin exhibited lower levels of inflammatory cytokines in serum, a 

decrease in hepatocyte apoptosis, and an inhibition in the expression of caspase-3 than 

untreated mice. These results indicated that melittin had a protective effect against hepatic 

infection [300, 301]. While this AMP functioned against LPS, this xenogeneic peptide could 

cause adverse health effects in humans, especially at high concentrations. Therefore, an AMP 

of human origin was desired for experiments which would be used to study hepatic infection. 

The human cathelicidin LL-37 was chosen. 

 

Similar to Park et al., Suzuki et al. performed an in vivo study wherein they injected mice with 

LPS and then studied the response of this toxin in the presence and absence of LL-37 (50μg 

LL-37/mouse) [174]. LPS alone showed significant hepatocyte and LSEC apoptosis while 

injections coupled with LL-37 exhibited 3-fold less hepatic death. Likewise, in Cirioni et al., rats 

were injected with LPS or E. coli along with various antibiotics such as polymyxin B, imipenem, 

and piperacillin. LL-37 was also administered at a dose of 1mg/kg [302]. Levels of inflammatory 

cytokines (such as IL-6 and TNF-α) and bacterial counts in the blood, spleen and liver were 

measured. Rats treated with LL-37 showed the lowest lethality (25% verses 100%) when 

infected with E. coli and a significant reduction in bacterial counts in the liver compared to 
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controls (105 CFU/mL compared to 107 CFU/mL). These studies investigated in vivo effects of 

LL-37 on bacteria in the liver.  

 

There has been significant research conducted using hepatic cells in contact with PEMs. The 

adhesion and function of hepatic cells could be modified by altering PE chemistry, assembly pH, 

or modification of the PEM surface [24, 28, 30]. The Rajagopalan group has previously shown 

enhanced hepatic function when PEMs were utilized to imitate the Space of Disse to mimic the 

3D stratified structure of a liver sinusoid [47, 48, 54, 98]. Nonetheless, none of these PEM 

based hepatic studies focused on liver function in the presence of an infection.  

 

As mentioned in Chapter 1, there has been significant work using PEMs impregnated or coated 

with antibiotics and AMPs to deter microbial infections. However, the majority of these studies 

are tested in vitro against fibroblasts, cancer cells, or in whole animal in vivo models [178, 186, 

237, 240, 254]. Hepatic infections are a serious problem, especially in those patients already 

suffering from liver disease.  To the best of our knowledge, there have been no studies that 

have combined AMPs and PEMs to study hepatic infections. 

 

In this work we investigated in vitro cultures of primary hepatocytes in contact with physisorbed 

and immobilized LL-37 modified PEMs at concentrations between 0-16μM. We also studied the 

response of hepatocyte and E. coli co-cultures when in contact with these thin films to 

determine the selectivity and protective effects of LL-37 in contact with mammalian and bacterial 

cells.  
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4.2  Materials and Methods 

Dulbecco’s modified Eagle medium (DMEM), PBS, and penicillin-streptomycin were purchased 

from Invitrogen Life Technologies (Carlsbad, CA). Glucagon, calcium chloride, hydrocortisone, 

sodium dodecyl sulfate (SDS), glutaraldehyde, calf thymus DNA, Hoechst 33258 pentahydrate-

bis-benzimide dye, and collagenase type IV were obtained from Sigma-Aldrich (St. Louis, MO). 

All other chemicals were ordered from Fisher Scientific (Pittsburgh, PA) unless otherwise stated. 

 

4.2.1 Isolation and Culture of Rat Hepatocytes  

Primary hepatocytes were isolated from female Lewis rats (175-200g; Harlan Laboratories, 

Indianapolis, IN) using a two-step in situ collagenase perfusion technique [48, 270]. Surgical 

protocols and animal care practices followed Virginia Tech’s Institutional Animal Care and Use 

Committee requirements. After surgery and isolation, viabilities (typically ≥97%) were 

determined via trypan blue exclusion. A typical surgery resulted in 150-200 million hepatocytes. 

 

For HM controls, cells were cultured on collagen gels.  COL (0.25mL, 1.1mg/mL) was added to 

each well and gelation was induced by incubating the collagen solution at 37°C for 

approximately 45min. For LL-37 modified PEM samples (physisorbed and immobilized), 

detached PEMs were placed in wells and held down with stainless steel washers and hydrated. 

The PEMs were sterilized by exposure to germicidal UV for 60min. Hepatocytes were seeded at 

a density of 0.6 x 106 cells/well in 0.5mL hepatocyte-specific medium [48, 98]. 

 

Cultures were maintained in hepatocyte-specific media containing DMEM supplemented with 

10% (v/v) heat-inactivated fetal bovine serum, 100 U/ml penicillin-streptomycin, 0.5 IU/ml 

insulin, 14.3 ng/ml glucagon, 20 ng/mL epidermal growth factor and 7.6 μg/ml hydrocortisone. 
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Spent medium was collected every 24h and stored at -80°C until analysis. Cultures were 

maintained in a 10% CO2, 37°C humidified incubator.  

 

4.2.2 Assaying for DNA 

At the end of the culture period, COL gels and PEMs were digested with 0.1 w/v% collagenase 

and 2.5 v/v% trypsin, respectively, to allow for the release of hepatocytes. Released cells were 

lysed in a 0.1% SDS solution. Lysates were treated with a light sensitive DNA-binding dye 

(Hoechst 33258).  Fluorescent intensities were measured using a SpectraMax M2 plate reader 

(Ex: 355nm, Em: 460nm). Absorbance values were converted to DNA concentrations via 

comparison to a calf thymus DNA standard curve.  

 

4.2.3 Urea Secretion 

Hepatocyte function was determined by measuring secreted urea in spent medium. Media 

samples were placed in a 96 well plate in triplicate along with standards generated from diluted 

urea in hepatocyte media. Urea Nitrogen (BUN) test kit solutions were used according to 

manufacturer’s instructions (Stanbio Laboratory, Boerne TX). Plates were sealed with acetate 

plate sealers and incubated in a 60°C water bath for 90min. Plates were then removed from the 

water and placed on ice for 10min before reading on a SpectraMax M2 microplate reader with 

an absorbance dual endpoint ranging from 520-650nm.  

 

4.2.4 Albumin Secretion 

Albumin concentrations were determined from spent hepatocyte media. An enzyme-linked 

immunosorbent assay (ELISA) was conducted using a polyclonal anti-rat albumin antibody 

(Cappel Laboratories, Cochranville, PA) [54]. The albumin concentration was measured dual 
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endpoints from 490-650nm, using a SpectraMax M2 microplate reader. Standard curves were 

generated using purified rat albumin in hepatocyte culture medium. 

 

4.2.5 Imaging Hepatocytes for Albumin by Immunostaining 

Hepatocyte cultures were fixed with 2% (w/v) glutaraldehyde in 1XPBS. The cultures were then 

exposed to 0.1% (w/v) sodium borohydride to prevent auto-fluorescence. Cultures were 

sequentially exposed to 0.1% (v/v) Triton X-100 in 1XPBS and a 1% (w/v) bovine serum 

albumin (BSA/PBS) blocking suspension with rabbit serum to reduce non-specific binding. 

Cultures were incubated with a sheep-anti rat FITC-conjugated albumin antibody (ab53435; 

Abcam, MA). Cells were maintained in 25% (v/v) glycerol and stored at 4°C until imaging using 

a green filter on a Nikon Eclipse TE2000-U microscope (Nikon, Linthicum MD). Mean 

fluorescent intensities were used to determine the presence of albumin in the cultures. 

 

4.2.6 Hepatocyte/E. coli Co-cultures 

Hepatocytes were seeded on PEMs and COL gels as described above. They were maintained 

in hepatocyte medium without the antibiotics penicillin and streptomycin. Culture plates were 

incubated at 37°C with 10% CO2. After 5h, E. coli were added to the cell cultures at 1:1 and 2:1 

ratios of hepatocytes:bacteria. Bacteria were incubated with hepatocytes for 1h; the media was 

collected and 1mL fresh hepatocyte medium was added. Media was collected after an additional 

6h and 12h (Figure 21). Phase images were taken between media collections to determine 

morphological changes in the co-cultures. Secreted albumin and urea concentrations in spent 

medium were quantified as described above. OD600 values from the spent medium were also 

determined using a SpectraMax M2 plate reader. 
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Figure 21: Timeline for hepatocyte/bacteria co-cultures 

 

For the hepatocyte/bacteria co-culture conditions, we have used the following notation. An “HM” 

and “P” refer to hepatocytes seeded on a COL gel and a PEM, respectively. LL-37 

concentrations of 0μM and 16μM are denoted “0” or “16”. Physisorbed or covalently immobilized 

LL-37 on the PEM surface are abbreviated as “Phys” and “Imm”, respectively.  Ratios of 

hepatocytes:bacteria are denoted as “1:1” or “2:1”. Therefore, a PEM with 16μM physisorbed 

LL-37 with a 2:1 hepatocyte:bacteria ratio is represented as P/Phys/16/2:1. 

 

4.2.7 Statistics 

All hepatocyte and co-culture testing was conducted with a sample size of n=3. A two-tailed t-

test (α<0.05) was used to determine significance between 2:1 and 1:1 hepatocyte:bacteria 

ratios.  

 

4.3 Results 

4.3.1 Hepatocyte Monolayers 

Hepatocyte monocultures on COL gels and LL-37 modified PEMs were monitored over 5 days. 

Phase images were taken every 24h. On day 1 (24h after seeding), there were no significant 

morphological differences between culture conditions. By day 5 in contact with physisorbed and 

immobilized films,  approximately 50% of the hepatocytes showed a rounded morphology on 



63 

 

0μM, 2μM and 8μM films compared to the >90% hepatocytes on the 16μM PEMs that exhibited 

an elongated fibroblast-like morphology (Figure 22A,B).  

 

 
Figure 22: Phase images for hepatocytes on HM gel or (A) physisorbed and (B) immobilized LL-37 modified 
PEMs at day 1 and day 5 of culture. (Magnification = 10X, Scale bar = 200μm, n=3) 

 

DNA content from hepatocytes was quantified after 5 days of culture (Table 7). All PEM 

samples exhibited similar DNA content. HM DNA values were suspect and will require future 

analysis. 

 

Urea and albumin values were measured using spent medium samples (Figure 23A,B); these 

values were normalized to the number of hepatocytes seeded (6x105 cells).  All urea values for 

physisorbed and immobilized PEM samples were within ±20% indicating that concentrations of 

LL-37 up to 16μM did not have a significant impact of urea levels on Day 2 (48h). A Day 2 time 

point was chosen to match the 48h bacterial culture periods in contact with LL-37 modified films. 
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Table 7: DNA content (μg DNA/mL) from hepatocytes on LL-37 physisorbed and immobilized films (n=3)  

Condition Physisorbed Immobilized 

HM 12.82 ± 1.27 6.59 ± 0.50 

0μM 5.52 ± 2.19 5.23 ± 2.33 

2μM 4.35 ± 2.51 5.46 ± 1.11 

8μM 5.59 ± 1.62 5.20 ± 2.04 

16μM 5.91 ± 1.58 5.30 ± 0.75 

 

 
Figure 23: Secreted (A) urea and (B) albumin levels from hepatocyte monocultures after 48h for HM controls 
(striped) and physisorbed and immobilized PEMs normalized by the number of seeded hepatocytes. (n=3) 
Significance between physisorbed and immobilized films (*, p<0.05). 

 

Albumin levels were measured using an ELISA assay as well as immunostaining. Albumin 

levels from the ELISA were consistently lower for LL-37 immobilized on PEMs compared to 

physisorbed. However, there was no significant difference between 2μM, 8μM or 16μM LL-37 

indicating that the immobilization process and not the LL-37 alone may be the cause for the 

lower albumin secretion. Hepatocytes seeded on immobilized PEMs exhibited lower fluorescent 

intensities at 8μM and 16μM compared the physisorbed films when albumin immunostaining 

was performed (Figure 24). These differences in albumin quantification could be due to the 

technique used. An ELISA assay measures the total albumin secreted into the media from live 

and dead cells. Concentrations are determined by a color change in samples. In contrast, 

immunostaining detects cytoplasmic albumin.  
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Figure 24: Albumin Immunostaining on LL-37 (A) physisorbed and (B) immobilized PEMs. (Magnification = 
10x, Scale bar = 100μm, n=3)  

 

Since the presence of LL-37 at concentrations up to 16μM did not cause any cytotoxic effects to 

the hepatocytes, we then investigated the addition of bacteria to these cultures. 

 

4.3.2 Hepatocyte/E. coli Co-cultures  

Hepatocyte/E. coli co-cultures were monitored over 18h. In this study, our goal was to determine 

the effect of LL-37 modified PEMs on the death or survival of bacteria and hepatocytes when 

cultured together. This experiment represented a static infected hepatic environment and serves 

as the initial set of experiments toward gaining a deeper understanding on how AMPs, bacteria, 

and hepatic cells mutually interact with each other. Please refer to Figure 21 for a detailed 

timeline on the sequence of steps in these experiments. Levels of secreted albumin and urea 

were measured as well as OD600 measurements in the spent medium to determine the function 

of the hepatocytes and the presence of bacteria.  

 

Co-cultures at t=6h exhibited statistically similar urea secretion values for all conditions 

regardless of hepatocyte:E. coli ratios. At t=12h, the urea values for hepatocytes on PEMs at a 

2:1 hepatocyte:bacteria were statistically higher than 1:1 co-cultures (Table 8, Figure 25). 

These results indicate that urea secretion is dependent on the number of hepatocytes relative to 
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bacteria as well as the time point at which aliquots are obtained. In addition, urea levels on 

PEMs modified with 16μM LL-37 were higher for the 2:1 hepatocyte:E. coli ratio than unmodified 

PEMs. These data indicate that the presence of LL-37 has a protective effect on hepatocytes 

which is reflected by higher urea secretion.  

 
Table 8: Hepatocyte:Bacteria co-culture urea secretion (μg urea/mL) in spent medium over time (un-
normalized) (n=3) 

Condition T=6h T=12h T=18h 

HM 19.86 ± 2.81 12.81 ± 2.41 10.51 ± 1.17 

HM/1:1 15.97 ± 1.72 7.78 ± 2.12 4.27 ± 0.87 

HM/2:1 17.21 ± 0.85 8.12 ± 0.69 6.43 ± 0.51 

P/0/1:1 16.77 ± 0.96 5.81 ± 1.13 5.89 ± 1.53 

P/0/2:1 20.12 ± 3.20 8.17 ± 0.69 5.70 ± 0.99 

P/Phys/16/1:1 16.09 ± 1.82 6.50 ± 2.38 4.76 ± 1.82 

P/Phys/16/2:1 18.76 ± 0.97 10.60 ± 1.18 12.74 ± 0.85 

P/Imm/16/1:1 21.01 ± 2.31 4.93 ± 2.45 6.49 ± 1.17 

P/Imm/16/2:1 17.30 ± 2.86 12.15 ± 1.25 5.52 ± 3.15 

 

 
Figure 25: Secreted urea from hepatocyte/bacteria co-cultures with 1:1 and 2:1 hepatocyte:E.coli ratios at 
12h.  Significant difference between 1:1 and 2:1 ratios (*), compared to P/0 (#, p<0.05). (n=3) 

 

These trends did not hold at the 18h time point. Unfortunately, by 18h, there was significant 

contamination of the hepatocyte media indicated by a color change from red to yellow. Visual 

inspection of the hepatocytes showed >95% cell death for all samples except control HMs 

without bacteria (Figure 26). However, the P/Phys/16/2:1 condition did exhibit statistically 

equivalent urea secretion to HM controls at 18h. This would indicate that urea function can be 

protected even at later time points in the presence of physisorbed LL-37 in less concentrated 
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bacterial cultures. Since LL-37 can be released from physisorbed films, the AMP can interact 

with the planktonic bacteria to decrease the impact of contamination on the hepatocytes. 

 

 
Figure 26: Images of hepatocyte/bacteria co-cultures at 6h, 12h, and 18h after hepatocyte seeding for 2:1 
hepatocyte:E. coli ratio and HM controls. (Magnification = 20x, Scale bar = 200μm, n=3) 

 

Albumin secretion was also monitored over the co-culture period. The albumin values at 6h and 

18h were not significant from one another (Table 9). High albumin values at 6h can be 

attributed in part to the smaller volume of media in contact with cells for the first 6h (0.5mL) after 

seeding verses 1mL after every subsequent media change. While albumin concentrations 
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dropped at 12h there were significantly higher secretions for 2:1 ratios compared to 1:1, similar 

to the previous urea measurements (Figure 27A).   

 

Table 9: Hepatocyte:Bacteria co-culture albumin secretion (μg urea/mL) in spent medium over time (un-
normalized) (n=3) 

Condition T=6h T=12h T=18h 

HM 0.79 ± 0.09 0.11 ± 0.02 0.08 ± 0.03 

HM/1:1 0.88 ± 0.07 0.07 ± 0.01 0.04 ± 0.01 

HM/2:1 0.78 ± 0.02 0.09 ± 0.02 0.05 ± 0.01 

P/0/1:1 0.96 ± 0.02 0.12 ± 0.02 0.04 ± 0.01 

P/0/2:1 0.68 ± 0.01 0.10 ± 0.03 0.03 ± 0.00 

P/Phys/16/1:1 0.95 ± 0.08 0.08 ± 0.02 0.03 ± 0.00 

P/Phys/16/2:1 0.91 ± 0.05 0.15 ± 0.02 0.03 ± 0.00 

P/Imm/16/1:1 0.82 ± 0.04 0.06 ± 0.02 0.03 ± 0.00 

P/Imm/16/2:1 0.77 ± 0.06 0.17 ± 0.03 0.02 ± 0.01 

 

 
Figure 27: (A) Secreted albumin levels and (B) OD600 measurements from spent medium at 12h for 1:1 and 2:1 
hepatocyte:bacteria ratios. (n=3) 

 

OD600 measurements were also taken on the spent media to determine the number of cells in 

the medium. OD600 values were highest at t=6h. At this time point planktonic bacteria were 

removed from wells (after the 1h incubation with hepatocytes) (Table 10). From these 

measurements we cannot determine if the cells in the culture medium are hepatocytes or 

planktonic bacteria. Further studies will enable a precise identification of mammalian and 

bacterial cell populations in the culture medium. However, these data suggest that the number 

of cells floating in the medium from LL-37 modified PEM cultures resulted in lower OD600 values 
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(Figure 27B). The values were lowest for the physisorbed films at a 2:1 ratio compared to the 

immobilized PEMs which mimics the broth studies previously conducted on bacteria alone.  

 
Table 10: Hepatocyte:Bacteria co-culture OD600 in spent medium over time (n=3) 

Condition T=6h T=12h T=18h 

HM 0.33 ± 0.06 0.02 ± 0.00 0.01 ± 0.00 

HM/1:1 0.28 ± 0.09 0.01 ± 0.00 0.07 ± 0.01 

HM/2:1 0.34 ± 0.06 0.01 ± 0.01 0.05 ± 0.01 

P/0/1:1 0.24 ± 0.07 0.02 ± 0.01 0.12 ± 0.01 

P/0/2:1 0.22 ± 0.05 0.03 ± 0.01 0.11 ± 0.02 

P/Phys/16/1:1 0.18 ± 0.00 0.02 ± 0.00 0.09 ± 0.01 

P/Phys/16/2:1 0.25 ± 0.02 0.01 ± 0.01 0.12 ± 0.05 

P/Imm/16/1:1 0.25 ± 0.05 0.02 ± 0.00 0.10 ± 0.01 

P/Imm/16/2:1 0.19 ± 0.03 0.04 ± 0.02 0.10 ± 0.00 

 

4.4  Discussion 

Primary rat hepatocytes were cultured on LL-37 PEMs. In previous chapters, we have reported 

that AMP-modified PEMs can neutralize bacteria.  Herein, we have demonstrated that up to an 

input concentration of 16μM, LL-37 does not exhibit cytotoxic effects on hepatocytes.  

 

In hepatocyte monocultures, hepatocytes cultured on LL-37 physisorbed films exhibited higher 

albumin secretion than cells on immobilized PEMs. The immobilization process using 

carbodiimide chemistry may alter the surface of the PEM. If the covalent linking process can 

interact with the free HA and COL molecules in the PEM, the stiffness could be increased [271]. 

Stiffness of underlying substrates has been shown to affect hepatocyte function. Earlier reports 

in the literature have shown that hepatocytes on stiffer substrates exhibit better adhesion but 

lower functional capacilities such as albumin secretion [28].  

 

Physisorbed films release LL-37 into the surrounding medium over time while immobilized films 

show no detectable release. For these hepatocyte specific studies, the physisorbed films 

represent a culture in which LL-37 is being slowly removed from the liver, as would be 
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representative of LL-37 or other AMPs circulating through this organ [174, 223]. In the 

immobilized LL-37 PEM cultures, hepatocytes are constantly exposed to LL-37. Such a culture 

may better emulate an injured or infected liver in which AMP levels would be highly expressed 

for longer periods of time [298, 299]. 

 

Once it was estabilished that the LL-37 concentrations tested were not harmful to the 

hepatocytes, co-cultures of primary hepatocytes and E. coli were investigated. In the liver, 

hepatocytes are separated from the blood by the Space of Disse and NPCs [96]. This would 

reduce their direct exposure to microbes and their metabolites. This work demonstrated that in 

the presence of LL-37 modified PEMs, even hepatocytes in direct contact with E. coli exhibited 

better function (albumin and urea secretion) than on PEMs alone. Hepatocytes in these 

experiments were seeded directly on top of LL-37 modified PEMs rather than on collagen gels 

and overlayed with multilayer films like the previously mentioned 3D liver models [47, 48]. For 

future studies it will be beneficial to introduce E. coli into a 3D construct to determine the 

hepatoprotective effects of the LL-37 modified PEMs when they are able to act not only as an 

antimicrobial film but also a barrier to the hepatocytes as would be seen in vivo. 

 

NPCs have also been incorporaed in the 3D liver models in the Rajagopalan research group 

[47, 48]. In furture studies, since LL-37 is a known chemoattractant for macrophages, it is 

desirable to expand this hepatocyte/bacteria co-culture research to a tri-culture containing liver 

macrophages, KCs  [206, 210, 211, 218, 223, 224]. The addition of more liver cells types can 

give a more holistic view of the liver microenvironment and will influence the bacterial infection 

potential.  
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4.5  Conclusions 

In this study we have shown the effects of LL-37 in co-cultures of bacteria and hepatocytes. In 

hepatic monocultures, LL-37 concentrations up to 16μM did not exhibit any cytotoxic effects to 

the mammalian cells. In addition the LL-37 modified PEMs exhibited a hepatoprotective effect 

on albumin and urea secretion functions in co-cultures. These findings are encouraging that 

AMP-modified PEMs can be introduced into 3D liver models to study hepatic infections.  

  



72 

 

References 
1. Morawetz, H., Macromolecules in solution. 2d ed. High polymers : a series of 

monographs on the chemistry, physics, and technology of high polymeric substances v 
21. 1975, New York: Wiley. xvii, 549 p. 

2. Anderson, C.F. and H. Morawetz, Polyelectrolytes, in Kirk-Othmer Encyclopedia of 
Chemical Technology, M. Grayson, Editor 1982, Wiley-Interscience: New York. p. 495-
530. 

3. Billmeyer, F.W., Textbook of polymer science. 3rd ed. 1984, New York: Wiley. xviii, 578 
p. 

4. Armstrong, R.W. and U.P. Strauss, Polyelectrolytes, in Encyclopedia of Polymer Science 
and Technology, H.F. Mark, N.G. Gaylord, and N.M. Bikales, Editors. 1969, Wiley-
Interscience: New York. p. 781-861. 

5. Decher, G., Fuzzy nanoassemblies: Toward layered polymeric multicomposites. 
Science, 1997. 277(5330): p. 1232-1237. 

6. Decher, G., Polyelectrolyte multilayers: An overview. Abstracts of Papers of the 
American Chemical Society, 2002. 223: p. U374-U374. 

7. Decher, G. and J.B. Schlenoff, Multilayer thin films : sequential assembly of 
nanocomposite materials. 2nd, compl. rev. and enl. ed. 2012, Weinheim: Wiley-VCH. 

8. Schlenoff, J.B. and S.T. Dubas, Mechanism of Polyelectrolyte Multilayer Growth: Charge 
Overcompensation and Distribution. Macromolecules, 2001. 34: p. 592-598. 

9. Lvov, Y., G. Decher, and H. Mohwald, Assembly, Structural Characterization, and 
Thermal-Behavior of Layer-by-Layer Deposited Ultrathin Films of Poly(Vinyl Sulfate) and 
Poly(Allylamine). Langmuir, 1993. 9(2): p. 481-486. 

10. Decher, G., J.D. Hong, and J. Schmitt, Buildup of Ultrathin Multilayer Films by a Self-
Assembly Process .3. Consecutively Alternating Adsorption of Anionic and Cationic 
Polyelectrolytes on Charged Surfaces. Thin Solid Films, 1992. 210(1-2): p. 831-835. 

11. Fery, A., et al., Nanoporous thin films formed by salt-induced structural changes in 
multilayers of poly(acrylic acid) and poly(allylamine). Langmuir, 2001. 17(13): p. 3779-
3783. 

12. Schlenoff, J.B., H. Ly, and M. Li, Charge and mass balance in polyelectrolyte 
multilayers. Journal of the American Chemical Society, 1998. 120(30): p. 7626-7634. 

13. Liu, X., et al., Multilayers of weak polyelectrolytes of low and high molecular mass 
assembled on polypropylene and self-assembled hydrophobic surfaces. Langmuir, 2011. 
27(8): p. 4541-50. 

14. Joseph, N., et al., Layer-by-layer preparation of polyelectrolyte multilayer membranes for 
separation. Polymer Chemistry, 2014. 5. 

15. Boudou, T., et al., Multiple Functionalities of Polyelectrolyte Multilayer Films: New 
Biomedical Applications. Advanced Materials, 2010. 22(4): p. 441-467. 

16. Minnikanti, S., A. Gangopadhyay, and D.R. Reyes, Polyelectrolyte Multilayers in 
Microfluidic Systems for Biological Applications. Polymers, 2014. 6: p. 2100-2115. 

17. Lutkenhaus, J. and P.T. Hammond, Electrochemically enabled polyelectrolyte multilayer 
devices: from fuel cells to sensors. Soft Matter, 2007. 3: p. 804-816. 

18. Fadhillah, F., et al., Development of polyelectrolyte multilayer thin film composite 
membrane for water desalination application. Desalination, 2013. 318: p. 19-24. 

19. Picart, C., et al., Primary cell adhesion on RGD-functionalized and covalently crosslinked 
thin polyelectrolyte multilayer films. Advanced Functional Materials, 2005. 15(1): p. 83-
94. 

20. Langer, R. and J.P. Vacanti, Tissue engineering. Science, 1993. 260(5110): p. 920-6. 
21. Richert, L., et al., Improvement of stability and cell adhesion properties of polyelectrolyte 

multilayer films by chemical cross-linking. Biomacromolecules, 2004. 5(2): p. 284-294. 



73 

 

22. Boudou, T., et al., Polyelectrolyte Multilayer Nanofilms Used as Thin Materials for Cell 
Mechano-Sensitivity Studies. Macromolecular Bioscience, 2011. 11(1): p. 77-89. 

23. Berg, M.C., et al., Controlling mammalian cell interactions on patterned polyelectrolyte 
multilayer surfaces. Langmuir, 2004. 20(4): p. 1362-8. 

24. Wittmer, C.R., et al., Multilayer nanofilms as substrates for hepatocellular applications. 
Biomaterials, 2008. 29(30): p. 4082-90. 

25. Wood, K.C., et al., Controlling interlayer diffusion to achieve sustained, multiagent 
delivery from layer-by-layer thin films. Proc Natl Acad Sci U S A, 2006. 103(27): p. 
10207-10212. 

26. Richert, L., et al., Cell interactions with polyelectrolyte multilayer films. 
Biomacromolecules, 2002. 3(6): p. 1170-1178. 

27. Boura, C., et al., Endothelial cells grown on thin polyelectrolyte mutlilayered films: an 
evaluation of a new versatile surface modification. Biomaterials, 2003. 24(20): p. 3521-
3530. 

28. Chen, A.A., et al., Modulation of hepatocyte phenotype in vitro via chemomechanical 
tuning of polyelectrolyte multilayers. Biomaterials, 2009. 30(6): p. 1113-20. 

29. Jessel, N., et al., Bioactive coatings based on a polyelectrolyte multilayer architecture 
functionalized by embedded proteins. Advanced Materials, 2003. 15(9): p. 692-695. 

30. Huang, X., et al., Modulating the behaviors of C3A cells via surface charges of 
polyelectrolyte multilayers. Carbohydr Polym, 2013. 92(2): p. 1064-70. 

31. Hubbell, J.A., Bioactive biomaterials. Curr Opin Biotechnol, 1999. 10(2): p. 123-9. 
32. Brunot, C., et al., Response of fibroblast activity and polyelectrolyte multilayer films 

coating titanium. Dental Materials, 2008. 24(8): p. 1025-1035. 
33. Thompson, M.T., et al., Tuning compliance of nanoscale polyelectrolyte multilayers to 

modulate cell adhesion. Biomaterials, 2005. 26(34): p. 6836-45. 
34. Davila, J., et al., Cyto-mechanoresponsive Polyelectrolyte Multilayer Films. Journal of 

the American Chemical Society, 2012. 134(1): p. 83-86. 
35. Gribova, V., R. Auzely-Velty, and C. Picart, Polyelectrolyte Multilayer Assemblies on 

Materials Surfaces: From Cell Adhesion to Tissue Engineering. Chemistry of Materials, 
2012. 24(5): p. 854-869. 

36. Lichter, J.A., K.J. Van Vliet, and M.F. Rubner, Design of Antibacterial Surfaces and 
Interfaces: Polyelectrolyte Multilayers as a Multifunctional Platform. Macromolecules, 
2009. 42(22): p. 8573-8586. 

37. Wittmer, C.R., et al., Fibronectin terminated multilayer films: protein adsorption and cell 
attachment studies. Biomaterials, 2007. 28(5): p. 851-60. 

38. Shen, H., J. Watanabe, and M. Akashi, Heterofunctional Interfaces Achieve Dual Protein 
Adsorption on Polyelectrolyte Multilayers. Polymer Journal, 2009. 41(6): p. 486-491. 

39. Kidambi, S., I. Lee, and C. Chan, Controlling primary hepatocyte adhesion and 
spreading on protein-free polyelectrolyte multilayer films. Journal of the American 
Chemical Society, 2004. 126(50): p. 16286-7. 

40. DeMuth, P.C., et al., Polymer multilayer tattooing for enhanced DNA vaccination. Nat 
Mater, 2013. 12(4): p. 367-76. 

41. Tezcaner, A., et al., Polyelectrolyte multilayer films as substrates for photoreceptor cells. 
Biomacromolecules, 2006. 7(1): p. 86-94. 

42. Brunot, C., et al., Cytotoxicity of polyethyleneimine (PEI), precursor base layer of 
polyelectrolyte multilayer films. Biomaterials, 2007. 28(4): p. 632-640. 

43. Hwang, Y.J., et al., Effect of genipin crosslinking on the optical spectral properties and 
structures of collagen hydrogels. ACS Appl Mater Interfaces, 2011. 3(7): p. 2579-84. 

44. Mehrotra, S., et al., Polyelectrolyte Multilayer Stamping in Aqueous Phase and Non-
Contact Mode. Industrial & Engineering Chemistry Research, 2011. 50(15): p. 8851-
8858. 



74 

 

45. Chaubaroux, C., et al., Collagen-based fibrillar multilayer films cross-linked by a natural 
agent. Biomacromolecules, 2012. 13(7): p. 2128-35. 

46. Zhang, J., et al., Natural polyelectrolyte films based on layer-by layer deposition of 
collagen and hyaluronic acid. Biomaterials, 2005. 26(16): p. 3353-61. 

47. Larkin, A.L., et al., Designing a Multicellular Organotypic 3D Liver Model with a 
Detachable, Nanoscale Polymeric Space of Disse. Tissue Eng Part C Methods, 2013. 

48. Kim, Y., et al., The design of in vitro liver sinusoid mimics using chitosan-hyaluronic acid 
polyelectrolyte multilayers. Tissue Eng Part A, 2010. 16(9): p. 2731-41. 

49. Mhanna, R.F., J. Voros, and M. Zenobi-Wong, Layer-by-layer films made from 
extracellular matrix macromolecules on silicone substrates. Biomacromolecules, 2011. 
12(3): p. 609-16. 

50. Atala, A. and D.J. Mooney, Synthetic biodegradable polymer scaffolds. Tissue Eng. 
1997, Boston: Birkhäuser. xii, 258 p. 
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