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ABSTRACT 

All biomaterials are prone to bacterial adhesion that can further lead to the 

development of biofilms, which are colonies of bacteria surrounded by extracellular 

polymeric substances that are notoriously difficult to treat.  As a method to pre-emptively 

prevent biofilm formation, this dissertation research has focused on understanding how to 

create stimuli-responsive, layer-by-layer (LbL) polymer films that can controllably release 

antibiotics during the early stages of bacterial adhesion. Two complementary strategies 

have been explored for sequestering antibiotics in polymer films, namely (1) temperature-

responsive micellar containers, which can trap hydrophobic small molecules, and (2) pH-

responsive assemblies, which utilize changes in polymer ionization to uptake and release 

cationic small molecules. Recognizing that biomaterials often have complicated 3D 

structures, the LbL technique was chosen for constructing antimicrobial-hosting coatings 

as it enables uniform deposit on a variety of substrates and easily tunable antibiotic 

payload. My goal was to relate stimuli-responsive behavior of polymers in LbL films to 

their ability to selectively trigger release of small molecules and to establish methods to 

maximize antibiotic uptake while minimizing uncontrollably release, with a focus on 

preventing leaching at physiological pH (pH 7.5). Leaching antibiotics in normal 

physiological conditions is particularly undesirable as the presence of low levels of 

antibiotics has been shown to increase the chance for bacteria to develop resistance to that 

antibiotic. This goal was accomplished by studying the physicochemical characteristics of 

LbL coatings and correlating them with their antibiotic content and release profiles. My 

findings widen the fundamental knowledge about the functionality of temperature-
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responsive micelles in LbL coatings and open the door to creating biocompatible LbL 

coatings via direct polymer assembly with antibiotics. Moreover, these results can be 

useful guidelines for designing antibiotic-loaded, stimuli-responsive LbL coatings and for 

developing the next generation of biomedical coatings. 
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1. INTRODUCTION

1.1. The Problem of Biofilm Formation 

Bacterial colonization of biomedical devices is a common occurrence on a wide 

range of materials ranging from catheters to hip implants.1 When bacteria attach to a 

surface, they tend to form communities, called biofilms2 as shown in Figure 1-1. In 

biofilms, bacteria are surrounded by an extracellular polymeric substance matrix and have 

reduced metabolism rates. As such, bacteria in biofilms are notoriously hard to treat with 

conventional systemic antibiotics.3-7 Moreover, biofilms-associated infections occur on a 

wide range of biomedical devices, increasing patient suffering and cost of treatment.8 Such 

infection can even cause material failure; as an example, for skin grafts, infection with 

>105 colony forming units (CFU) per gram of tissue causes about 80% of skin grafts to

fail.9 If systemic antibiotics cannot stop the biomaterials-associated infection, the normal 

course of action is to remove and replace the implant entirely,10 with the new implant 

having a much higher chance of infection.1 Therefore, prevention of bacterial colonization 

of surfaces at early stages, i.e. upon adhesion of first few bacteria to the surface, is crucial. 



2 

Figure 1-1. Diagram showing how bacterial adhesion to surfaces leads to biofilm 
formation. Reprinted with permission from11 Copyright 2017 FEMS. 

1.2. Methods to Prevent Biofilm Formation 

Many strategies have been developed to combat bacterial attachment and biofilm 

formation on surfaces.12-15 Two broad categories have been explored that focus on (1) 

preventing bacterial adhesion or (2) killing bacteria near/on surfaces. Anti-adhesive 

properties can be endowed to surfaces in a variety of ways including using highly hydrated 

polymers in the form of polymer brushes or coatings.16-18 Similarly, antibacterial surfaces 

can be engineered by using cationic polymers as brushes19,20 or in coatings to kill bacteria 

upon contact.21 Alternatively, antibacterial coatings can be engineered to sequester small 

molecule antibiotics and release them in a large variety of profiles. Such coatings (i.e. 

antibiotic releasing) will be the focus of this work.  
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Many methods to controllable delivery antibiotics have been developed. One 

method has been to disperse drugs in a polymeric matrix to provide burst and continuous 

release of antimicrobial agents.22 While such materials have shown promise in clinical 

applications, these materials often exhibit burst release followed by a long tail release with 

sub-lethal concentrations.23 Exposure of bacterial strains to sub-lethal concentrations of 

antibiotics is correlated with increasing antibacterial resistance,24 and therefore, should be 

avoided. A strategy to avoid such release is to design a stimuli-responsive polymeric 

material.25 To that end, a large variety of materials that respond to various stimuli have 

been explored including pH, electrical pulses,26 ultra-sound,27,28 light,29,30 and 

temperature.31 My dissertation has focused on two practical, yet parallel, stimuli for 

releasing antibiotics: temperature and pH. Temperature is an easy to apply stimulus that 

is attractive for biomedical applications,32 and is relevant to bacterial colonization as 

bacterial infections often cause an increase in temperature (i.e. fever). pH is an attractive 

stimulus as several bacterial strains, including Staphylococcus aureus and Escherichia 

coli, are known to acidify the medium in which they grow as a result of secretion of lactic 

and acetic acid, respectively.33,34 

1.3. Stimuli-Responsive Layer-by-Layer Coatings 

One convenient way to make stimuli responsive polymer coatings is to use the layer-

by-layer assembly (LbL) technique, shown schematically in Figure 1-2. LbL was first 

established by Decher35,36 and is a well-established method for attaching polymers and 

nanoparticles to surfaces that enables the retention of stimuli-responsive behavior for a 

wide range of biomedical applications.37-40 Importantly, LbL assembly can be done on 
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materials of a variety of dimensions including nanoparticles,41 nanopillars,42 and 

nanofibers.43,44 The LbL assembly technique will be used here to deposit both temperature 

and pH responsive coatings. Our goal is to engineer stimuli-responsive LbL films that are 

non-leachable in normal physiological conditions, yet deliver antibiotics on-demand when 

prompted. Such coatings can be used to endow biomedical surfaces such as sutures, stents, 

catheters, orthopedic implants, etc. with the ability to prevent biofilm formation as it is 

beginning. To achieve this goal, stimuli-responsive behavior of temperature- and pH-

responsive polymers in LbL films will be correlated with their ability to selectively retain 

and release of small molecules. Two different strategies of temperature- and pH-stimulus 

will be used to sequester hydrophobic and hydrophilic antibiotics in micellar containers 

and through the use of electrostatic-interactions, respectively.  

Figure 1-2. Schematic of layer-by-layer (LbL) assembly as well as features and 
properties endowed by LbL. Reprinted with permission from 45. Copyright 2019 
Elsevier B. V.  
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1.4. Strategies for Trapping Small Molecules in LbL Assemblies 

Figure 1-3. Different ways to incorporate drugs into LbL assemblies, modified and 
reprinted from 46. Copyright 2018 The Author(s) (Park, Han, Choi, and Hong). 
http://creativecommons.org/licenses/by/4.0/ 

Depositing small molecules in LbL coatings is challenging, as small molecules have 

few binding points and low binding energy, which generally results in these molecules 

being easily washed out of films. To combat this, many strategies have been developed 

for trapping small molecules.47 One method is to directly conjugate an antibiotic to a 

polymer chain.48 However, this requires that the antibiotic has a chemical site that is 

reactive to enable conjugation. Moreover, conjugation may influence the efficacy of the 

antibiotic itself. An alternative strategy to trap small molecules, that works best for neutral, 

hydrophobic molecules, is inside nanocarriers such as micelles,49 dendrimers,50 or 

cyclodextrins.51 This method can be and has been combined with LbL depositon. For 

example, biodegradable polyethyelene oxide-block-polycaprolcatone micelles were LbL 

assembled with polyacrylic acid and shown to trap triclosan, an uncharged antibitoic.52 

Moreover, Smith et al. showed that LbL assemblies of biodegradable poly(β-amino esters) 

with polymerized cyclodextrins give drug release profiles that were tunable by 
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degradation rate of the poly(β-amino esters).53 Moreover, using nanocontainers that 

reversibly form due to a trigger such as pH or temperature is a facile way to combine the 

capture of hydrophobic small molecules with stimuli-response. Both pH and temperature 

micelles have been explored for encapsulation in LbL.52,54-61  

In contrast to micellar coatings which trap a hydrophobic payload by partitioning, 

anionic polymers can be used to sequester cationic antibiotics through electrostatic 

interactions. This strategy can be applied by pre-building films and then loading them with 

drugs. In this case, surface-attached thin hydrogels are attractive.62,63 These materials have 

been shown to trap cationic antimicrobials efficiently. This works well for charged classes 

of antibiotics such as aminoglycosides, polymyxins. However, one challenge with this 

approach is that antibiotics are retained through electrostatic-interactions that are 

susceptible to partial disruption upon immersion in salt solutions. To enhance antibiotic 

uptake, secondary interactions can be endowed to the polymers to increase binding 

strength.  

In another strategy, antibiotics can be directly assembled as one of the layers of the 

LbL assembly. Only a few reports of coatings of this type exist to date. Quadlayers of 

polyacrylic acid, poly(beta-amino esters), and gentamicin were reported, which showed 

tunable release of gentamicin driven by the degradation of the polyesters.64 While such 

coatings showed efficacy against Staphylococcus aureus in a rabbit bone model,65 the 

release was continuous and not “on-demand”. In contrast, multilayers of tannic acid, a 

small polyphenol, with cationic antibiotics (tobramycin, gentamicin, and polymyxin B), 

were recently reported with pH-responsive release. 66  
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For the trapping of hydrophobic molecules, this work explores the use of temperature-

responsive micelle coatings. Here, we explore a new kind of temperature triggered release: 

release of molecules in response to an increase in temperature or upper critical solution 

temperature (UCST) behavior. Temperature-responsive micelles will be deposited in 

hydrogen-bonding LbL films on planar, Si wafers, and 3D nanofiber (NF) substrates with 

both synthetic polymers and small molecules. The influence of binding partner ionization 

on film growth and temperature-responsive properties will be studied. Specifically, 

temperature-responsive swelling of micelle films will be quantified with in situ 

ellipsometry and correlated with their ability to uptake and release small molecules as 

measured by spectrofluorimetry. The deposition of micellar films on polycaprolactone-

collagen (PCL/Coll) nanofiber surfaces will be explored as a way to introduce secondary 

topographic features, which may modulate cellular responses, bring antioxidant 

capabilities, and offer the ability to deliver therapeutic molecules on-demand. The ability 

of such coatings loaded with antibiotics to prevent infection will be assessed with 

Staphylococcus aureus.  

To trap hydrophilic, cationic antibiotics, both strategies of loading antibiotics into pre-

assembled films and depositing antimicrobials as a layer component will be explored. For 

loading, pre-assembled films, a hydrogel-like, crosslinked poly(methacrylic acid) 

(PMAA) film will be constructed. To better understand the release mechanism of these 

films, a pH-responsive fluorescent probe will be attached to the film and imaged with 

confocal microscopy after exposure to various pH conditions and Staphylococcus aureus 

bacterial cultures. To verify that local pH acidification is the mechanism of release, 



8 

coatings will be exposed to flowing, large volume, highly buffered solutions, which 

prevent changes of bulk culture pH. For this experiment, pH-responsive hydrogels are 

exposed to high numbers of S. aureus in flowing buffer and then imaged to quantify 

bacterial adhesion as well as live/dead ratio of bacteria.   

Next, we explore the assembly of polyphosphazenes first with polymeric partners, 

to better understand the material behavior, and then with small molecules to understand 

their potential for biomedical coatings. Polyphosphazenes (PPzs) are unique class of 

polymers with an inorganic backbone and organic side groups. PPzs display a high degree 

of flexibility of their backbone,67,68 facile tunability of their degradation rate with 

physiologically benign degradation products,69-71 and have a proven record of preclinical 

and clinical safety.72-77 The ease of varying the side groups of PPzs makes them excellent 

candidates for systemically exploring the combined effects of electrostatic and 

hydrophobic interactions on antibiotic retention and release.  

First, we study the influence of fluorination degree and ionic group type on PPz 

assembly with cationic, branched polyethylene imine in terms of layer growth, contact 

angle, swelling, and importantly, hemocompatibility. Specifically, ionic, non-fluorinated 

poly[di(carboxylatophenoxy)phosphazene] (PCPP) and ionic, fluorinated PPzs of 

fluorinated degrees varying from 20% to 86% are explored to understand how 

hydrophobic microenvironments may influence charge-charge interactions. Additionally, 

sulfonated and fluorinated PPzs are explored to understand the influence of ionic pair 

strength. Lastly, we explore the direct assembly of cationic small molecules (Polymyxin 

B, Gentamicin, Neomycin, Colistin) in LbL with ionic, fluorinated PPzs and ionic, non-
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fluorinated poly[di(carboxylatophenoxy)phosphazene] (PCPP). The influence of 

fluorination degree on film growth, film swelling, and antibiotic content, and pH-

responsive release will be measured through spectroscopic ellipsometry (dry and in situ) 

and liquid chromatography-mass spectrometry (LC-MS), respectively. After showing that 

fluorination degree of coatings modulates pH-responsive release, we aim to explore the 

hemocompatibility, cytocompatibility, and long term antibacterial efficacy of these 

coatings. Antibacterial performance of coatings will be assessed with S. aureus and 

Escherichia coli. 
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2. FUNCTIONAL SURFACES THROUGH CONTROLLED ASSEMBLIES OF 

UPPER CRITICAL SOLUTION TEMPERATURE BLOCK COPOLYMERS1 

2.1. Introduction 

Stimuli-responsive polymeric materials are highly desirable for advanced 

biomedical,25 actuation,79,80 and sensing devices. Among various stimuli that can be 

applied to polymeric materials, (e.g. pH,81,82 electrical pulses,26 ultra-sound,27,28 light,29 

and temperature31), temperature is one of the most important triggers for materials in 

biomedical,32 food packaging,83 and smart textile applications.84 Therefore, significant 

effort has been focused on the development of temperature-responsive polymers, 

especially those that can demonstrate temperature response in aqueous environments.  

The application of a temperature stimulus to polymers results in changes in their 

degree of hydration degree and conformational state.85 In the simplest case of linear 

polymer chains in solution, such changes lead to phase separation occurring via several 

stages of coil-to-globule collapse and inter-chain aggregation.86 The mode of temperature 

response of polymers in water, i.e. LCST or UCST behavior, is defined by a delicate 

balance of temperature-dependent enthalpic and entropic contributions associated with 

water-water, water-polymer, and polymer-polymer interactions.87,88 Since water has a 

strong tendency to form water-water hydrogen bonds, the overall phase behavior of 

1 Reprinted in part with permission from Albright, V.; Palanisamy, A.; Zhou, Q.; Selin, V.; Sukhishvili, S. 
A. Functional Surfaces through Controlled Assemblies of Upper Critical Solution Temperature Block and
Star Copolymers. Langmuir 2019, 35, 10677-10688. Copyright 2019 American Chemical Society. Please
note in the original article, ucst micelles vs. star polymers were discussed, as I have only worked on micelles
and not on stars, stars have been removed from this copy of the text.
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polymers in aqueous solutions is governed by the competitive bonding of polymer 

functional groups with self-associating water molecules. Water can solvate hydrophobic 

groups of polymers by forming low-entropy solvation shells,89,90 or can directly 

hydrogen bond to proton-accepting polymers groups.87,91 It is generally accepted that 

hydrophobic hydration largely contributes to LSCT-type transitions in polymer 

solutions, which are typically endothermic because of the heat absorbed during 

restructuring of the solvation shell of collapsing coils91-93 and breakage of polymer-

water hydrogen bonds.94 Note that the contribution of dehydration of methyl groups of 

PNIPAM during LCST transitions was directly shown spectroscopically.95 Because of 

their strong association to the energetics of the hydration, LCST transitions in aqueous 

solutions are weakly dependent of polymer concentration and/or molecular weight.96 

Interestingly, the addition of an organic solvent can destroy the low-entropy hydration 

shells, and first eliminate and then even invert temperature response from LCST to 

UCST.95 

Unlike LCST, UCST behavior is mostly governed by polymer-polymer binding, 

while also depending on polymer-solvent hydrogen bonding.97 For UCST systems, the 

entropy term is mostly defined by the distribution of chains in solution rather than 

formation of the hydration shell, and phase separation is associated with a decrease in 

entropy of mixing upon cooling and the resulting domination of the enthalpy term.98 

However, the absolute values of enthalpies of UCST transitions are at least one order of 

magnitude lower than those measured for LCST transitions.99,100 Additionally, UCST 

transitions are usually much broader, sometimes spanning over tens of degrees in the 
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temperature scale, than LCST transitions.54,101-103 The breadth of UCST transitions is due 

to gradual changes in hydration of polymer functional groups as directly observed by 

nuclear magnetic resonance (NMR), Fourier Transform Infrared (FTIR) and Raman 

spectroscopies.95,98 This is in striking contrast to the sharp cooperative rearrangements in 

hydration shell for LCST polymer chains.104 Beyond chain dehydration, slow polymer 

chain dynamics due to the formation of polymer-polymer hydrogen bonds accompany 

UCST transitions. Such polymer-polymer hydrogen bonding results in a strong 

dependence of UCST transitions on polymer concentration, especially in the low 

concentration region.105,106 

Among temperature-responsive systems, those that exhibit LCST behavior have 

been extensively explored. One of the most studied LCST polymers, poly(N-

isopropylacrylamide) (PNIPAM), with LCST transition of 32 °C,96,107 has been 

incorporated within thin films to leverage temperature-triggered film swelling to control 

protein adsorption, drug release,108,109 or enable the formation of removable cellular 

sheets.110,111 In contrast, polymeric systems that exhibit UCST behavior are much rarer. 

To date, UCST behavior is most often observed in organic solvents or water-organic 

solvent mixtures.112-116 However, advances in synthetic techniques have enabled the 

creation of several types of polymers that display UCST transitions in aqueous 

solutions.117 In water, UCST behavior is endowed generally through the introduction of 

two types of polymer-polymer interactions: (1) electrostatic118,119 and (2) hydrogen-

bonding.105,120-125 UCST behavior driven by electrostatic interactions commonly involves 

zwitterionic polymers, with polysulfobetaines as the most prominent example.118,126 
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Alternatively, interaction of polycations with small ions such as NaCl,93 lithium 

bis(trifluoromethane)sulfonamide,93 or potassium persulfate119,127 can be also used to 

induce UCST transitions. Yet, most of those systems are limited to salt-free environments, 

since electrostatic interactions between polymer chains are very sensitive to the presence 

of small ions, which excludes their use in biological applications.128 Therefore, hydrogen-

bonding polymers are seen as a more promising class of polymers to engineer UCST 

responsive systems for aqueous environments.100,121 The most commonly employed 

hydrogen-bonding UCST polymers are based on poly(N-acryloyl glycinamide) 

(PNAGA),100,121,125 poly(acrylamide-co-acrylonitrile), P(AAm-co-AN),102,125 or ureido-

modified polymers, such as poly(L-citrulline)105 or poly(allyl urea).105 The UCST of the 

aforementioned nonionic polymers can be tuned in a wide temperature range from 6 to 

80°C by introducing hydrophobic groups via co-polymerization, (such as in copolymers 

of P(NAGA-co-butyl acrylate), P(NAGA-co-styrene) and P(AAm-co-AN)), or by varying 

polymer molecular weight.125  

The prospect of using temperature-responsive polymers for drug delivery, soft 

actuation, and adaptive surface coatings prompted the development of several types of 

functional UCST nanocontainers. In one strategy, UCST polymers were used to decorate 

gold nanoparticles to enable their on-demand dispersion/aggregation in aqueous 

condition.129-131 In another strategy, UCST-containing diblock copolymers were 

synthesized, which underwent reversible micellization and could serve as depots for small 

molecules. The latter strategy follows the steps of a much more mature area of LCST-type 

block polymer micelles and enables a more practical route of triggering delivery of small 
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molecules via an increase rather a decrease in temperature. UCST-exhibiting micelles 

have been synthesized with electrostatic interactions99,132-134 or hydrogen bonding102,135,136 

driving core formation. Finally, very recently star-shaped polymers were explored as 

another type of UCST nanocontainer and enabled control over UCST transitions via their 

molecular architecture and high local polymer concentration.137,138 The capability of star-

shaped polymers to host small molecules, earlier demonstrated for non-responsive 

polymers in solution,139 can be also leveraged to support temperature-triggered delivery 

from surface assemblies.

This feature article will focus on the recent development of UCST block 

copolymer micelles (BCMs). UCST behavior of our interest (a) occurs in aqueous medium 

and (b) involves the formation of hydrogen-bonded micellar cores, which are addressable 

via temperature variations. Our focus on responsive nanocontainers is explained by the 

capability of UCST containers to serve as depots for loading functional cargo, which can 

be then delivered by increasing temperature above UCST. Triggered release upon increase 

in temperature (as in UCST), as compared to LCST systems, is advantageous as most 

therapeutic molecules need to be delivered at physiological temperatures. Moreover, 

attaching UCST nanocontainers to surfaces will enable controlled water uptake, 

mechanical compliance, and delivery of small molecules. The ability to control these 

behaviors by deposition conditions of films and molecular parameters such as chemical 

composition, and polymer architecture will be discussed. 
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2.2. UCST-like Behavior of Nanocontainers in Solution 

UCST-exhibiting block copolymers that have been synthesized to date are 

summarized in Table 2-1. The most studied UCST polymer for hydrogen-bond driven 

micellization has been P(AAm-co-AN), which has robust UCST transitions in water and 

electrolyte solutions125 driven by hydrogen bond formation between carbonyl and amide 

groups. P(AAm-co-AN) can be polymerized using the Reversible Addition-Fragmentation 

Chain Transfer (RAFT) technique using commercially available monomers.102,135,136 One 

of the first studies to report UCST micellization was based on a block/graft copolymer of 

P(AAm-co-AN)-g-poly(ethylene glycol) (PEG).102 These micelles were able to load and 

release doxorubicin to reduce tumor size in mice upon application of an external 

temperature stimulus. Later, a series of P(AAm-co-AN)-based amphiphilic BCMs with 

either UCST core, corona or ‘schizophrenic’ behavior was reported.136 Importantly, the 

UCST transition of these systems could be controlled within a wide temperature range by 

varying the content of acrylonitrile (AN) in the temperature-responsive block (i.e. the 

transition temperature increased ~50 ˚C with AN content increase from ~8 to 17 % in 

mol).125 Using the above robust UCST block, we synthesized P(AAm-co-AN)-b-

polyvinylpyrrolidone (P(AAm-co-AN)-b-PVP)) diblock copolymers via RAFT 

polymerization using a switchable RAFT agent, and demonstrated that the resultant 

polymer exhibited UCST-triggered reversible micellization between ~27 °C to 55 ˚C.135 

The temperature-governed assembly was highly repeatable, showing only minimal 

hysteresis, and occurred in phosphate buffer in a wide range of pH and sodium chloride 

concentrations.135  
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Table 2-1. Reported UCST Block Copolymers *(Modified from original by removal 

of UCST Stars). Reprinted in part with permission from 78 Copyright 2019 American 

Chemical Society. 

UCST Transition Ref. 
UCST Block Copolymers 
Poly(acrylamide-co-acrylonitrile) 
(P(AAm-co-AN))-g-poly(ethylene 
glycol) 

43 °C, in water, 0.05 to 1 mg/mL 102

P(AAm231-co-AN78)-b-
polystyrene42 

48 to 50 °C, in PBS, 0.5 mg/mL 136

P(AAm231-co-AN78)-b- 

poly(dimethylacrylamide)425 
14 to 15 °C, in PBS, 5 mg/mL 136

P(AAm231-co-AN78)-b- poly(N,N-
dimethylaminoethyl 
methacrylate)319 

21 °C, in PBS, 5 mg/mL 136

P(AAm-co-AN)-b-
polyvinylpyrrolidone (PVP) 

27 °C to 55 oC, in PBS, 2 mg/mL 135

poly(2-methacryloyloxyethyl 
phosphorylcholine)-block-poly(2-
ureidoethyl methacrylate) 

36 to 40 °C, in 0.1 M NaCl, 1 
mg/mL 

140

PVP-b-polyureido(ornithine-co-
lysine) (PUOL) 

14 °C to 33 °C, in PBS, 5 mg/mL 120

With biomedical applications in mind, biocompatible BCM nanocontainers were 

assembled from poly(2-ureidoethyl methacrylate) cores with phosphorylcholine-based 

corona, which enabled the encapsulation of hydrophobic guest molecules and endowed 

anti-biofouling characteristics, respectively.140 To enable degradable nanocontainers, we 

recently synthesized a diblock copolymer composed of core-forming poly(amino-acid) 

and corona-forming PVP blocks.120 Formation of BCMs in this case was driven by 

hydrogen bonding among ureido groups on the polyureido(ornithine-co-lysine) (PUOL) 
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block (Appendix B).105 By tuning the length of the PUOL block, the UCST transition of 

PVP-b-PUOL could be controlled within a range between 14 °C and 33 °C. Additionally, 

hydrophobicity of amino acid could be used to tune the transition temperature. For 

instance, when the ratio of ornithine to lysine changed from 70:30 to 30:70 (for PVP162-b-

PUOL216 and PVP162-b-PUOL168, respectively), the UCST transition increased from 14 to 

21°C. Prior studies of ureido-modified polymers, such as poly(2-ureidoethyl 

methacrylate) and poly(L-ornithine)-co-poly(L-citrulline), have similarly demonstrated 

that UCST was strongly dependent on ureido group content, polymer molecular weight, 

and concentration.105,106 Finally, our experiments with PVP-b-PUOL BCMs pointed to the 

large degree of hydration of the micellar cores below PUOL’s UCST transition 

temperature, with large differences in BCM diameters when wet (~140 nm) and dry (~35 

nm), suggesting larger content of water than in collapsed PNIPAM, which contains up to 

60% of water.141,142 This highly hydrated environment facilitated restructuring of 

polypeptide cores, which progressively transformed to β-sheets upon temperature cycling. 

Formation of β-sheets is commonly associated with polypeptide aggregation,143-145 and 

eventually resulted in irreversible precipitation of PVP-b-PUOL micelles from solution.120 

2.3. UCST-Responsive Nanocontainers at Surfaces 

While LCST polymers have been widely used for building functional interfacial 

assemblies, exploration of UCST polymers at surfaces is still in its infancy. UCST 

polymers can be attached to surfaces in a variety of ways, for example by grafting polymer 

brushes to solid a substrate or through incorporation in thin films. To date, only a few 
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studies on UCST brushes have been published using both the grafting-to131,146 and 

grafting-from methods.147,148 Such studies have shown that grafting density strongly 

affected polymer response.147,148 Specifically, sparsely grafted brushes did not exhibit 

UCST behavior, as their interfacial spacing suppressed intermolecular association. While 

polymer brushes present a promising way to engineer temperature-responsive interfacial 

layers, reactive chemical groups are required for their synthesis.149  

In contrast, the layer-by-layer (LbL) technique, first established by Decher,35 

enables noncovalent immobilization of polymers at substrates, thus forming films of 

controllable thickness with programmable stratification perpendicular to the substrate.150 

Additionally, using the LbL technique, polymers can be deposited from aqueous solutions 

for on a wide variety of substrates with various chemistries and shapes.108 An additional 

attractive feature of LbL coatings is that the amount of antibiotics included in the film can 

be easily adjusted by modulating the thickness of the films.63,82,151 Earlier, we have 

explored several strategies to design temperature-responsive LbL coatings.31,55,59,60,152-154 

One strategy relied on polymers which exhibited UCST behavior only after their 

assembly, as in the case of PAAm/poly(methacrylic acid) (PMAA) LbL films.31 Another 

strategy involved LbL assembly of intrinsically temperature-responsive nanocontainers of 

BCMs.55,59,60,152  

Earlier, LCST micellar containers were incorporated into LbL films via hydrogen-

bonding59,60 or electrostatic153,154 interactions between micellar coronae and a binding 

partner. Those LCST-responsive films have been studied extensively and demonstrated 

many parameters that control film assembly and responsiveness to external 
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stimuli.55,59,60,152 For example, it was shown that upon deposition, micelles spread over the 

surface and “flatten” out, resulting in a bilayer thickness smaller than their dry 

diameter.55,57,60 Additionally, micelles do not completely cover a surface after a single 

deposition cycle,57 but instead require two deposition cycles to achieve a full 

monolayer.154 Importantly, by binding micellar corona with a partner, micellar 

morphology could be retained and disintegration above LCST prevented, enabling 

reversible film swelling.57,60 Furthermore, swelling degree of the film can be controlled 

by the nature and strength of interactions between the micellar coronae and the binding 

partner in the film. Binding of micelles within films must be strong enough to prevent 

disintegration of micelles after exposure to temperatures at which dissociation in solution 

is expected, yet, weak enough to prevent loss of temperature response by the assembled 

films.153 

With this knowledge in mind, we recently assembled, for the first time, UCST 

BCMs in LbL films with tannic acid (TA).120 TA has a high pKa of ~ 8.5,155,156 which 

enables stability of hydrogen-bonded films at physiological pH. Moreover, TA is 

attractive for biomedical coatings as it possesses antiradical properties and has relatively 

low toxicity.157 Assembly of P(AAm-co-AN)b-PVP BCMs with TA readily occurred at 

acidic and neutral pH, with higher amounts deposited at lower pHs.135 In dense layers 

constructed at low pH (pH 3), where TA was not ionized, micelles displayed crumpled 

morphology due to enhanced hydrogen-bonding interactions. In contrast, micelles 

deposited at pH 5 and 7 maintained micellar morphology, likely due to the presence of 

small amount of charge in TA within this pH range, which was critical for preserving 
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temperature response of the film. Unlike in solution, binding with a partner molecule 

within the film prevented micellar dissociation to individual polymer chains, and UCST 

transitions within micellar cores resulted in extraordinarily reversible, large-amplitude 

swelling transitions in films, which could be repeated for 40 - 50 cycles. In addition to the 

effect of pH, the swelling amplitude and transition temperature for UCST-BCM-

containing films was strongly dependent on film thickness, with both increasing for 

thicker films, in which micelles were no longer pinned to the surface and had more 

freedom for swelling. As a result, thick films displayed transition temperatures close to 

the onset of micellar disintegration in solution.  

Beyond reversibility, degradability is attractive feature to endow to micellar LbL 

films. To that end, we reported the LbL assembly of polypeptide-based UCST BCMs 

(PVP-b-PUOL) with TA.120 Such assembly resulted in films that were stable for at least a 

week in physiological pH at elevated temperatures and could be potentially removed 

enzymatically.120,158 Importantly, LbL assembly of polypeptide micelles not only 

prevented micellar disintegration to unimers but also suppressed formation of β-sheets, 

whose formation in solution compromised temperature response. This suppression 

occurred due to binding of BCM corona with TA, which decreased the conformational 

freedom that was needed for arrangement of PUOL within -sheets. As a result, cores of 

assembled BCMs preserved the capability to hydrate and dehydrate in response to 

temperature, and the films retained the ability to reversibly swell in PBS. With biomedical 

applications in mind, we also deposited degradable PVP-b-PUOL BCM/TA layers on 

polycaprolactone (PCL)-collagen nanofibers (See Chapter 4).158 Micellar diameter on flat 
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and nanofiber surfaces remained almost constant (36 ± 14 nm vs. 34 ± 19 nm), suggesting 

that nanofiber geometry had little effect on micellar flattening upon adhesion to the 

surface. Moreover, micellar films on curved nanofibers still exhibited temperature 

responsive behavior,158 suggesting that this system can be used for the development of 

functional wound healing materials.   

One of the most important properties of responsive LbL films is their capability to 

support controlled release of functional molecules from surfaces. It is well established that 

LCST micelles in LbL films enable temperature-controlled release of therapeutic 

molecules from surfaces.55,59,60 However, UCST-induced release is significantly less 

studied. The first robust system recently reported by our group is based on LbL films of 

degradable UCST BCMs (chemical structure in Appendix A) and TA,120 which supported 

both pulsated (Figure 2-1a) and continuous pyrene release (Figure 2-1a).120 Control 

experiments with films of PVP homopolymer and TA indicated that pyrene loading 

primarily occurred within the functional micellar cores. Furthermore, BCM/TA films were 

reloadable and non-toxic to human cells.158 

BCM/TA films were able to load not only the model drug pyrene but also 

antibiotics, namely, gentamicin and clindamycin.158 Gentamicin-loaded and unloaded 3.5 

bilayer films were challenged with Staphylococcus aureus, and the growth of bacteria 

counted after 48 h. For a high number of bacteria (105 CFU cm-2), gentamicin-containing 

BCM/TA films were able to kill >99.99% of S. aureus, while control films without 

micelles (PVP/TA) showed negligible effect on bacterial counts. Further work showed that 

clindamycin could be uptaken into micellar films and used to prevent the growth of S. 
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aureus on nanofiber matrices. Taken together, these results indicate that micellar cores 

can act as cargo holders for antibiotics and that such cargo can be controllably released on 

demand using temperature as a trigger.  

Figure 2-1. Release profile of model drug pyrene from 2.5-bilayer PVP-b-PUOL 
BCM/TA films is temperature-dependent (a) and can be turned on and off by 
changing temperature (b) as shown in schematically (c). Adapted with permission 
from ref 120. Copyright 2017 American Chemical Society.  

2.4. Conclusions 

Recent studies of UCST responsive polymers revealed rich opportunities to use 

various molecular architectures (such as amphiphilic block copolymers) and preassembled 

solution structures (such as BCMs) as promising building blocks for the development of 

new generations of functional surface coatings for soft actuation, antifouling, and 
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controlled delivery applications. Such surface coatings exhibit temperature-triggered film 

swelling, which can be used to manipulate film compliance and for the retention/release 

of small molecules. Functionality of UCST films is strongly affected by molecular 

parameters and chain architecture of UCST polymers, as well as by the binding partner 

molecules, assembly conditions, and even by the overall film thickness.  

Yet, non-covalent association of polymer chains in responsive LbL films 

intrinsically comes with challenges from both practical and fundamental perspectives. One 

practical challenge is repeatability of the film response to the application of stimuli. So 

far, this challenge was most pronounced for the case of LbL films build with BCMs 

containing poly(amino acid)-based cores, which were prone to irreversible formation of 

-sheet motifs. While this challenge was largely overcome recently by the application of 

star rather than linear architecture of UCST polymers,159 the effect of poly(amino acid) 

architecture on the formation of secondary structures, and their consequences for 

functionality of responsive film still need to be understood. For linear micelle-forming 

UCST polymers, the use of triblock in place of diblock copolymers for constructing UCST 

films has not be yet explored, while knowledge from LCST films indicated that the use of 

triblock copolymers can significantly suppress film restructuring.153 Understanding the 

role of molecular architecture and binding strength of binding partner on functionality and 

internal structure of assemblies is yet to be developed. A broader, fundamental question 

important for all UCST systems, including films, is elucidating at the molecular level the 

intricate details of UCST response in aqueous systems and applying this knowledge to 

control the UCST transition temperature and its breadth. 
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For the specific case of delivery applications, it will be intriguing to explore the 

effect of molecular architecture (BCM vs star polymer) on overall drug loading capacity 

and retention. Yet, a challenge common for both LCST and UCST systems is controlling 

premature release of functional cargo when assembled functional containers are in their 

“closed” state. Further progress in molecular-level research on UCST polymers as well as 

involvement of theoretical modelling approaches may enable rational design of 

microenvironments for optimal retention and controlled, triggered release of functional 

small molecules from the films. As drug delivery platforms, UCST films offer the 

advantage that functional cargo is not released at low temperatures (such as in ambient 

and storage conditions), yet the release can be triggered by the exposure to higher 

physiological temperatures. This property, convenient for applications, could not be 

achieved with LCST functional coatings, which demonstrated the opposite behavior.  
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3. UNDERSTANDING RESPONSIVE SWELLING BEHAVIOR OF LAYER-BY-

LAYER FILMS OF UPPER CRITICAL SOLUTION TEMPERATURE MICELLES 

3.1. Introduction 

Stimuli-responsive micelles are attractive nanocontainers for drug delivery 

applications.160 In solution, stimuli-responsive block copolymers transition between either 

soluble polymer chains or aggregated micelles in which one block of the copolymer is 

“non-soluble”. This transition can be utilized to sequester and release hydrophobic small 

molecules. By attaching such containers to a surface, stimuli-responsive polymer coatings 

can easily be made. One facile way to attach micellar containers to surface is to use the 

layer-by-layer technique. Both pH and temperature-responsive micelles in LbL assemblies 

have been previously explored. For example, lower critical solution temperature (LCST) 

block copolymer micelles (BCMs) in LbL films have been successfully shown to enable 

temperature-controlled release of drug molecules from surfaces.55,59,60,152,161-163  

Past work on LCST micelle containing LbL films has made progress in correlating 

micellar features and deposition conditions with overall characteristics and temperature-

responsive behavior of films. Studies have found that micelles spread out upon deposition 

and that micellar coverage can be tuned by number of bilayers deposited.55,57,60,154 

Additionally, if the micelles are covered with a top layer of another polymer, reversible 

film swelling can be achieved, with the nature and strength of interactions between the 

binding partner and micelle being the deciding factor in responsiveness of micelles.57,60 

While binding must be strong enough to prevent disintegration of micelles above transition 
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temperature, it must be weak enough to enable breathing of micelles. Past work has shown 

that if the binding strength between the coronae and LbL partner is too strong, the 

temperature response within the film can be lost.153  

Recently, our group has developed a family of upper critical solution temperature 

(UCST) block copolymer micelles (BCM) and reported their incorporation in hydrogen-

bonded layer-by-layer (LbL) films.164 We have shown that UCST BCMs can be deposited 

on flat120,165 and 3D substrates,43 while retaining functionality in terms of temperature-

triggered swelling and drug release. While these coatings were able to release antibiotics 

to prevent bacterial colonization, a fundamental understanding of how to control the drug 

loading capacity and release profile at the deposition step has yet to be explored. Towards 

understanding how interactions in the film control film properties of UCST BCM 

containing LbL, Palanisamy et al. explored the effect ionization of tannic acid on micellar 

morphology. They found that the in strong hydrogen-bonding conditions, micelles 

collapsed, while the presence of charge enabled preservation of micellar morphology.165 

However, how such stabilization influences the drug loading and release capabilities was 

unexplored.  

Here, we explore the effect of poly(methacrylic acid) (PMAA) ionization on LbL film 

growth, swelling, and drug release capabilities with UCST micelles made of 

poly(acrylamide-co-acrylonitrile) cores and polyvinylpyrrolidone (PVP) coronae. We 

hypothesized that by changing the ionization of the binding polymer, we could control the 

strength of hydrogen bonding between the BCMs and PMAA, thus controlling the 

morphology of the micellar nanocontainers, temperature-responsive swelling, and the 
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loading capacity and temperature-triggered release of drugs from such containers. By 

monitoring dry film thickness and film swelling with spectroscopic ellipsometry, film 

internal structure with neutron reflectometry, and enthalpy of binding of PMAA with PVP 

micellar coronae by isothermal titration calorimetry, we identified the main factors that 

contribute to preserving temperature responsiveness of UCST cores of assembled BCMs. 

Using this temperature-responsive swelling behavior to uptake and release model drugs 

from micellar layers in response to a temperature stimulus is discussed.  

3.2. Materials 

Branched polyethylenimine (BPEI, weight-average molecular weight Mw of 750,000 

g/mol), and sodium phosphate monobasic dihydrate were purchased from Sigma-Aldrich 

(Allentown, PA). Poly(methacrylic acid) (PMAA) (Mw  163 kDa, PDI <1.20) was 

purchased from polymer standard services. Hydrochloric acid, sodium hydroxide, pyrene, 

and sulfuric acid were obtained from Alfa Aesar (Tewksbury, MA). Ultrapure water from 

a Milli-Q system (Merck Millipore, Burlington, MA, USA) with a resistivity of 18.2 MΩ 

was used in all experiments. Boron-doped silicon (Si) wafers were purchased from 

University Wafer, Inc. All chemicals were purchased from Sigma-Aldrich and used 

without further modification. PVP-b-P(AAm-co-AN) micelles were synthesized as 

reported earlier.165 
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3.3. Methods 

3.3.1. Layer-by-Layer Deposition 

LbL films of UCST micelles (UCST BCMs, PVP-b-P(AAm-co-AN)) and 

poly(methacrylic acid) (PMAA) were deposited using the dip-deposition technique. For 

LbL growth, swelling, and drug loading studies, samples were deposited on Si wafers. To 

prime all samples, a layer of BPEI (pH 9, 0.2 mg/mL) was deposited for 15 minutes 

followed by a layer of PMAA (pH 3 or 4, 0.2 mg/mL) for 5 minutes as the prime layer. 

To deposition micelles, alternating layers of UCSTMs (pH 3 or 4, 1 mg/mL, 0.01 M 

phosphate buffer with 0.15 M NaCl) and PMAA (pH 3 or 4, 0.2 mg/mL, water) were 

deposited for 5 mins at room temperature to ensure deposition of micelles. Control 

coatings of PVP and PMAA were deposited in an analogous manner with PVP solution 

(pH 3 or 4, 0.5 mg/mL) replacing the BCM solution. 

3.3.2. Spectroscopic Ellipsometry 

Thicknesses and optical constants of films in dry states were characterized by a 

variable angle spectroscopic ellipsometer (M-2000 UV−visible−NIR (240−1700 nm) J. 

A. Woollam Co., Inc., Lincoln, NE, USA) at four angles of incidence: 45°, 55°, 65° and

75°. Swelling measurements were done on the same ellipsometer equipped with a 

temperature-controlled liquid cell. For data fitting, polymeric layers were treated as a 

Cauchy material. More details of specific fitting models can be found in a previously 

published paper.44 
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3.3.3. Isothermal Titration Calorimetry 

Solutions of polyvinylpyrrolidone, polyacrylamide-co-acetonitrile, and micelles in PBS 

were titrated with PMAA.  

3.3.4. Neutron Reflectometry (NR) 

Neutron Reflectometry studies were performed at Oak Ridge National Lab. For NR 

studies, LbL films were constructed in the following format: 

((hPMAA/UCSTM)4(dPMAA/UCSTM))3(hPMAA/UCSTM)4. Molecular weights of 163 

kDa PMAA and 180 for dPMAA were used. 

3.3.5. Pyrene Loading and Release 

8 bilayer samples were prepared for drug release studies on 1 x 1 cm2 Si wafers. Films 

were loaded by soaking in 1 mg/mL of pyrene in ethanol at 50 C for 1 h. Afterwards, 

samples were washed with cold phosphate buffer adjusted to deposition pH (3 or 4) and 

dried. All spectra were collected using a Shimadzu Scientific Instruments RF-6000 

fluorescence spectrometer. All release data was collected with 𝝀ex = 320 nm and measured 

𝝀em = 371 nm. To collect release over time, a 3 mL aliquot of the total 5 mL release 

solution was taken, measured, and quickly put back. 

3.4. Results and Discussion 

Previously, we reported synthesis of upper critical solution temperature block 

copolymer micelles (UCST BCMs) with poly(acrylamide-co-acrylonitrile) (poly(AAm-
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co-AN)) cores and polyvinylpyrrolidone (PVP) coronae.135 In that work, we showed that 

micelles have a broad transition temperature, with disassembly starting at temperatures 

greater than 40 °C. Below transition temperature, micelles had hydrodynamic sizes of 

~150 nm regardless of salt concentration and pH. In that work, we studied micelles with 

260 AAm and 80 AN units in the temperature responsive block and 260 VP units in the 

PVP block. Here, UCST BCMs were synthesized in an analogous manner, had the same 

formula of temperature block but 390 VP units in the PVP block (Chemical Structure in 

Figure 3-1). Such a difference in PVP block did not cause much of a difference in overall 

micelle (~ 150 nm) size nor transition temperature (~45 °C) (data not shown).  

3.4.1. Layer-by-Layer Assembly 

UCST BCMs were deposited in layer-by-layer films with poly(methacrylic acid) 

via hydrogen-bonding interactions in a variety of acidic pHs (Figure 3-1). At more acidic 

pHs, PMAA is less ionized and therefore, hydrogen-bonding interactions between the 

components are stronger and more mass is deposited per layer-by-layer cycle. As pH 

increases, PMAA becomes more ionized and at pH 5, films are unable to grow. We 

previously observed a similar trend with tannic acid and UCST BCMs growth.165  
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Figure 3-1. (Left) Chemical structures of micelles and PMAA. (Right) Dry thickness, 
as measured by spectroscopic ellipsometry, of micelle/PMAA films deposited in 
different pH at RT for 5 minutes per layer from 1 mg/mL micelles in PBS and 0.2 
mg/mL PMAA in water.  

3.4.2. Isothermal Titration Calorimetry (ITC) 

To get a deeper understanding of fundamental interactions in the system, 

isothermal titration calorimetry was performed with the film components. To first 

understand how PMAA and the corona or core of the micelles interact, solution studies of 

homopolymers of PVP or polyacrylamide-co-acetonitrile (P(AAm-co-AN)), respectively, 

were studied separately. PVP was found to interact enthalpically with PMAA at both pHs 

and have a slightly higher binding energy at pH 4 (Figure 3-2). In contrast, P(AAm-co-

AN), interacts very differently with PMAA at pH 3 and 4. At pH 3, a large negative 

enthalpy is observed, while at pH 4, only a small negative enthalpy is observed. This 

suggests that at pH 3, PMAA is strongly interacting with both PVP and P(AAm-co-AN)), 

while at pH 4, PMAA is mainly interacting with PVP. When micelles are titrated with 

PMAA, the enthalpy of reaction appears to be the sum of the interactions of the two 
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micellar components. Taken together, this suggests that during micellar assembly at pH 3, 

PMAA is penetrating the core of the micelle, which could prevent temperature-responsive 

swelling of micelles. In contrast, at pH 4, the micellar morphology is likely intact and 

available for temperature-triggered swelling and drug loading/release.  

Figure 3-2. Isothermal titration calorimetry at pH 3 (A) and pH 4 (B) of PVP 
(Corona), polyacrylamide-co-acetonitrile (Core), and micelles (poly(AAm-co-AN)-b-
PVP) as measured at room temperature with PMAA. 

3.4.3. Neutron Reflectometry Studies 

Since ITC suggests that PMAA is penetrating the micellar cores, we wondered 

whether the stratification of the LbL would be corrupted. To understand whether or not 

micelles were strongly layered or intermixed, we performed neutron reflectometry studies 

using deuterated PMAA to provide significant contrast. LbL films were constructed in the 

following format: ((hPMAA/UCSTM)4(dPMAA/UCSTM))3(hPMAA/UCSTM)4. Mws of 

163 kDa PMAA and 180 for dPMAA were used. Surprisingly, there is no significant 

difference in overall film stratification between pH 3 and pH 4 (Figure 3-3). Instead, these 
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results indicate that both films are significantly stratified to support temperature-

responsive behavior.   

Figure 3-3. Neutron reflectometry results of micelle/PMAA films. 
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3.4.4. Temperature-Responsive Film Swelling 

Figure 3-4. Swelling ratio of 8 bilayer micelle/PMAA films deposited at either pH 3 
or 4 in 0.01 M phosphate buffer (matching deposition pH) as measured by in situ 
spectroscopic ellipsometry. Schematic representing micelle swelling-deswelling.  

We then aimed to find out how different degrees of penetration of polymer chains 

in micellar cores affected film swelling and functionality. To that end, swelling of 8 bilayer 

UCST BCM/PMAA films was measured in 0.01 M phosphate buffer, matching the pH of 

deposition (Figure 3-4). Films were exposed to repeated cycles between 25 and 50 °C. 

Interestingly, swelling ratios with PMAA were highly dependent on deposition pH of the 

film, with films deposited at pH 4 swelling significantly more than films deposited at pH 

3. This highlights the strong influence of PMAA penetration into the core of the micelles

and the importance of binding strength of the partner molecule on the functionality of the 

film. Importantly, the swelling ratio of the films remained consistent even when films were 

exposed to pH not matching the deposition pH, indicating that the difference in swelling 
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ratios is established for films during deposition, not due to external changes in pH. 

Moreover, swelling ratios with PMAA (1.0 to 1.7 or 2.5) were much lower than previously 

reported with tannic acid (2 to 7).135 The lower overall swelling degree is likely due to 

stronger binding between PMAA and UCSTMs than between UCSTMs and tannic acid.  

3.4.5. Temperature-Responsive Small Molecule Release 

After establishing the influence of PMAA penetration into the core of micelles on 

temperature-triggered film swelling, we wondered whether the ability of these films to 

uptake and release of small molecules would be hindered. To explore this question, pyrene 

was loaded into the films and its release measured at temperatures below (25 °C) and 

above (50 °C) UCST as shown schematically in Figure 3-5. Both films were able to uptake 

and release pyrene (Figure 3-5), however films deposited at pH 4 showed much more 

robust temperature responsive release, correlating well with temperature-responsive 

swelling data. In contrast, films deposited at pH 3 showed very similar release profiles for 

films released at both temperatures. Taken together, this shows that binding partner 

penetration into the micellar core prevents temperature-responsive behavior of micelles. 
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Figure 3-5. (A) Schematic representation of pyrene release at temperatures below 
(25 °C) and above (50 °C) UCST. Temperature responsive release of pyrene as 
measured from 10 BL films deposited at pH 3 (B) or pH 4 (C).  

3.5. Conclusions 

In conclusion, we have shown that the strength of the interaction between micelles 

and binding partner is critical for maintaining temperature-responsive behavior of 

micelles. By simply changing the deposition pH and, therefore, the ionization degree of 

PMAA, penetration of PMAA into the core can be prevented and the functionality of the 

micelles can be preserved. We showed that not only does penetration of PMAA into the 

core increase thickness of films but also reduces overall ability of the film to swell and 

release small molecules.  
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4. MICELLE-COATED, HIERARCHICALLY STRUCTURED NANOFIBERS 

WITH DUAL-RELEASE CAPABILITY FOR ACCELERATED WOUND

HEALING AND INFECTION CONTROL2 

4.1. Introduction 

Chronic wounds are an important medical problem that affect approximately 6.5 

million people and cost 6 to 15 billion dollars annually in the United States alone.166,167 

Chronic wounds display prolonged stages of inflammation and delayed wound healing, 

due to an imbalance of cytokines and growth factors in the wound site.168,169 Many 

scaffolding materials have been developed to facilitate chronic wound closure,170,171 with 

nanofibrous matrices (NFs) showing much potential and numerous advantages. NFs can 

morphologically and dimensionally mimic the native extracellular matrix (ECM) fibers172 

due to the tunability of fiber diameter, spatial fiber organization, and interfiber distance 

(i.e., pore size).173 Moreover, NFs can create a stimulatory microenvironment that can 

enhance wound healing through the local release of biomolecules.174,175  

NFs can be fabricated from a large variety of polymeric materials (e.g., synthetic, 

natural, or polyblended) via electrospinning.176-178 Polyblended nanofibers of 

bioresorbable polycaprolactone (PCL) and collagen (Coll) have shown promise for wound 

healing applications. PCL/Coll NFs support the attachment, spreading, and proliferation 

2Reprinted with permission from “Micelle-coated, Hierarchically Structured Nanofibers with Dual-release 
Capability for Accelerated Wound Healing and Infection Control” by Victoria Albright, Meng Xu, 
Anbazhagan Palanisamy, Jun Cheng, Mary Stack, Beilu Zhang, Arul Jayaraman, Svetlana A. Sukhishvili, 
and Hongjun Wang, 2018, Advanced Healthcare Materials, 7, 1800132. Copyright 2018 John Wiley & Sons, 
Inc.  
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of normal human dermal fibroblasts (NHDFs) and the formation of dermal substitutes.179-

181 Moreover, anisotropically aligned PCL/Coll nanofibers are able to not only enhance 

cell migration along the oriented nanofibers, but also promote cellular differentiation.181 

Furthermore, stacking of NHDF-seeded PCL/Coll fibrous matrices can lead to the 

formation of a 3D tissue construct that closely mimics the layered structure of native 

dermis within a short culture period.180 Considering that compromised wounds have 

imbalanced growth factors and cytokines, incorporating growth factors into PCL/Coll 

nanofibers for locally modulating the regenerative capacity of skin cells is an appealing 

strategy.  

To that end, we explore the incorporation of transforming growth factor-β1 (TGF-β1) 

into PCL/Coll NFs. TGF-β1 is a multifunctional growth factor involved in wound healing 

by recruiting inflammatory cells and enhancing angiogenesis in wounds while stimulating 

wound closure.182,183 Deficiency in TGF-β1 has shown delayed wound healing in mice.184 

Interestingly, NHDFs cultured on PCL/Coll NFs with TGF-β1 supplemented in media 

exhibit decreased proliferation, increased migration, and increased expression of α-smooth 

muscle actin (α-SMA).185 α-SMA is a well-known marker of myofibroblastic 

differentiation, and its high-level expression is correlated with high fibroblast contractile 

activity.186-188 Here, we investigate the effects of TGF-β1 incorporated directly into 

PCL/Coll nanofibers on cellular adhesion, migration, and differentiation.  

Healing of wounds may be hampered by bacterial infection, most commonly of 

Staphylococcus aureus, with a rate of ~6% for skin grafts.189-194 Moreover, upon infection 

with >105 colony forming units (CFU) per gram of tissue, about 80% of skin grafts fail.195 



39 

Post-operative antibiotic treatment has been associated with the survival of skin 

grafts.194,196 However, systemic delivery of antibiotics can cause undesirable side effects, 

especially with the most potent antibiotics, which may be mitigated with local delivery. 

More importantly, local delivery may help avoid overexposure of bacterial strains to 

antibiotics, which is correlated with increasing antibacterial resistance,197 as well as the 

deleterious consequences of systemic administration of antibiotics. In this regard, 

incorporating antibacterial agents into NFs is an attractive option for local delivery of 

antibiotics, and has been implemented with varying degrees of success.198-201 Water-

soluble antibiotics such as tetracycline,202,203 gentamicin,199 and ciproflaxin199,201 among 

others have been successfully incorporated into NFs via direct addition to electrospinning 

solution. Although these NFs showed the ability to prevent infection, no evidence 

indicated they could enhance wound healing. 

In another approach to deliver drugs from NFs, large antibiotic-containing polylactic-

co-glycolic acid micropatterns (~75 micron) were printed on top of NF membranes for 

local release.204 Alternatively, to achieve time-programmed multi-agent release upon 

dissolution, hydrophilic, biodegradable micelles, loaded with anticancer agents, were 

included within hydrophilic NFs via electrospinning.205,206 However, the aforementioned 

efforts focused either on bone regeneration or anti-cancer applications and did not involve 

topographical modification of NF surfaces through micellar attachment. Furthermore, 

bioactive agents incorporated into NFs via electrospinning are exposed to harsh organic 

solvents and control over their release kinetics is limited. In recognition of the advantages 

of micelle-enabled, localized drug release from surface coatings,207 we explore the 
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decoration of nanofiber surfaces with micelles for release of antibiotics with a particular 

interest in wound healing. Additionally, immobilization of micellar nanocarriers on NF 

surfaces introduces secondary topographic features on NFs which could also modulate 

cellular responses.  

To immobilize micellar nanocarriers onto NF surfaces, we use the well-established 

layer-by-layer (LbL) technique, enabling the construction of stimuli-responsive films for 

drug delivery.36,38,39,41,55,58,60,61,161,207-212 In this study, PCL/Coll NFs with large surface 

area and versatile surface chemistry were used as a 3D structural support to host micelles. 

Polypeptide-based block copolymer micelles (BCMs) were assembled with tannic acid 

(TA) to achieve robust films with swelling/deswelling behavior for release of small 

molecules.120 TA is an attractive binding partner due to its antibacterial, anti-

inflammatory, and pro-wound healing effects.213 Specifically, TA has been shown to 

suppress the synthesis of tumor necrosis factor-α cytokine,214 known for its involvement 

in chronic inflammation and high levels in chronic wound fluids.215 Here we show that 

LbL coatings of BCM/TA on PCL/Coll NFs created a favorable topography for fibroblasts 

with regard to cellular attachment, spreading, proliferation, and wound gap closure. 

Moreover, BCM/TA-coated PCL/Coll NFs could be loaded with antibiotic cargo to 

prevent bacterial infection, with facile control over timing of delivery. Through the use of 

a modular system, these BCM/TA-coated PCL/Coll NFs can be combined with TGF-1 

loaded PCL/Coll NFs to create a multifunctional platform for simultaneous infection 

prevention and accelerated wound healing as illustrated schematically in Figure 4-1.  



41 

Figure 4-1. Schematic representation of a modular system to simultaneously 
stimulate wound healing and mitigate infection. TGF-β1 was incorporated into 
PCL/Coll nanofibers to stimulate fibroblast-to-myofibroblast differentiation. 
Micellar nanocarriers were deposited on the surface of PCL/Coll nanofibers and 
loaded with antibiotics to prevent infection. Reprinted with permission from 43 
Copyright 2018 John Wiley & Sons, Inc.  

4.2. Materials 

Tannic acid (TA) was purchased from Alfa Aesar chemicals (Tewksbury, MA). 

Clindamycin hydrochloride was obtained from TCI chemicals (Portland, OR). 

Collagenase was obtained from Worthington Biomedical Corporation (Lakewood, NJ). 

Tryptic soy broth (TSB) powder was obtained from MP biomedicals (Solon, OH). Difco™ 

Technical Agar was obtained from BD Biosciences (San Jose, CA). Branched 
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polyethylenimine (BPEI, weight-average molecular weight Mw of 750,000 g mol-1), 

sodium phosphate monobasic dihydrate, poly(epsilon-caprolactone) (PCL, Mw = 80,000 

g mol-1), and trypsin were purchased from Sigma-Aldrich (Allentown, PA). 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) was obtained from Oakwood products Inc. (West 

Columbia, SC). Type I collagen (Coll) was obtained from Elastin Products Inc. 

(Owensville, MO). All other solvents were obtained in anhydrous form and used without 

further purification. Boron-doped silicon (Si) wafers were purchased from University 

Wafer, Inc. Recombinant human transforming growth factor-β1 (TGF-β1) was purchased 

from Invitrogen (Invitrogen, Carlsbad, CA). 

4.3. Methods 

4.3.1. Fabrication of Nanofibers 

NFs of PCL and Coll at a weight ratio of 3:1 were fabricated using electrospinning 

as previously described.216  Briefly, 8% (w/v) solution of 3:1 PCL/Coll was prepared by 

dissolving PCL and Coll in HFIP. Then, the solution was loaded into a 3-mL syringe with 

a 20-gauge stainless steel blunt-tip needle and electrospun at 10 kV using a custom 

electrospinning apparatus. The polymer solution was dispensed using a syringe pump 

(Kdscientific, Holliston, MA) at 10 μL min-1. PCL/Coll NFs for micellar modification 

were electrospun onto 12-well-plate-sized paper rings (filter paper, inner diameter 0.5” 

and outer diameter 0.75”) or metal rings (diameter 0.6”) with a collecting surface of 

aluminum foil. Before NF spinning, rings were pre-coated with BPEI (0.2 mg mL-1, pH 

9) for 20 min. PCL/Coll NFs with TGF-β1 were prepared by electrospinning PCL/Coll
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solution mixed with reconstituted TGF-β1 at a final concentration of 500 ng mL-1 onto 

glass coverslips. The estimated amount of TGF-β1 in each sample was 5 ng. Once 

sufficient NFs were collected, the NFs were cut along the edges of the coverslip to assure 

full coverage of the entire coverslip surface.  

4.3.2. Preparation of Biocompatible Micellar Nanocontainers and Their 

Deposition on Substrate Surfaces 

A block copolymer of polyvinylpyrrolidone-b-polyureido(ornithine-co-lysine) 

(PVP-b-PUOL) was synthesized via ring opening polymerization followed by post-

polymerization functionalization with ureido groups as reported earlier.120 The final 

product of PVP162-b-PUOL513 had the number-average molecular weight Mn of 233,000 g 

mol-1 and a polydispersity index of 1.17. This polymer forms spherical BCMs in solutions 

at temperatures lower than ambient.120 Temperature of 10 °C was used for construction of 

LbL films of BCM and TA using the dip-deposition technique. In order to deposit 

BCM/TA films onto surfaces, first a priming layer of BPEI was deposited at pH 9 for 30 

min from 0.2 mg mL-1 solution. Afterwards, alternating layers of TA (pH 7.4, 0.2 mg mL-

1) and BCM (pH 7.4, 0.5 mg mL-1) were deposited for 30 min at 10 °C so that the final

coating had BPEI, TA, BCM, TA (1.5 bilayers) coated on top. Control coatings of PVP 

and TA were deposited in an analogous manner with PVP solution (pH 7.4, 0.5 mg mL-1) 

replacing the BCM solution. For ease of characterization of the micellar coatings, 3.5-

bilayer films (capped with TA) were also deposited on flat substrates (Si wafers). For 

surface coverage studies, samples were prepared with varying deposition times of the 
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BCM layer but constant deposition times for the other layers. To monitor coating 

deposition, SEM performed with a JEOL JSM-7500F instrument was used for imaging, 

after sputter coating samples with 3 nm Pt/Pd alloy. Static contact angle measurements 

were taken using an Optical Contact Angle and Surface Tension Meter CAM 101 (KVS 

Instrument Inc.) with pH 7.4 PBS. Prior to bacterial and cell culture, samples were 

sterilized with UV irradiation for 15 min on each side for NF substrates or 30 min for Si 

wafer substrates. A control test on Si wafers showed that film swelling (determined with 

a spectroscopic ellipsometry (M-2000, J.A. Woollam) as described in next section) before 

and after UV sterilization remained constant, suggesting negligible effects of UV on film 

function.  

4.3.3. Degradation Studies on Flat and Structured Substrates 

4.3.3.1. Flat Substrates 

Two 3.5-bilayer films of BCM/TA on Si wafers were exposed to 5 mL of 

collagenase (0.1%) or trypsin (0.25%) in PBS at 37 °C. At designated time points, films 

were removed from solution, washed with pH 7.4 PBS, and dried with nitrogen gas. Dry 

thicknesses of coatings on Si wafers were measured with spectroscopic ellipsometry (M-

2000, J.A. Woollam) at angles of incidence 45, 55, 65 and 75. A Cauchy layer model was 

used for analysis with A set to 1.5, which allowed for automatic calculation of the best fit 

thickness. After measurements, samples were returned to and kept in fresh solutions of 

collagenase or trypsin until the next measurement. 
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4.3.3.2. Nanofiber Substrates 

To perform degradation studies, 1.5-bilayer BCM/TA coated nanofibers (together with the 

paper rings) were soaked in 1 mL of sterilized PBS containing trypsin-EDTA (0.25%) in 

a 12-well plate and incubated at 37 °C under shaking (40  1 rpm). The solution was 

refreshed every three days. All samples were vigorously washed with deionized water 

twice and dried at room temperature. For SEM imaging, the samples were examined with 

a LEO 982 FEG SEM. 

4.3.4. Bacterial Studies 

4.3.4.1. Antibiotic Loading 

3.5-bilayer films of BCM/TA and control polymeric layers without micellar cores 

(PVP/TA) were loaded with gentamicin (1 mg mL-1, pH 7.5 aqueous solution) at 4 °C for 

20 h. Bare PCL/Coll NFs and BCM/TA-coated PCL/Coll NFs were loaded with 

clindamycin hydrochloride (1 mg mL-1, pH 7.5 aqueous solution) at 4 °C for 20 h after 

UV irradiation. All samples were washed with pH 7.5 aqueous solution to remove excess 

antibiotic and then dried (with nitrogen gas for silicon wafers or air dried for nanofiber 

samples). 

4.3.4.2. Bacterial Strain and MIC Assays 

For all bacterial studies, Staphylococcus aureus (S. aureus, ATCC 12600) was streaked 

on TSB agar plates from a frozen glycerol stock, incubated at 37 °C for 16 h to obtain 

single colonies, and stored at 4 °C before bacterial cultures. All cultures were started with 
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colonies from plates of less than a week old. The MIC of clindamycin hydrochloride for 

S. aureus was determined by the antibiotic concentration at which no growth in the main

streak was observed upon streaking TSB agar plates with different antibiotic 

concentrations. The MIC of gentamicin was 12.5 μg mL-1 as previously measured by us.217

4.3.4.3. Petrifilm Assay 

For Petrifilm (3M Petrifilm Aerobic Count Plates, Nelson Jameson, Marshfield, WI, USA) 

assays, a single colony from the agar plate was inoculated in 2 mL of TSB and grown 

overnight at 37 °C with shaking (250 rpm). Afterwards, the optical density at 600 nm 

(OD600) of the culture was measured and used as a guideline to prepare cultures containing 

109, 107 and 105 CFU mL-1 via dilution with TSB. Petrifilm plates were treated with 1 mL 

of sterilized DI water for 30 min to hydrate the plate. Si wafers coated with 3.5-bilayer 

BCM/TA films were placed face up on the hydrated Petrifilms and 10 µL of bacterial 

suspension was placed onto each sample and incubated at 37 °C for 48 h. After 48 h, the 

bacterial colonies appearing on top of the samples were counted. 

4.3.4.4. Zone of Inhibition Assay 

To perform ZOI assays, 4 mL of TSB was inoculated with 5 single colonies from the TSB 

agar plate and then grown for 17 h. The OD600 of the culture was measured and diluted in 

TSB to ~105 CFU mL-1. For ZOI agar plates, 20 mL of TSB was dried overnight, pre-

heated at 37 °C for 2 h, and then exposed to bare or BCM-coated PCL/Coll NFs (with and 

without clindamycin loading) for 1 h (unless otherwise noted). Afterwards, the NF 
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samples were removed, and the agar plate was streaked three times with a sterile cotton 

swab from a 105 CFU mL-1 culture, rotating the plate 60° between each streak. Plates were 

allowed to dry for 5 min and incubated at 37 °C for 24 h and used for zone of inhibition 

measurements.  

4.3.4.5. Optical Density and CFU mL-1 Assay 

For OD600 measurements as a function of time, 5 single colonies in 4 mL of TSB were 

grown for 17 h at 37 °C with shaking (250 rpm). 50 mL of TSB was inoculated with 80 

μL of the overnight culture at 37 °C with shaking (250 rpm). Cultures were grown for 3 h 

and then NF samples placed into the culturing flask. At each time point, 0.5 mL of the 

culture was collected and used for OD600 measurements and plated at various dilutions in 

duplicate to measure cellular counts in solution. Plates were grown for 20 h and colonies 

were counted manually.   

4.3.5. Human Cell Studies  

For human cell studies, PCL/Coll NFs with or without TGF-β1 on glass coverslips and 

1.5 bilayer BCM/TA-coated or bare PCL/Coll NFs on paper rings were used. 

4.3.5.1. Cell Seeding and Culture 

Primary normal human skin fibroblasts (NHDFs) from newborn foreskin (R2F) were a 

gift from Dr. James G. Rheinwald of the Harvard NIH Skin Disease Research Center. The 

cells were grown in monolayer culture in Dulbecco’s modified Eagle media (DMEM, low 
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glucose) supplemented with 10% FBS and 1% penicillin and streptomycin (Sigma) at 37 

°C in a humidified 5% CO2 atmosphere. Cells were routinely subcultured and used at 

passages 7-10. For each experiment, 500 μL of cell suspension (4×104 cells/mL) was 

carefully added onto the coverslips coated with nanofibers to avoid any spillage over the 

edge of the coverslips. The seeded cells were then incubated for 60 min prior to the 

addition of fully supplemented media. Cells were cultured up to 7 days and media was 

refreshed every 2-3 days.  

4.3.5.2. Cell Proliferation 

Cell proliferation was determined using the CyQUANT® Cell Proliferation Assay Kit 

(Molecular Probes, Inc., Eugene, OR) following the manufacturer’s manual. Briefly, cell 

culture samples (in triplicate, n=3) were harvested on day 1, 4 and 7, respectively. After 

removal of media and rinsing with pH 7.4 PBS, the samples were snap-frozen and stored 

at -80 °C. All the samples were lysed in CyQUANT® cell-lysis buffer for 1 h at room 

temperature and then 200 µL of CyQUANT® GR dye/cell- lysis buffer was added to each 

sample and incubated for 2-5 min at room temperature in the dark. The fluorescence 

intensity of cell lysates was measured using the multi-mode BioTek microplate reader 

(SynergyTM HT, BioTek Instruments Inc., Winooski, VT) at 480 nm ex./520 nm em.  

4.3.5.3. Live/Dead Cell Staining 

Viability of NHDFs on NFs was determined by fluorescent staining with a Live-Dead 

Assay Cytotoxicity Kit (Thermo Fisher Sceintific). Specifically, NHDF-seeded NFs after 
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culture for 1 day were incubated with 4 mM calceinacetoxymethyl ester-AM (stains the 

cytoplasm of live cells green) and 4 mM ethidiumhomodimer (stains the nuclei of dead 

cells red) for 5 min at room temperature. After rinsing with PBS, the stained samples were 

visualized with a Nikon Eclipse 80i fluorescence microscope. 

4.3.5.4. Immunofluorescent Staining 

Immunofluorescent staining of cells was performed as previously described.[29] Briefly, 

cultured cells were fixed in 4% paraformaldehyde for 10 min and then permeabilized with 

0.2% Triton X-100 in PBS. Primary antibodies used were: phalloidin-FITC (Sigma, 

1:500), anti--smooth muscle actin, anti-vinculin (Sigma, 1:200), and anti-focal adhesion 

kinase (Sigma 1:1000). The cells were further incubated with goat anti-mouse or goat anti-

rabbit TRITC conjugated IgG secondary antibody (Caltag, 1:400). Cell nuclei were 

stained with DAPI (Sigma, 1:1000). The staining was examined under a Nikon Eclipse 

80i fluorescence microscope. 

4.3.5.5. Cell Migration 

Migration of fibroblasts on PCL/Coll NFs with and without TGF-β1 was monitored using 

time-lapse microscopy. Briefly, the culture was placed in a climate-controlled incubator 

(temperature- and CO2-controlled chamber) under the eclipse Ti Nikon fluorescence 

microscope. Each sample was imaged at 10-min intervals for 5 h. Acquired images were 

analyzed by ImageJ to track at least 10 cells per condition and calculate the mean 

displacement per 10-min time lapse interval for each cell. To evaluate the migratory 
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activity of NHDFs in relation to wound healing, in vitro CytoSelect™ 24-Well Wound 

Healing Assay Kit (Cell Biolabs Inc., San Diego, CA) was used. Briefly, 2×105 NHDFs 

suspended in the culture media were seeded onto the surfaces of NFs with the insert in 

place. After 24 h, the insert was removed to generate a consistent 0.9-mm-wound gap 

among the cells. Cells were allowed to migrate into the wound gap for 24 and 72 h. After 

staining the cells with 0.1% methylene blue, images of the wound gap were taken to 

analyze the gap distance (n=3).  

4.3.5.6. Cell Susceptibility to Clindamycin Hydrochloride in Solution  

Cell susceptibility to clindamycin hydrochloride was determined via MTT assay after 24-

h culture in a 6-well plate with a series of clindamycin hydrochloride dilutions (0.0625, 

0.125, 0.25, 0.5, and 1 μg mL-1) added to the culture media, respectively. Briefly, the 

culture was incubated with thiazolyl blue tetrazolium bromide (MTT; Sigma, St. Louis, 

MO) solution (0.5 mg mL-1 in culture media) at 37 °C in the dark for 4 h. Upon removal 

of the nonreacted dye, the formazan product was extracted with DMSO and 100 μL of the 

extract was transferred to a 96-well plate for absorbance measurement. The absorbance 

was measured at a wavelength of 570 nm with a Synergy HT Multi-Detection Microplate 

Reader (BioTek Instruments, Winooski, VT). 

4.3.6.  Statistical Analysis 

All data are expressed as the mean ± SD. For cell studies, each experiment was repeated 

at least 3 times on different days. All the cell proliferation, migration, and gene expression 
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were collected at least in triplicate for each group. For bacterial studies, each experiment 

was repeated at least twice on different days with data collected in at least duplicate for 

each group. An unpaired student t-test was used to evaluate the significance among 

experimental groups. A value of p < 0.05 was considered statistically significant. 

4.4. Results and Discussion 

4.4.1. Comparing BCM/TA Coatings on Flat and Nanofibrous Substrates 

Polyvinylpyrrolidone-b-polyureido(ornithine-co-lysine) (PVP-b-PUOL), a block 

copolymer that exhibits upper critical solution temperature (UCST) behavior, forms 

BCMs above 33 °C.120 Previously, we reported on the assembly of these BCMs with TA 

on flat substrates. Here, we explore the possibility of depositing this micellar system onto 

the surfaces of electrospun PCL/Coll NFs. In contrast to planar surfaces, assembly onto 

3D substrates is highly challenging due to the intrinsically uneven topography. After 

successful deposition, the ability of such BCM-coated NFs to uptake antibiotics and 

efficacy of antibiotic-loaded BCM/TA-coated NFs to simultaneously prevent bacterial 

colonization and control cell migration was explored. 

To deposit micelles onto planar surfaces (Si wafers) and 3D substrates (PCL/Coll 

NFs), a priming layer of branched polyethylenimine (BPEI) was used. BCMs (0.5 mg mL-

1, pH 7.4) were then deposited followed by a top coat of TA (0.2 mg mL-1, pH 7.4). TA 

hydrogen bonds with the outer shell of the micelles (composed of PVP), which enables 

TA to secure the micelles onto the surface. We have previously shown that deposition of 
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a top coat over stimuli-responsive micelles prevents the desorption of micelles while 

enabling retention of their morphology and responsive behavior.60,161 

Figure 4-2. SEM images of bare PCL/Coll NFs (A), 1.5-bilayer BCM/TA-coated 
PCL/Coll NFs (B) and 2.5-bilayer BCM/TA films on a silicon wafer (C). Reprinted 
with permission from 43 Copyright 2018 John Wiley & Sons, Inc.  

We first investigated whether the chemistry of the nanofibers and their surface 

curvature had any effects on micellar deposition. The PCL/Coll NFs in the electrospun 

matrices were randomly organized with an average fiber diameter of 482 ± 6 nm. Figure 

4-2 shows the surface morphology of bare (A) or BCM/TA-modified PCL/Coll NFs (B)

as well as surface morphology of BCM/TA coatings on Si wafers (C). When BCM/TA 

coatings were deposited at the surface of Si wafers, the average micelle diameter was 36 

± 14 nm as quantified by ImageJ analysis of scanning electron microscopy (SEM) 

images.120 Depositing the same micellar system on PCL/Coll NFs resulted in a similar 

average micelle diameter of 34 ± 19 nm. Thus, curvature of the substrate had no effect on 

micellar flattening upon adhesion to the surface.  
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Figure 4-3. Surface coverage of BCM on PCL/Coll NFs depends on deposition time 
while average micellar size does not. Morphology of PCL/Coll NFs after 1.5 bilayers 
of BCM/TA deposited for 5 min (A) or 30 min (B). Surface coverage and average 
micellar size as a function of deposition time (C). Data presented as mean ± SD, n=2. 
Reprinted with permission from 43 Copyright 2018 John Wiley & Sons, Inc.  

Figure 4-3 shows that surface coverage of BCMs on PCL/Coll NFs could be controlled 

by deposition time, with increasing time leading to an increase in coverage. The micelle 

coverage was 23  4%, 42  3% and 78  2% for 5, 10, and 30 min deposition times, 

respectively, as determined by ImageJ software threshold analysis (five randomly selected 

areas per image were analyzed, the total surface area was approximately 400 µm2). 

Similarly, the micellar coverage of planar Si wafer substrate was also quantified, reaching 

67 ± 4% after 30-min deposition. The increased micellar coverage on NFs may partly 

come from the easy access of BCMs to nanofiber surfaces as a result of the open interfiber 

space. Since electrospun matrices generally have a wide distribution of fiber diameters, it 

was interesting to see whether such variation of fiber diameter influenced the micellar 

coating. Quantification of the micellar coverage on individual fibers with different 

diameters (482 ± 6 nm vs. 259 ± 13 nm) revealed a slightly higher occupancy of micelles 

on larger fibers (78 ± 2%) than smaller ones (62 ± 8%). Such a noted difference suggests 

to a certain degree that fiber diameter influences micellar adhesion. Theoretically, all the 
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fiber diameters are large enough for BCMs to attach, however, finer fibers have a higher 

curvature, which could impede BCM adhesion and lead to lower coverage.  

Figure 4-4. Temperature-triggered release of pyrene into PBS (pH 7.4) from 2.5-
bilayer BCM/TA films on a silicon wafer and 1.5-bilayer BCM/TA-coated PCL/Coll 
NFs as measured via fluorescence emission intensity at 371 nm from supernatant. 
Reprinted with permission from 43 Copyright 2018 John Wiley & Sons, Inc. 

In recognition of the effect of nanofiber curvature on micellar deposition, it is 

necessary to determine whether such curvature could potentially alter the responsive 

function of micelles. Temperature-responsive release of a model drug (pyrene) into 

phosphate buffered saline (PBS, pH 7.4) from BCMs immobilized on either Si wafer or 

PCL/Coll NFs was determined via measuring the fluorescence intensity at 371 nm of the 

collected PBS samples. To achieve on-demand, pulsated release, the temperature of the 

release solution was switched between 5 °C and 40 °C, which were below and above the 

micellar UCST, respectively. Figure 4-4 shows the cumulative continuous release of 
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pyrene from BCM/TA films on Si wafers and PCL/Coll NFs. For both substrates, an on-

off pyrene release was observed, with the release occurring exclusively at 40 °C. These 

results suggest that the curvature of the NFs exhibits minimal effects on micellar response. 

The attachment of BCMs onto the fiber surface relied exclusively on non-covalent 

hydrogen bonding interactions; however, the micellar coatings were robust and did not 

decompose or desorb from the fiber surface even after 21 days of exposure to 

physiological conditions (37 °C, PBS, pH 7.4, with 250 rpm shaking) as can be seen in 

Figure 4-5A, top row. Moreover, the binding of TA with micellar corona enabled the 

retention of micellar structure even after exposure to temperatures higher than UCST 

(Figure 4-4A, top row). Considering the primary purpose of this study was to create 

multifunctional wound dressings, it was of paramount importance that the BCM/TA-

coated NFs could survive the enzymes commonly found in chronic wounds, such as 

collagenase.218-220 Based on image analysis, micellar coatings showed stability upon 

exposure to collagenase (more details can be found in the following section).  

4.4.1.1. Degradability of BCM/TA Films on Planar and NF Substrates 

Since the goal of this work is to create scaffolds that can be used in wound 

dressings, it is of paramount importance that the proposed system will not prematurely 

degrade in the presence of enzymes commonly found in wounds, such as 

collagenase.219,221,222 To assess coating stability, films were deposited on NFs and imaged 

at several time points (Figure 4-5), as well as on planar substrates (silicon wafers) with 

dry thickness of the coating measured over time to obtain quantitative data (Figure 4-5B). 
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As can be seen in Figure 4-5, BCM/TA films were stable against collagenase but 

susceptible to trypsin. Trypsin degrades the polyamino acid backbone by cleaving at the 

C-terminus of lysine bonds223 and, therefore, caused clear morphological differences in

the BCM/TA coatings attached to NFs after 10 days (Figure 4-5, bottom row) and 

decreased the thickness of BCM/TA coatings deposited on Si wafers after less than 1 day 

(Figure 4-5B). The increased rate of degradation of the coatings on planar substrates 

versus NFs is probably due to the differences in surface area of the coatings.  

Figure 4-5.(A) Surface morphology of 1.5-bilayer BCM/TA-coated PCL/Coll NFs 
after 5, 10, and 21 days of exposure to PBS and trypsin at 37 °C. (B) Normalized dry 
thickness of 3.5-bilayer BCM/TA coatings on silicon wafers as measured by 
ellipsometry after exposure to trypsin or collagenase. Data presented as mean ± SD, 
n=2. Reprinted with permission from 43 Copyright 2018 John Wiley & Sons, Inc.  
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Figure 4-6. Images of PCL/Coll NFs and 1.5-bilayer BCM/TA-coated PCL/Coll NFs 
after the addition of a droplet of PBS (pH 7.4). PCL/Coll NFs showed a contact angle 
(CA) of 77 ± 13° while BCM/TA-coated NFs displayed complete wetting. Reprinted 
with permission from 43 Copyright 2018 John Wiley & Sons, Inc.  

Ability to absorb water is also an important parameter for wound dressings.224 As 

shown in Figure 4-6, deposition of BCM/TA coatings on PCL/Coll NFs drastically 

improved the wettability of the substrates. In contrast to the limited wettability of uncoated 

PCL/Coll NFs (i.e., a contact angle of 77 ± 13°), BCM/TA-coated NFs showed complete 

wetting by PBS (pH 7.4). The complete wetting capacity of BCM/TA-coated NFs is most 

likely due to the high hydrophilicity of BCM/TA coatings, which were demonstrated in 

our previous study to have high swelling ratios in PBS120 and displayed complete surface 

wetting when on Si wafers (data not shown).  

4.4.2.  Cytocompatibility and Cell Migration on BCM/TA-modified NFs 

Upon modification with BCM/TA coatings, the surface of PCL/Coll NFs became 

topographically rougher with secondary nanosized attributes (i.e., micelles) (see Figure 

4-2) despite overall morphologic similarity. While it was not possible to measure the
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surface roughness of BCM/TA-coated NFs, a root-mean-square roughness of 4.2  1.5 

was observed for 2.5-bilayer micellar films on planar substrates.120 Such nanofeatured 

surfaces differentially regulate cellular responses, especially those related to wound 

healing.225 Thus, bare and BCM/TA-modified PCL/Coll NFs were compared side-by-side 

for their influence on the attachment, proliferation and migration of NHDFs. After 24 h 

culture, NHDFs were stained for viability or processed for SEM examination. As shown 

in Appendix B, NHDFs attached to bare and BCM/TA-modified NFs in a similar fashion, 

that is, developing strong cell-fiber connections and exhibiting a spindle-like shape. 

Staining the cultured NHDFs with a live/dead kit showed negligible cell death on both 

NFs (Appendix B), suggesting the cytocompatibility of BCM/TA coatings with NHDFs. 

Interestingly, although BCM/TA-coated NFs retained a random orientation, NHDFs on 

such modified matrices somehow displayed a more aligned, elongated morphology, which 

was typically observed only on anisotropically aligned PCL/Coll NFs.[29] Further staining 

the cells for vinculin and FAK affirmed such observation (Appendix B), in which focal 

adhesion complex (vinculin) distributed primarily on the elongated filopodia. While the 

cause of such cell orientation is still under investigation, clearly the BCM/TA coating 

plays a significant role. Proliferation of NHDFs on both PCL/Coll NFs was determined 

by DNA assay for up to 7 days (Appendix B). Significant stimulation of cell proliferation 

was observed on BCM/TA-modified NFs, especially for prolonged culture duration (day 

4 and 7).   
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Figure 4-7. BCM/TA coatings enhance NHDFs migration rate and proliferation on 
PCL/Coll NFs. (A) NHDFs (2×105 per matrix) were seeded on either bare or 
BCM/TA coated PCL/Coll NFs with an insert in the middle. After 24 h, the insert 
was removed to generate a 0.9-mm wound gap. Cells were allowed to migrate into 
the wound gap, and visualized after 24 and 72 h using methylene blue staining. (B) 
Quantification of the distance between the front lines of migrating NDHFs. Data 
presented as mean ± SD, n=3, p-values are calculated using an unpaired student t-
test, *p <0.05. Reprinted with permission from 43 Copyright 2018 John Wiley & Sons, 
Inc.  
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In recognition of the elongated cell morphology ‒ normally associated with 

facilitated cell migration ‒ an in vitro wound-healing assay was performed to evaluate the 

migratory activity of NHDFs on bare and BCM/TA-coated PCL/Coll NFs. Staining the 

culture after 24 and 72 h with methylene blue revealed that the ability of NHDFs to bridge 

the model wound gap greatly depended on the substrate. On bare PCL/Coll NFs, the 

migration of NHDFs into the gap was moderate and only achieved approximately 20% 

and 50% closure by 24 h and 72 h, respectively (Figure 4-7). In contrast, on the BCM/TA-

coated PCL/Coll NFs, NHDF migration into the gap was significantly enhanced and 

reached approximately 60% and 80% closure by 24 h and 72 h, respectively (Figure 4-7). 

This trend also agrees with the increased cell proliferation on BCM/TA-coated PCL/Coll 

NFs (Appendix B). Therefore, we believe that the combination of unique surface 

topography of BCM/TA coating and increased cell number account for the differences in 

migration rates. Taken together, BCM/TA-coated PCL/Coll NFs create a favorable 

environment for NDHFs to migrate and proliferate, two necessary requirements for 

wound-healing.  

4.4.3. Antibacterial Performance of Antibiotic-loaded BCM/TA Coatings 

Ability of wound healing materials to prevent bacterial infection is of paramount 

importance. Therefore, we aimed to explore the capability of BCM/TA-coated NFs to act 

as cargo holders for biomolecules using two model antibiotics: gentamicin, a bactericidal 

aminoglycoside, and clindamycin, a bacteriostatic antibiotic. Gentamicin works by 

binding to the 30S ribosomal subunit, thus preventing bacterial protein synthesis,226 while 
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clindamycin works by binding to the 50S ribosomal subunit, causing dissociation of 

peptidyl-tRNAs from the ribosome.227 Clindamycin is particularly attractive because it is 

widely used in clinics for its effectiveness against some strains of methicillin-resistant S. 

aureus (MRSA), which is the most common cause of skin infections.228 

Figure 4-8. BCM/TA coatings on Si wafers can be loaded with gentamicin and 
prevent bacterial growth. (A) 3.5 bilayer PVP/TA or BCM/TA coatings loaded and 

unloaded with gentamicin were inoculated with 10
3
, 10

5
, 10

7 
CFU cm-2 of S. aureus

ATCC 12600 and the growth of bacteria enumerated using Petrifilm plates (B). 
Reprinted with permission from 43 Copyright 2018 John Wiley & Sons, Inc.  
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To determine the efficiency of assembled micellar films in loading and release of 

antibiotics, 3.5-bilayer films of BCM/TA were built on Si wafers and loaded with 

gentamicin (1 mg mL-1, pH 7.5 aqueous solution) at 4 °C for 20 h. This concentration of 

gentamicin was reported to have no effect on NHDF growth.229 Gentamicin-loaded and 

unloaded films were challenged with 103, 105, and 107 CFU cm-2 of S. aureus ATCC 

12600, and the growth of bacteria was enumerated using Petrifilm plates (Figure 4-8) after 

48 h. The Si wafers coated with unloaded films did not demonstrate significant prevention 

of bacterial growth, while wafers with gentamicin-loaded BCM/TA films were able to kill 

>99.99% of S. aureus for a relatively high number of bacteria, 105 CFU cm-2. A control

group with polymeric layers (3.5 bilayers of PVP/TA) not containing micelles showed 

negligible antibiotic uptake and no impact on bacterial CFUs. These results indicate that 

micellar films can be loaded with antibiotics at concentrations above the minimum 

inhibitory concentration (MIC) (12.5 μg mL-1) and that micellar cores can act as cargo 

holders for antibiotics. Because LbL deposition was used for micellar coating 

construction, the amount of antibiotics included in the film can be easily increased by 

increasing the number of layers in the film.151,217,230 

We then tested the antibacterial efficacy of the BCM/TA coatings deposited on 

PCL/Coll NFs. Hypothetical release of antimicrobials into tissues was mimicked in vitro 

using zone of inhibition (ZOI) assays (Figure 4-8). Prior to bacterial assays, bare PCL/Coll 

NFs and BCM/TA-coated PCL/Coll NFs were sterilized via UV irradiation and loaded 

with clindamycin hydrochloride (1 mg mL-1, pH 7.5 aqueous solution) at 4 °C for 20 h. 

Clindamycin was measured to have an MIC of 0.25 μg mL-1 (Appendix B). Figure 4-9 A-
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C show that bare NFs had a 28% smaller (p < 0.02) ZOI than BCM/TA-coated NFs (ZOI 

diameters of ~23  9 mm and ~32  6 mm, respectively). By estimating the mass ratios of 

micelles to nanofibers, micelles were calculated to be approximately 10 times more 

efficient in absorbing antibiotics than bare NFs. Ability of wound dressings to be 

fabricated and stored for long periods of time before use is of paramount importance for 

application in clinics. BCM/TA-coated NFs displayed such an ability as demonstrated by 

ZOI diameters produced by clindamycin-loaded coatings after 20 weeks of storage of 

similar size to those observed with fresh BCM/TA-coated NFs (Figure 4-9A). This 

suggests high robustness of BCM/TA-coated NFs as a platform for antibiotic delivery and 

a high level of potential for clinical application.  
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Figure 4-9. BCM/TA coatings on PCL/Coll NFs inhibit growth of S. aureus on agar 
plates and in TSB solution. ZOI diameter in mm (A) and images of ZOIs from bare 
(B) and BCM/TA-coated (C) PCL/Coll NFs loaded with clindamycin. ZOIs for
BCM/TA-coated PCL/Coll NFs loaded with clindamycin are shown for freshly
prepared samples (red) as well as samples after 20-weeks of storage at 5 °C (blue).
OD of bacterial culture (D) and CFU per mL (E) over time show that clindamycin-
loaded BCM/TA coatings on NFs significantly reduce OD and CFU. Data presented
as mean ± SD, n=12 for A, n = 2 for D and E, p-values are calculated using an
unpaired student t-test, *p <0.02. Reprinted with permission from 43 Copyright 2018
John Wiley & Sons, Inc.

To better mimic bacterial contamination in real wounds, S. aureus ATCC 12600 was 

cultured in large volumes of growth media (tryptic soy broth, TSB) with shaking in the 

presence of BCM/TA-coated NFs loaded with clindamycin. As controls, clindamycin-free 

fibers and free clindamycin solutions (MIC, 0.25 μg mL-1) were used. A separate study to 
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evaluate the correlation of clindamycin concentrations with NHDF growth showed that 

clindamycin at and above the MIC had minimal effect on NHDF growth (Appendix B). 

As can be seen in Figure 4-9, all control experiments result in an increase of optical density 

(OD) of the culture along with an increase in bacterial cellular counts, suggesting that S. 

aureus grew normally in the presence of micellar scaffolds without antibiotics. On the 

other hand, adding clindamycin to the solution or adding the BCM/TA-coated NFs loaded 

with clindamycin minimized increases in OD and cellular counts. Specifically, over a 

culturing period of 5 h, a two-log reduction in bacterial counts was observed for 

clindamycin-loaded, BCM/TA-coated NFs and was similar to that observed with free 

clindamycin in solution. This finding suggests that BCM/TA coatings on PCL/Coll NFs 

could uptake at least 12.5 μg of clindamycin, considering that the culturing volume was 

50 mL and the MIC was 0.25 μg mL-1. It is possible that the actual amount of loaded 

antibiotic was higher, since a further reduction in OD and cellular counts could not be 

observed for higher concentrations of clindamycin because of its bacteriostatic nature 

(Figure 4-10).  
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Figure 4-10. OD600 of S. aureus ATCC 12600 bacterial culture (A) and CFU per mL 
(B) over time when grown in 50 mL TSB at 37 °C with 250 rpm shaking in the
presence of clindamycin in solution. Data presented as mean ± SD, n=2. Reprinted
with permission from 43 Copyright 2018 John Wiley & Sons, Inc.
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4.4.4. Functionality of Stacking Multiple NFs 

Figure 4-11. Highly tunable inhibition of S. aureus from clindamycin-loaded coatings 
on PCL/Coll NFs via a modular approach. (A) Images of zones of inhibition from 
clindamycin-loaded coatings on NFs with 0, 2 and 4 spacer layers at time points, 15 
min, 1 and 3 h. (B) Quantification of zones of inhibition from clindamycin-loaded 
coatings on NFs with 0, 2 and 4 spacer layers. Data presented as mean ± SD, n=2. 
Reprinted with permission from 43 Copyright 2018 John Wiley & Sons, Inc.  

In response to the need to deliver multiple biomolecules into chronic wounds, multi-

modular matrices containing stacked NFs were designed. This approach takes advantage 

of the surface functionalization of NFs, and combines them with other types of matrices 

to create multifunctional matrices as illustrated in Figure 4-11, top. Combination of 

multiple matrices is advantageous for two reasons. First, this strategy enables control over 

the delivery rate of bioactive molecules through introduction of spacer layers (n; n=2 is 

shown in Figure 4-11, top). Second, multiple matrices can be fabricated and functionalized 

separately to enable dual-agent or multiple-agent release capability. 
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Here, we demonstrated the feasibility of the first strategy in such a system, in which 

spacer layers were introduced to enable control over timing of antibiotic delivery. 

Specifically, 2 and 4 spacer layers (n=2 and n=4) of Whatman filter paper were added 

between the antibiotic-loaded NFs and agar, which equates to approximately a thickness 

of 0.5 mm and 1 mm, respectively. Clindamycin-loaded NF samples with and without 

spacers were exposed to preheated (at 37 °C) agar for various times (15 min, or 1, 3 or 8 

h). After this time, the samples were removed and S. aureus streaked onto the agar plate 

from a ~105 CFU mL-1 TSB culture as described in the experimental section. Without the 

addition of spacers, one antibiotic-loaded layer appears to completely empty its contents 

within <1 h, as the ZOI remained the same even for the longest time point (8 h). On the 

other hand, samples with 2 or 4 spacers (which are ‘empty’ and do not contain antibiotic) 

demonstrated pronounced delays in the antibiotic delivery rate to a several-hour scale, as 

seen by smaller ZOIs at shorter time points (Figure 4-11). Assuming that the antibiotic 

diffusion coefficient is ~10-6 cm2 s-1 (i.e. similar to that of a small fluorescent dye231), it is 

expected to take ~42 min and ~2.8 h for clindamycin, released from the coatings to diffuse 

through 0.5 and 1 mm, respectively. The observed results match closely with expectations. 

Importantly, the final zone size after 3 and 8 h, for both the 2 and 4 spacer systems, was 

the same as the zone generated by a sample without spacers, which suggests no loss of 

antibiotics into the spacer layers. These results suggest that by strategically assembling 

NFs together, the delivery time and the effective concentration delivered can be easily 

tuned. Such a strategy can be readily applied to NFs infiltrated with other biomolecules 

such as TGF-β1. This approach also can be utilized to develop multifunctional constructs, 
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e.g. by combining TGF-β1-infilitrated PCL/Coll NFs with antibiotic-loaded BCM-

modified PCL/Coll NFs. 

4.5. Conclusions 

We report direct coating of micellar nanocarriers onto electrospun nanofibers to achieve a 

hierarchical structure in which the micellar compartments provide significant benefits for 

controlling interactions with bacteria and mammalian cells. TGF-β1 was directly 

incorporated into PCL/Coll NFs via electrospinning and stimulated the fibroblast-to-

myofibroblast differentiation of normal human dermal fibroblasts seeded on top of NFs. 

At the same time, LbL-enabled micellar coatings on NFs provided several advantageous 

features. First, the nanostructured landscape of the fiber surfaces, achieved through 

attachment of micelles, promoted strong fibroblast adhesion, spreading, proliferation, and 

enhanced migration even in the absence of a cell-stimulating agent. Second, surface-

attached micelles could be used as nanocontainers for the incorporation of small bioactive 

molecules after fabrication of NFs as shown with antibiotics. These nanoscale-thin 

micellar coatings on nanofibers efficiently mitigated the infection challenge of S. aureus. 

Moreover, the feasibility of tuning the delivery rate of bioactive molecules via a modular 

approach that involved stacking functionalized NFs has been demonstrated. This highly 

versatile, flexible approach provides a promising platform that might enable employment 

and independent control over the delivery rate of multiple bioactive agents.  
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5. SURFACE MODIFICATION OF NANOFIBROUS MATS WITH POLYMERIC

MICELLES 

5.1. Introduction 

Electrospun fibers are highly attractive materials for a wide variety of applications 

ranging from wound healing to food packaging. Therefore, facile modification of these 

materials to impart application specific properties is highly desirable. Much research has 

worked on modifying the surfaces of nanofibers for tissue engineering and drug delivery 

applications.232 For example, biodegradable and non-biodegradable fibers have been 

grafted with polymer chains to improve hydrophilicity to enhance cellular adhesion, 

spreading or proliferation. 233,234 Alternatively, layer-by-layer (LbL) coatings of synthetic 

polymers,235 nanoparticles,236 and biomolecule derived materials237, even DNA,238 have 

been deposited on nanofibers to achieve a variety of features. For example, gold 

nanoparticles and lysozyme have been deposited on fibers to achieve excellent 

antimicrobial activity against Escherichia coli and Staphylococcus aureus. 239 LbL 

coatings on fibers have been used to endow photocatalytic activity240 or biosensing 

capabilities.241  

We recently published the first report, to our knowledge, of nanocontainers 

deposited on the surface on nanofibers.43 We showed that micellar coverage of fibers 

depended on deposition time for the monolayer and that such a layer could enhance 

cellular migration. Here, we expand this work to multilayer coatings of micelles and 

explore not only the unique topography this creates but the functionality of these layers in 

terms of antioxidant capability endowed by using the assembly partner tannic acid.  
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Tannic acid is a well-known antioxidant material.242 Here, we study the antioxidant 

activity of TA incorporated into LbL with micelles on the surface of electrospun fibers. 

Antioxidant behavior has been reported for fibers before, mostly for the inclusion of small 

antioxidants into fibers during electrospinning. For example, Xian Jun Loh’s group 

published several papers on antioxidant biodegradable nanofibers containing lignin as the 

active component. These fibers had 72 h antioxidant activity and were cytocomptaible for 

a range of cell lines.243,244 Alternatively, Selvaraj et al. reported silk fibers with fenugreek 

that had antioxidant activity that not only enhanced fibroblast proliferation on nanofibers 

but also enhanced wound healing in an in vivo rat wound model study.245 Other reports on 

the inclusion of chrysin, curcumin, or gallic acid into fibers during spinning, have shown 

similar enhancement of viability of cells or promotion of wound closure.246-248 In contrast 

to prior reports, our work focuses on attaching tannic acid to fibers in a post-spinning 

assembly. Since tannic acid is deposited using LbL, the antioxidant capability of such 

fibers is easy to tune. 

In this work, we explore multilayers of UCST micelles and tannic acid on 

polycaprolactone/collagen (PCL/Coll) fibers. First, we show that the growth of these films 

is robust and enables temperature-responsive swelling in the physiological range. Next, 

we explore the stability of these materials in dry storage as well as in physiological 

conditions. Finally, the antioxidant capacity of these materials is explored as a function of 

number of coating layers as well as over time. Taken together, these materials show much 

promise for biomedical applications.  
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5.2. Materials 

Branched polyethylenimine (BPEI, weight-average molecular weight Mw ~ 750 kDa), 

sodium phosphate monobasic dehydrate, polyvinylpyrrolidone (Mw ~ 55 kDa) were 

purchased from Sigma-Aldrich (Allentown, PA). Hydrochloric acid, sodium hydroxide, 

and sulfuric acid were obtained from Alfa Aesar (Tewksbury, MA). Ultrapure water from 

a Milli-Q system (Merck Millipore, Burlington, MA, USA) with a resistivity of 18.2 MΩ 

was used in all experiments. Boron-doped silicon (Si) wafers were purchased from 

University Wafer, Inc. Tannic acid (TA) was purchased from Alfa Aesar chemicals 

(Tewksbury, MA). Polyvinylpyrrolidone-block-poly(acrylamide-co-acrylonitrile) (PVP-

b-P(AAm-co-AN)) reported earlier165 were used as temperature responsive micelles. 

ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) and potassium persulfate 

were purchased from VWR. All chemicals were purchased from Sigma-Aldrich and used 

without further modification. 

5.3. Methods 

5.3.1. Layer-by-Layer deposition 

 LbL films of UCST micelles (UCSTMs, PVP-b-P(AAm-co-AN)) and tannic acid (TA) 

were deposited using the dip-deposition technique. To measure LbL growth, samples were 

deposited on Si wafers as a model substrate. For the rest of the studies, LbL films were 

deposited on polycaprolactone/collagen nanofibers. To prime all samples, a layer of BPEI 

(pH 9, 0.2 mg/mL) was deposited for 15 minutes followed by a layer of TA (pH 6, 0.5 

mg/mL) for 30 minutes as the prime layer. To deposition micelles, alternating layers of 
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UCSTMs (pH 6, 0.5 mg/mL, 0.01 M phosphate buffer with 0.15 M NaCl) and TA (pH 6, 

0.5 mg/mL, water) were deposited for 30 mins at room temperature to ensure deposition 

of micelles. Between layer depositions, three washing cycles of 5 minutes each in 

phosphate buffer were used. Control coatings of PVP and TA were deposited in an 

analogous manner with PVP solution (pH 6, 0.5 mg/mL) replacing the UCSTM solution. 

5.3.2. Spectroscopic Ellipsometry 

 Thicknesses and optical constants of films in dry states were characterized by a variable 

angle spectroscopic ellipsometer (VASE, M-2000 UV−visible−NIR (240−1700 nm) J. A. 

Woollam Co., Inc., Lincoln, NE, USA) at four angles of incidence: 45°, 55°, 65° and 75°. 

For data fitting, polymeric layers were treated as a Cauchy material. In situ ellipsometry 

was performed at 75o in a liquid cell. More details of specific fitting models and in situ 

setup can be found in a previously published paper.44  

5.3.3. Antioxidant Assay 

ABTS was reacted with potassium persulfate following guidelines previously published 

by others249. Samples (Bare fibers, 1, 2, or 3 BL of micelles or PVP control with TA) were 

exposed to 50 mL of ABTS. At each time point, 3 mL of solution was removed from the 

container, and measured with a Shimadzu UV2600 spectrophotometer. After measuring 

the absorbance, the aliquot was returned to the container. Each sample type was run in 

three separate trials and the data represents the average over the three trials with error bars 

representing the standard deviation.  



74 

5.3.4. Scanning Electron Microscopy (SEM) imaging 

All images were taken on a JEOL JSM-7500F with 2.0 kV at WD = 4.5 mm. Samples 

were coated with ~ 3 nm of Pt/Pd before imaging.  

5.4. Results and Discussion 

5.4.1. Layer-by-Layer Deposition on Flat Substrates 

Previously, we reported the deposition of enzymatically degradable, upper critical 

solution temperature block copolymer micelles (UCSTMs) on nanofibers and showed that 

the micelles able to uptake and release antibiotics in able to prevent infection.43 

Importantly, we showed that these constructs were cytocompatible and able to stimulate 

the migration of fibroblasts. Here we aim to explore the antioxidant capabilities and 

macrophage responses of a non-enzymatically degradable UCST system. Previously, we 

reported synthesis of UCSTMs with poly(acrylamide-co-acrylonitrile) (poly(AAm-co-

AN)) cores and polyvinylpyrrolidone (PVP) coronae (Chemical structure in Figure 5-1).135 

In that work, we showed that micelles have a size of ~ 150 nm regardless of salt 

concentration and pH. Here, we use these micelles in assembly with tannic acid (TA) to 

understand how micellar layers with TA can module fiber topography, and antioxidant 

capability.  
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Figure 5-1. Chemical structures of components and LbL growth as measured on Si 
substrates.  

Following the guidelines from our previous work 135 and the pH stability range of 

collagen,250 a pH of 6 was chosen for micelle and TA deposition. Before depositing on 

electrospun polycaprolactone/collagen (PCL/Coll) fibers (NFs) layers were deposited on 

Si wafer as a model substrate and growth monitored by spectroscopic elliposmetry. As can 

be seen in Figure 5-1, growth of UCSTMs and TA at pH 6 was linear, indicating strong 

binding between the components. Such assembly should enable the retention of 

temperature-responsive behavior of micelles. Indeed, a 6 bilayer film was able to 

repeatedly show on-off swelling transitions when cycled between 30 and 37 °C in pH 7.5 

PBS (Figure 5-2). Moreover, these films are highly stable and can be stored in a 

refrigerator for up to 4 weeks and still retain their ability to show temperature-induced 

film swelling. The ability of a material to retain its functionality over a long storage period 

is essential for biomedical applications.  
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Figure 5-2. Temperature-triggered swelling of UCSTM/TA films on Si wafers for 
samples as prepared and after 4 weeks of storage at 4 °C. 

5.4.2. Layer-by-Layer Deposition on Nanofibers 

To deposit micelles and TA on PCL/Coll NFs 30 min deposition cycles were used 

with the layers always ending with TA to ensure retention of micellar functionality. SEM 

images of 1, 2, and 3 bilayer UCSTM/TA coatings can be seen in Figure 5-3. Micelles 

densely cover the surface of nanofibers while not blocking the interfiber pores of the NF 

mat. Interestingly, 1 bilayer of UCSTM/TA does not completely cover the surface of NFs 

while 2 bilayers results in a uniform “monolayer” of micelles. This correlates well with 

previous studies on lower critical solution temperature micelles in films that showed 

through neutron reflectrometry studies that 2 layers of micelle deposition were required to 
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achieve a full “monolayer” of micelles.154 The bumpy morphology shown here is uniquely 

due to the micelles, as control layers of just PVP and tannic acid are smooth (Figure 5-4). 

Figure 5-3. SEM images of PCL/Coll NFs coated with 1, 2, or 3 bilayers of 
UCSTMs/TA.  

Figure 5-4. SEM images of PCL/Coll NFs coated with 1, 2, or 3 bilayers of PVP/TA. 
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5.4.3. Antioxidant Activity 

Tannic acid is a well-known antioxidant molecule whose antiradical activity can 

be quantified with several radical scavenging assays.242 ABTS (2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid), chemical structure in Figure 5-5) is a well-known 

radical forming molecule which is commonly used to measure antioxidant capacity.249 

Briefly, ABTS is reacted with potassium persulfate to form radicals, then the rate of radical 

reduction can be quantified by measuring the decrease in absorbance of ABTS*+ solution 

over time (example in Figure 5-5). Here, we quantified ABTS*+ reactivity at 730 nm for 

UCSTM/TA coated NFs in 50 mL of ABTS solution. As can be seen in Figure 5-6, bare 

NFs displayed no antioxidant activity. In contrast, 1, 2, and 3 bilayer UCSTM/TA films 

on PCL/Coll NFs all displayed antioxidant activity with increasing activity being observed 

for NF mats with more bilayers deposited on them. Interestingly, the antioxidant activity 

of layers with a linear polymer analog, polyvinylpyrriolodone (PVP), instead of micelles, 

all show approximately the same level of antioxidant activity regardless of layer number 

(Figure 5-7). This indicates that deposition of micelles uniquely enhances the amount of 

TA deposited in a single bilayer, making the antioxidant activity of the NF construct easily 

tunable.  
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Figure 5-5. UV absorbance of ABTS initially and after reaction with antioxidant 
material.  

Figure 5-6. Antioxidant activity over time for Bare NFs and NFs coated with 1, 2, or 
3 bilayers (BLs) of micelles/tannic acid as measured by reduction of ABTS*+ 
absorption measured with UV-VIS at 730 nm. Images of ABTS*+ only, 1 BL, 2 BL, 3 
BL, bare NFs in ABTS*+ at time points, Day 0, 7, 14, 21, and 28.  
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Figure 5-7. Antioxidant activity over time for Bare NFs and NFs coated with 1, 2, or 
3 bilayers of PVP/tannic acid as measured by reduction of ABTS*+ absorption 
measured with UV-VIS at 730 nm.  

To understand the stability of the micellar coating in physiological conditions, a 

second assay was done in which fibers were soaked in PBS at 37 °C for days, and then the 

antioxidant activity of the supernatant solution and the coating was determined. To 

quantify the surface activity, coatings were placed in ABTS*+ and reduction of ABTS*+ 

measured until a plateau was reached (Figure 5-8A) on day 4. Then this maximum activity 

was taken and compared to the antioxidant activity of the non-soaked sample (Figure 

5-8A). For the first five days, only a 20% loss of activity of observed, likely due to

desorption of the top layer of tannic acid. A significant loss of activity occurs after 10 

days, suggesting that the coating is starting to degrade. To quantify supernatant activity, 

an aliquot of solution the fibers had been soaking in was taken and reacted with ABTS*+. 

A calibration curve of TA concentration vs. ABTS*+ reduction was plotted (Figure 5-8B) 
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and used to determine the amount of TA released into solution over time. As can be seen 

in Figure 5-8C, over time TA is released from the fibers, also suggesting the dissolution 

of the coating. To confirm that coatings dissolve over time in PBS, SEM images of 2 BL 

micelle/TA coatings were taken after 12 days of exposure. As can be seen in Figure 5-9, 

many of the micelles have desorbed from the surface of the nanofiber. Moreover, a 6 BL 

micelle/TA sample on Si wafer was exposed to PBS for 14 days and measured with 

ellipsometry. The remaining thickness of the coating was close to that of only the prime 

layer, confirming that the coating desorbs over time.  

Figure 5-8. (A)% Reduction of ABTS*+ radical over time for 2 BL of micelles/TA on 
glass coverslips as measured by reduction of ABTS*+ radical absorption. Data points 
represent average over two samples and error bars represent standard deviation. (B) 
Calibration curve of reactivity of tannic acid with ABTS*+ (C) Reactivity at the 
surface and in solution during sample aging.  
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Figure 5-9. SEM image of 2 BL micelles/TA coating on NFs after 12 day exposure 
to pH 7.5 PBS.  

5.5. Conclusions 

Multilayers of micelles can be assembled on the surfaces of nanofibers through 

hydrogen-bonding with tannic acid. Micellar coatings can be stored for up to four weeks 

at 4 C and still retain temperature-responsive behavior. On fibers, micelle coatings show 

highly layer dependent surface morphology and antioxidant activity. Previous work has 

shown that micellar topography can be beneficial for stimulating cellular migration.43 

Additionally, previous work has shown the benefits of antioxidant activity on protection 

of cells from oxidative stress.251 Therefore, the materials described here have a lot of 

potential to be suitable for wound healing applications. Disassembly of coatings begins 

after about 10 days of exposure to conditions mimicing physiological, suggesting that over 

time the coating would be biodegradable. Exploring how cells respond to these materials 

as prepared and after micellar desorption would help better understand the potential of 

these materials for wound healing applications.  
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6. SELF-DEFENSIVE ANTIBIOTIC-LOADED LAYER-BY-LAYER COATINGS:

IMAGING OF LOCALIZED BACTERIAL ACIDIFICATION AND PH-

TRIGGERING OF ANTIBIOTIC RELEASE3 

6.1. Introduction 

Bacterial infection associated with biomaterials implants and devices is a well-

known, rapidly growing problem.1 The traditional treatment of biomaterial-associated 

infections with systemic antibiotics is often inefficient because of the formation of 

bacterial biofilms 3,4 in which bacteria are poorly responsive to treatment 5-7. Prevention 

of bacterial colonization of surfaces at early stages, i.e. upon adhesion of first few bacteria 

to the implant or device surface, is therefore crucial.  

Polymer coatings designed with various molecular architectures have been broadly 

explored to prevent surfaces from colonization with bacteria. Often, these coatings contain 

highly hydrated polymers, such as polymer brushes 19 or thin-film hydrogels 17. The 

hydrated, open molecular architecture of such coatings can provide them with anti-

adhesive properties, and also enable hosting of antibiotics. Several types of antibacterial 

polymer coatings exist that prevent bacterial  adhesion 18, or kill bacteria by either direct 

contact 21 or through release of  antibiotics 26,64,252-254. Yet, ad libitum antibiotic-releasing 

films often exhibit a burst release followed by a long tail release with sub-lethal 

3 Reprinted with permission from Albright, V.; Zhuk, I.; Wang, Y.; Selin, V.; van de Belt-Gritter, B.; 
Busscher, H. J.; van der Mei, H. C.; Sukhishvili, S. A. Self-defensive antibiotic-loaded layer-by-layer 
coatings: Imaging of localized bacterial acidification and pH-triggering of antibiotic release. Acta 
Biomaterialia 2017, 61, 66-74.Copyright 2017 Acta Materialia Inc. Published by Elsevier Ltd. 
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concentrations, leading to the development of antibiotic resistance in bacterial strains 24. 

To avoid this, coatings that respond to an external stimulus such as light 30, and electrical 

pulses 26 have been designed. These coatings release antimicrobials on-demand and 

therefore are expected to slow down the increasing emergence of antibiotic resistance 24. 

One attractive type of such coatings responds to the presence of adhering bacteria to 

release antibacterial content.  

Recently, a series of such “self-defensive”, bacterially-triggered coatings has been 

developed, responding to bacterial presence only when and where needed 63,66,255,256. Both 

enzymes 255,257 and acids 33,34 excreted by bacteria have been used as triggers for 

antimicrobial release to combat adhering bacteria. Recently, our group has developed 

several types of self-defensive coatings, which take advantage of the layer-by-layer (LbL) 

polymer deposition technique 35,63,66. Among these pH-responsive coatings are LbL 

coatings assembled from montmorillonite clay nanoplatelets and polyacrylic acid and 

subsequently loaded with antibiotics 63, as well as coatings produced by the direct 

assembly of tannic acid and antibiotics 66. Of specific relevance to this work are antibiotic-

hosting 258 and antibiotic-free thin-film hydrogels 17, which both demonstrated significant 

pH-triggered antibacterial activity. In all cases, the pH-responsive ‘activation’ of the 

coatings was clearly demonstrated when the coating was exposed to the bacterial strains 

of Staphylococcus aureus or Escherichia coli, which are known to acidify the medium in 

which they grow as a result of secretion of lactic and acetic acid, respectively 33,34. 

Although several types of pH- and otherwise bacterially-triggered polymer 

coatings have been developed, a direct link between bacterial presence and pH activation 
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through localized acidification has never been demonstrated. One outstanding question is 

whether bacteria adhering to such coatings produce acidification and trigger antibiotic 

release at early stages of surface colonization, i.e. under physiological conditions when 

the bulk pH of the surrounding medium remains constant because of its buffering 

capability, and often while being exposed to fluid flow. Here, localized interfacial 

acidification induced by adhering bacteria is demonstrated and correlated with pH-

triggered release of gentamicin and polymyxin B, by making use of antibiotic-loaded 

poly(methacrylic acid) (PMAA) hydrogel coatings.62,258,259 PMAA hydrogel coatings 

contain primary amino groups as a result of one-end attachment of a diamine crosslinker 

260, that enable covalent attachment of a pH-sensitive fluorescent dye for imaging of local 

acidification from adhering bacteria. Efficacy of the hydrogel coatings is evaluated against 

a Gram-positive S. aureus and a Gram-negative E. coli strain, both known to form biofilms 

on biomaterial implants and devices.3,4,261 

6.2. Materials 

Poly(glycidyl methacrylate) (PGMA, Mn: 20,000), sodium phosphate monobasic, and 

ethylene diamine (EDA) were obtained from Sigma Aldrich. Branched 

poly(ethylenimine) (BPEI, 50% aq, M ~750,000) was obtained from Aldrich Chemical 

Company, Inc., poly(vinyl caprolactam) (PVCL, Mw = 1800) from Polymer Source, Inc., 

and poly(methacrylic acid) (PMAA) (MPolymer ~80,000) from Scientific Polymer Products, 

Inc. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (ACT), hydrochloric 

acid, sodium hydroxide and sulfuric acid were obtained from Alfa Aesar. SNARF-1 



carboxylic acid, acetate, succinimidyl ester (SNARF-1) was obtained from Thermo Fisher 

Scientific. All chemicals were used without further modification. Millipore (Milli-Q 

system) filtered water with a resistivity of 18.2 MΩ was used. Phosphate buffered saline 

(PBS) was prepared from 0.01 M sodium phosphate monobasic with 0.2 M NaCl for all 

experiments unless otherwise noted. Fisher Chemical™ Permount™ Mounting Medium 

was used for mounting all samples for imaging.  

6.3. Methods 

6.3.1. Preparation of Hydrogel-like Coatings 

Silicon  wafers were cleaned as described previously 258. A prime layer of PGMA, BPEI, 

and PMAA was deposited following a modified version of the procedure described by 

Wang et al. 262. Briefly, the wafer was soaked for 15 min in 0.5 mg/mL PGMA in acetone, 

baked at 110 ⁰C for 1 h, soaked in 1.0 mg/mL BPEI in methanol for 15 min, baked at 70 

⁰C for 3 h, soaked in 1.0 mg/mL PMAA in methanol for 15 min and baked at 125 ⁰C for 

1 h. After deposition of the prime layer, alternating layers of PVCL and PMAA were 

added via spin-assisted deposition from 0.2 mg/mL methanol solutions at 3000 rpm to the 

desired layer number, varying from 6 to 18 bilayers. PMAA/PVCL LbL films assembled 

in a linear manner with an increase of 2.7 ± 0.1 nm per bilayer as measured by dry 

ellipsometry. In order to create hydrogel-like thin films, after assembly, the LbL films 

were crosslinked via ethylenediamine using carbodiimide chemistry, i.e. by activation of 

PMAA carboxylic groups with 9 mg/mL of ACT for 15 min and crosslinking with 3 

mg/mL EDA for 1 h both in 0.01 M phosphate buffer at pH 5.2. After crosslinking, PVCL 
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was released by slowly adjusting the pH of the solution to 8, and exposing the LbL films 

to 0.01 M phosphate buffer solutions at pH 8 overnight to completely release PVCL and 

form PMAA hydrogel-like coatings. After crosslinking and PVCL release, the dry 

thickness of all films decreased by ~40%, which is similar with the data on release of a 

neutral hydrogen-bonding polymer from previously reported PMAA hydrogel-like 

coatings.258 

6.3.2.  Physicochemical Coating Properties 

6.3.2.1. Film thickness and wettability: All thickness measurements, dry and in situ, were 

taken using a custom-made phase modulated ellipsometer, which enabled the 

simultaneous determination of refractive index and film thickness. 263 For ellipsometry 

measurements, a single layer model was used to fit the data. For dry measurements, the 

refractive index for all coatings was fixed at 1.5 while for wet measurements, the refractive 

index was measured and decreased to values below 1.5 due to water uptake in the film. 

All static contact angle measurements were taken using an Optical Contact Angle and 

Surface Tension Meter CAM 101 (KVS Instrument Inc.). For each dry pH specific 

measurement, the sample was rinsed with PBS of the corresponding pH and then dried 

under a flow of nitrogen before the measurement was taken. For in situ swelling 

measurements, each sample was soaked in PBS at the specified pH for 10 min at which 

point the samples were fully equilibrated.  
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6.3.2.2.  Loading and Release of Antibiotics: Two common antibiotics were chosen: (1), 

gentamicin, a broad spectrum antibiotic aminoglycoside, which is a class of drugs that 

binds to the 30S subunit of ribosomes thus preventing bacterial protein synthesis 264 and 

(2) polymyxin B, a cyclic cationic polypeptide, which is commonly used against Gram-

negative bacteria, that works by disrupting the bacterial cell membrane 265. Gentamicin 

and polymyxin B were loaded into the hydrogel by allowing the film to soak in a 0.1 

mg/mL of the bioactive molecule in 0.01 M phosphate buffer at pH 7.5 for 2 h then washed 

three times in 0.01 M phosphate buffer at pH 7.5 to remove excess antibiotic bound to the 

surface. For testing the release of antibiotics as a function of pH, each sample was soaked 

in PBS solution of that pH for 2 h. The sample was then rinsed with phosphate buffer at 

the same pH, dried, and thickness measured by ellipsometry. 

6.3.3.  Bacterially-Induced pH Changes and Killing Assays 

6.3.3.1. Bacterial Culturing: S. aureus ATCC 12600 and E. coli O2K2 were inoculated 

on blood agar plates from frozen stock, incubated at 37˚C overnight, and stored in a 

refrigerator for a maximum of 2 weeks. Single colonies from the blood agar plates were 

inoculated in 10 mL of growth medium (tryptic soy broth (TSB, OXOID, Basingstoke, 

UK) for S. aureus, and brain heart infusion (BHI, OXOID) for E. coli. and grown 

overnight at 37°C, as the preculture. For the main culture, the preculture was inoculated 

in 200 mL of the appropriate growth medium, and grown overnight.  
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6.3.3.2. Minimal Inhibitory Concentration Determination: To determine the MIC of 

gentamicin for S. aureus ATCC 12600 and of polymyxin B for E. coli O2K2, diluted 

bacterial precultures were added to 150 μL of serially diluted antibiotic concentrations 

(256 μg/mL to 0.0078 μg/mL) in TSB or BHI for S. aureus and E. coli, respectively, in a 

96-well plates and incubated aerobically at 37°C for 24 h. The MIC-value was taken as

the lowest antibiotic concentration at which bacterial growth was visually absent. 

6.3.3.3.  Bacterial Killing Assays: For Petrifilm (3 M Petrifilm Aerobic Count Plates, 

Nelson-Jameson, Marshfield, WI, USA) experiments, bacterial suspension from the 

preculture were used in different concentrations. Petrifilms were treated with 1 mL of 

sterilized demineralized water for 30 min to hydrate the nutrient loaded gel layer. Silicon 

wafers with different numbers (6, 12 and 18) of LbL layers and loaded with or without 

gentamicin or polymyxin B were placed face up on hydrated Petrifilms and 10 µL of 

bacterial suspension was placed onto the hydrogel coated wafers and incubated at 37°C 

for 48 h. After 48 h, the bacterial colonies were counted on the Petrifilms. The antibiotic 

loaded LbL layers were also tested in multiple cycles in the Petrifilm in order to determine 

the bacterial efficiency of the LbL layers when fresh bacteria were added to used LbL 

layers.  

For bacterial adhesion experiments, bacteria from the main culture were harvested 

by centrifugation at 5,000 g for 5 min at 10°C, and washed twice with PBS (0.01M 

potassium phosphate and 0.15 M NaCl, pH 7.0).  Bacteria were counted and diluted to a 

concentration of 3 x 108 CFU (colony forming units)/mL in PBS. Bacterial suspensions of 



90 

S. aureus ATCC 12600 and E. coli O2K2 were flown through a parallel plate flow

chamber as previously described 42. Briefly, the hydrogel coated silicon samples with 

different numbers of bilayers and both antibiotics were inserted in the poly(methyl 

methacrylate) bottom plate of the flow chamber which had a glass plate on top. The flow 

chamber was then rinsed with PBS to remove all air bubbles from the system, before the 

start of the adhesion experiment. The bacterial suspension was flowed through the flow 

chamber for 2 h at a rate of 1 mL/min. After 2 h, fresh PBS buffer was run through the 

flow chamber to remove non-adhered bacteria and then live/dead stain was injected into 

the flow chamber to image the adhering bacteria. Live/dead stain of SYTO® 9 nucleic 

acid (green fluorescent) and propidium iodide (red fluorescent) with a volume ratio of 1:1 

was used (BacLight, Invitrogen, Breda, The Netherlands) with 3 μL of stain diluted in 1 

mL of demineralized water. After allowing the stain to react with the sample for 15 min 

in the dark, the samples were imaged using a fluorescence microscope (Leica DM4000B, 

Leica Microsystems GmbH, Heidelberg, Germany) with a 40x water lens and GFP and 

N21 filters. Five fluorescent images were taken at different spots on each sample. The 

total number of adhering live and dead bacteria as well as the percent surface coverage 

was quantified using ImageJ software. 

6.3.3.4. Visualization of Local, Bacterially-Induced Acidification: For visualization 

studies, SNARF-1 was covalently bound to PMAA coatings by soaking the films in a 

solution of SNARF-1 dye dissolved in 0.01 M phosphate buffer for 2 h. After loading the 

dye, each sample was thoroughly washed in 0.01 M phosphate buffer to remove any dye 
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that was not covalently attached. For calibration measurements of SNARF-1 labeled 

hydrogel-like coatings, samples were placed into PBS at the desired pH for 60 min and 

then gently dried with a flow of nitrogen and imaged with a confocal scanning laser 

microscope (5 PASCAL laser scanning microscope, Zeiss, Germany) with a C-

Apochromat 60X/1.4 oil immersion objective. Samples were excited by a laser at λ= 543 

nm (except for a control sample, which was excited at 488 nm) and emission intensities 

were collected using a LP 560 filter. All imaging parameters, such as exposure time, 

pinhole size, color contrast and color balance were held constant during data collection. 

Specifically, for generation of the calibration curve, imaging of local acidification. and 

comparison of emission intensity of the background hydrogel versus SNARF-1 emission, 

all parameters were held constant at the following values:  exposure time = 1.28 μs, laser 

power = 1 mW, transmission % = 25, pinhole = 106 μm, detector gain = 957, amplifier 

gain = 1.00 and amplifier offset = -0.24 V. For comparison of emission intensities profiles 

of bacteria residing on SNARF-free hydrogels at two different excitation wavelengths, 

parameters were held constant at the aforementioned values except for the following: 

exposure time = 1.60 μs, laser power = 1 mW for 543 nm excitation and 25 mW for 488 

nm excitation, and transmission % = 25 for 543 nm excitation and 10 for 488 nm 

excitation. The average intensities of each image of the SNARF-1 labeled hydrogel-like 

coatings at each pH were determined using ImageJ [36, 37]. 

To image local acidification, a colony from a tryptic soy broth agar plate that was 

prepared as described above was placed into 2 mL of TSB and grown overnight. After 

incubation, bacteria were counted and were diluted in TSB to a concentration of ~104 
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CFU/mL. 5 mL of this mixture was placed into a well-plate containing a hydrogel-like 

coating, which was sterilized in a 70% ethanol/water mixture, and then incubated for 2 or 

4 h. To image the local bacterially-induced acidification, the same CSLM that was used 

for generating the calibration curve was used under the same conditions. Auto-

fluorescence of bacteria was measured by exciting the bacteria at λ= 543 nm and 488 nm 

and comparing the emission intensities collected by a LP 560 filter. The average intensities 

of each image of the bacteria and SNARF-1 labeled hydrogel-like coatings were 

determined using ImageJ. To assess the local pH accurately, the autofluorescence of 

bacteria (λ= 543 nm) was subtracted from the fluorescence intensities of SNARF-1 (λ= 

543 nm) at the locations of bacteria. 

6.3.4. Statistical Analysis 

All data points indicate the mean over at least three measurements per sample (unless 

described otherwise below) while error bars reflect the standard deviation of the sample 

as calculated using STDEV.S in Excel. To generate the calibration curve, intensity 

measurements were taken at three locations on a sample with each location providing 100 

data points. For surface coverage and live/dead analysis, five images were taken per 

sample and the three most representative images were chosen for processing. Four 

experiments with different bacterial cultures and separately prepared coatings were run 

per each sample. Differences in percentage dead bacteria adhering to unloaded and 

gentamicin-loaded PMAA coatings were assessed with a paired Student’s t test and were 

significant with a p-value <0.05 using Minitab 18 software. 
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6.4. Results and Discussion 

To explore the ability of hydrogel-like thin polymer coatings to uptake and release 

antibiotics in response to a pH trigger, coatings were constructed from PMAA, which has 

a high content of carboxylic groups that can act as negative charges and thus be used as 

binding centers for positively charged antibiotics. Importantly, these thin-film hydrogels 

also enable facile modification with a pH-sensitive fluorescent label for imaging of 

bacteria-induced local acidification.  

Figure 6-1. Chemical structures and schematic presentation of poly(methacrylic 
acid), PMAA, hydrogel-like coating with crosslinking segments indicated in blue, 
two antibiotics (gentamicin and polymyxin B), as well as a reactive label (SNARF-1 
carboxylic acid, acetate, succinimidyl ester). Reprinted with permission from 82. 
Copyright 2017 Acta Materialia Inc. Published by Elsevier Ltd. 



Figure 6-2. (A) Dry thicknesses of PMAA coatings before and after loading 
gentamicin and polymyxin B as measured by ellipsometry. (B) Surface wettability 
determined by water contact angle measurements for 18-layer PMAA coatings, 
unloaded, loaded with gentamicin or loaded with polymyxin B as measured in PBS. 
Reprinted with permission from 82. Copyright 2017 Acta Materialia Inc. Published 
by Elsevier Ltd. 

To form PMAA LbL coatings, hydrogen-bonded PMAA/polycaprolactam (PVCL) 

multilayers were deposited via spin-assisted deposition and chemically crosslinked 

followed by the release of PVCL using a procedure similar to that described previously 

258. Figure 6-2 shows dry thicknesses of PMAA LbL coatings, which increase linearly as 

a function of number of layers, with the thickness of priming layers (9.6 ± 3.4 nm) 

subtracted from all the data. To load antibiotics into the coatings, the negatively charged 

coatings were soaked in antibiotic solutions at pH 7.5 for 2 h. After exposure to positively 

charged gentamicin and polymyxin B (Figure 6-1), the dry thickness of the antibiotic-

loaded coatings increased, indicating antibiotic uptake within the entire thickness of the 

coatings (Figure 6-2). Calculation of film charge balance (data not shown) suggested that 

the inclusion of both positively-charged antibiotics resulted in charge neutralization in the 
94 
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film, therefore suggesting that binding mainly occurs through electrostatic interactions. 

Assuming a density of 1 g/cm3 for the antibiotic-loaded hydrogel coating, an 18-layer 

PMAA film was able to load 10 ± 4 μg/mm3 of gentamicin. As has been observed earlier 

63,151 and can also be seen in Figure 6-2, increasing the number of layers deposited 

increased the amount of antibiotic that can be hosted in the film. Therefore, the dosage 

provided by this coating system is highly tunable by simple variation of the number of 

polymer layers used to create the film.  

In addition to the amount of antibiotics absorbed within the coating, wettability 

and swelling are important factors that may affect antibacterial performance of the 

coatings. Before antibiotic loading, PMAA films were hydrophilic (Figure 6-2), with its 

water contact angle decreasing from 32 degrees to 12 degrees between pH 4.5 and 7.5. 

Upon incorporation of antibiotics, the coating became more hydrophobic. Consistent with 

the previous observation that drug hydrophobicity affects the wettability of weak polyacid 

hydrogels 266, polymyxin B, which is more hydrophobic than gentamicin 66, caused a larger 

increase in water contact angle of the films (Figure 6-2).  



Figure 6-3. In situ ellipsometry data for the swelling ratios for unloaded and 
gentamicin-loaded 18-layer PMAA coatings in PBS as a function of pH (A) and 
percentage gentamicin released as measured by decrease in dry film thickness using 
ellipsometry after sequential 2 h exposures of the coatings to PBS with decreasing 
pH (B). Reprinted with permission from 82. Copyright 2017 Acta Materialia Inc. 
Published by Elsevier Ltd. 

 Figure 6-3 shows in situ, ellipsometrically measured swelling of hydrogel 

coatings in PBS after an equilibration period. Importantly, exposure of unloaded PMAA 

coatings to pHs from 4.5 to 7.5 overnight does not result in a change in the dry film 

thickness and thus indicates the coatings are stable over this pH range as observed 

previously in our earlier works.62,258,267 From the measured swelling of the films, the 

crosslinking density was calculated using a previously reported procedure 259, applying 

0.985 cm3/g for the specific volume, 0.598 259 as  χ  and 80,000 Da as the molecular weight 

before crosslinking. The volume fraction of polymer in the swollen gel was 0.42 as 

calculated from the swelling ratio at pH 4.5. Based on these assumptions, Mc was 

calculated to be 498 Da or ~5.8 monomer units between crosslinks for PMAA coatings. 

Such a crosslinking degree was sufficiently low to allow inclusion of antibiotics within 
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the entire bulk of the hydrogel films. Loading antibiotics that carry positive charge into 

the negatively charged coatings decreased the LbL film swelling degree because of charge 

compensation and ion pairing of antibiotics with the carboxylate groups in the coatings 

258.  

To monitor the pH responsive release of gentamicin from the coatings, the 

thickness of the coatings after exposure to PBS solutions at decreasing pH values was 

measured via ellipsometry, under the assumption that loss of film thickness is due to the 

release of gentamicin from the coating. Gentamicin and polymyxin B contain 4 to 5 

positive charges at pH 7.5 268 and form ionic pairs with MAA units, resulting in release 

that is solely dependent on the ionization degree of PMAA. Importantly, no release of 

antibiotics was observed when hydrogels containing antibiotics were copiously rinsed 

with a buffer at a constant pH. The percentage gentamicin released was 

calculated as where tpH and tL are dry thicknesses of the antibiotic-loaded coatings after 

exposure to PBS at a specific pH and immediately post-loading at pH 7.5 (low salt), 

respectively, and t0 is the dry thickness of antibiotic-free coatings. Figure 6-3 shows that 

when the pH of the PBS surrounding a film is lowered, the percentage of antibiotic 

released increases as measured for release of gentamicin from an 18 layer PMAA film. 

pH-triggered release profiles were similar for gentamicin from coatings of 6 and 12 layers 

as well as polymyxin B from coatings of all thicknesses (data not shown). In agreement 

with our prior findings 66, pH-triggered antibiotic release from the coating was fast, and 

no long-term release occurred at a constant pH (data not shown). This is consistent with 
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electrostatic retention of antibiotics, and absence of diffusional constrains to drug release 

from the coatings.  

6.4.1.  Imaging of Local Acidification Induced by Bacteria 

After demonstrating pH-responsive antibiotic release from the coatings, we aimed 

to verify that bacteria adhering to the hydrogel coatings were able to locally acidify the 

medium sufficiently to ‘send’ a release signal to the coating. S. aureus and E. coli are both 

known to acidify growth medium as a result of secretion of lactic and acetic acid, 

respectively 33,34. Mature biofilms formed by several bacterial strains 269,270, including S. 

aureus 271 have been demonstrated to be acidic, but acidity of the environment around 

adhering individual bacteria has never been shown. To visualize the areas of acidification 

on the coatings during bacterial adhesion, a pH sensitive, ratiometric fluorescent probe 

(see Figure 6-1) was covalently bound to PMAA films. This probe enables the imaging of 

local pH changes in the hydrogel coating surrounding adhering bacteria via fluorescence 

emission selectively emerging in response to a decreased pH. Specifically, a reactive 

SNARF-1 label (SNARF-1 carboxylic acid, acetate, succinimidyl ester, Molecular Probes 

272,273, see Experimental Section) was covalently attached to the amino groups of the 

ethylenediamine (EDA) crosslinker, which are approximately 50% one-end attached after 

crosslinking using carbodiimide chemistry 260. Unlike exposure to antibiotics, SNARF-

tagging did not result in a dry thickness change of the film. SNARF-1 has a pKa of ~7.5, 

and emits red fluorescence (λem, max = 640 nm) in its deprotonated form at high pH, and 

green fluorescence (λem, max = 580 nm) in its protonated form in an acidic environment. 



Figure 6-4 shows combined emission at wavelengths higher than 560 nm (using excitation 

at 543 nm), as detected during CLSM imaging of SNARF-1-labeled PMAA hydrogel 

soaked in PBS at varied pH for 1 h in a well plate with no bacteria. The fluorescence was 

strongly pH dependent, with an almost five-fold increase in green fluorescence between 

pH 7.5 and 4. Cycling the pH of the solution of the SNARF-1-labeled PMAA hydrogel 

between pH 4.5 and pH 7.5 showed complete reversibility and fast adjustment of intensity 

to pH (data not shown) and thus provided evidence that SNARF-1 was covalently attached 

to the film. 

Figure 6-4. The fluorescence intensities (emission above 560 nm using excitation at 
543 nm) of SNARF-1-labeled PMAA films as a function of the pH along with 
representative images. To generate the calibration curve, SNARF-1-containing 
films were immersed for 60 min in PBS with different pH. Reprinted with 
permission from 82. Copyright 2017 Acta Materialia Inc. Published by Elsevier Ltd. 
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Fluorescence imaging of SNARF-1-labeled hydrogel coatings during bacterial 

colonization was more challenging than calibrating the fluorescence intensities of the 

hydrogel in bacteria-free PBS suspensions, since both S. aureus and E. coli have intrinsic 

fluorescence due to the amino acid tryptophan (excitation peaks at 230 and 280 nm and 

an emission peak at 340 nm 274,275) and cellular metabolites (excitation peaks around 300 

to 400 nm and emission peaks from 400 to 500 nm 274,276). Furthermore, when excited at 

410 nm, E. coli emits heavily in the range from 500 to 550 nm 277. Therefore, significant 

effort was made to avoid interference of the intrinsic fluorescence of bacteria with 

fluorescence from the hydrogel coating. In a control experiment, bacteria were cultured 

on SNARF-1-free coatings, and were imaged using excitation at 488 nm and 543 nm 

(Appendix C). Emissions beyond 560 nm were collected and quantified using ImageJ. 

Significant green fluorescence from bacteria was observed only after excitation at 488 nm 

and therefore an excitation wavelength of 543 nm (Appendix C) was chosen for all further 

experiments. 



Figure 6-5. Confocal Laser Scanning Microscopy images of S. aureus and E. coli after 
4 h growth on the surface of SNARF-1-labeled 18-layer-PMAA coatings. Images 
were collected with an excitation wavelength of 543 nm and show fluorescence 
above 560 nm due to local acidification. Reprinted with permission from 82. 
Copyright 2017 Acta Materialia Inc. Published by Elsevier Ltd. 

Figure 6-5 shows the results of 4 h culturing of S. aureus and E. coli on the 

SNARF-1-labeled PMAA coatings. The local acidification induced by bacteria is clearly 

seen by the intense green areas around the black spots (bacteria). The local acidification 

footprint was relatively long-ranged, on a micrometer scale, with S. aureus resulting in a 

larger-sized pH acidification zone than created by E. coli. The long range of the 

fluorescence halo around the bacteria exceeds the electrostatic screening length in culture 

solutions (7 Å for 0.15 M NaCl) by at least three orders of magnitude and proves that the 

images reflect excretion of acid around bacteria rather than electrostatic charge 

renormalization at PMAA carboxylic groups caused by proximity of the charged bacterial 

wall.  
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Figure 6-6. Confocal Laser Scanning Microscopy images of S. aureus after 4 h growth 
on the surface of SNARF-free (A) and SNARF-1-labeled (B) 18-layer-PMAA 
coatings. Images were collected with an excitation wavelength of 543 nm and show 
fluorescence beyond 560 nm. (C) Crosssectional emission intensities profiles of 
bacteria residing on a SNARF-free hydrogel (background fluorescence) and on 
SNARF-1-labeled hydrogel. Reprinted with permission from 82. Copyright 2017 
Acta Materialia Inc. Published by Elsevier Ltd. 

The intensity profiles of bacteria residing on SNARF-free and of SNARF-1-tagged 

hydrogels are shown in Figure 6-6. The cross-sectional emission intensity profiles show 

that the intensity of SNARF-1 emission directly next to bacteria due to local acidification 

was significantly higher than the autofluorescence of bacteria in the absence of SNARF. 

The cross-sectional emission profile of bacteria on a fluorescently tagged hydrogel shows 

a significant dip in the area over the top of bacteria. From the calibration curve, the pH at 

the surface near bacteria was estimated to be between pH 5 and pH 5.5. However, precise 

pH profile determination was prevented due to a high level of noise in the imaging 

experiments.  
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6.4.2. Antibacterial Efficacy of Self-Defensive Films in Static, Small Volume and 

Fluid Flow Conditions 

We then aimed to explore how efficient the demonstrated bacterially-triggered 

acidification was to stimulate antibiotic release and kill adhering Gram-positive, S. aureus 

ATCC 12600, and Gram-negative, E. coli O2K2 under static, small volume conditions 

and under fluid flow, i.e. between Petrifilm Aerobic Count Plates and in flow chamber 

experiments, respectively. PMAA coatings with varying thicknesses (6, 12, or 18 layers) 

were loaded with either gentamicin or polymyxin B to be evaluated against adhering S. 

aureus or E. coli, respectively, while unloaded films of matched thicknesses were used as 

controls.  

Figure 6-7. The number of surviving S. aureus on Petrifilm Aerobic Count Plates 
versus the number of layers of hydrogel films loaded with gentamicin for PMAA 
films after exposing the samples to various challenge numbers of S. aureus and 
allowing their growth for 48 h at 37˚C. Reprinted with permission from 82. Copyright 
2017 Acta Materialia Inc. Published by Elsevier Ltd. 
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In Petrifilm assays, antibiotic-free coatings had no effect on the growth of bacteria, 

whereas the coating became highly efficient in bacterial killing when loaded with 

corresponding antibiotics. Figure 6-7 shows that PMAA hydrogel films of varied 

thicknesses loaded with gentamicin were able to completely inhibit bacterial growth at 

challenge numbers of up to 107 S. aureus per 1 cm2 coated sample surface. At a challenge 

of 107 bacteria per cm2 sample surface, staphylococcal survival was only seen for 6 layer 

films. The difference in bacterial survival between 6 and 12-layer films can be explained 

simply from their gentamicin content - about 6.5 and 12.1 μg per cm2 sample for 6 and 12 

layer films, respectively (assuming a density of dry gentamicin of 1 g/cm3). After release 

from the coatings in 1.01 mL of liquid employed in Petrifilm assays (1.0 mL to swell the 

agar plate and 10 μL of bacterial suspension), antibiotic concentrations of about 6.4 and 

12.8 μg/mL were established between the Petrifilm Plates for the 6 and 12-layer coatings, 

respectively. These values are below and above the minimum inhibitory concentration 

(MIC) of gentamicin (12.5 μg/mL for this S. aureus strain), thus explaining the results in 

Figure 6-7.  

Polymyxin B-loaded PMAA coatings demonstrated even higher antibacterial 

efficacy in the Petrifilm experiments when tested with E. coli O2K2. Specifically, the 

coatings completely inhibited bacterial growth for all film thicknesses even when exposed 

to the highest bacterial challenge of 107 bacteria per cm2 sample surface (data not shown). 

This is likely due to the much lower MIC of polymyxin B against E. coli O2K2 (0.25 

μg/mL). After complete release of polymyxin B from the smallest coatings in 1.01 mL 



volume of buffer between the Petrifilm plates, polymyxin B concentration reached 14 

μg/mL, i.e. well above the MIC of polymyxin B against E. coli O2K2.  

Figure 6-8. Prevention of bacterial growth by polymyxin B-loaded LbL films of 
varied thickness in Petrifilm experiments during several cycles of exposure to E. 
coli (bacterial challenge 107 bacteria per cm2 sample surface). Reprinted with 
permission from 82. Copyright 2017 Acta Materialia Inc. Published by Elsevier Ltd. 

Because of the high efficacy of polymyxin B-loaded films against E. coli, it was 

examined whether polymyxin B-loaded films could be repeatedly used against E. 

coli, while preserving their high killing efficacy. To investigate this, after exposure 

to 107 

bacteria, films were removed from Petrifilm plates and directly placed into fresh Petrifilm 

plates and re-exposed to a fresh E. coli suspension. Figure 6-8 shows that the high efficacy 

of the films was retained for two complete cycles of exposure to a challenge of 107 bacteria 

per cm2 sample surface.  
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Figure 6-9. (A) Percent surface coverage and viability of S. aureus ATCC 12600 
adhering from a flowing suspension in PBS (pH 7.0) to unloaded and gentamicin-
loaded PMAA coatings with various numbers of layers. (B) Live/Dead images of 
unloaded (top) and gentamicin-loaded (bottom) 6-layer PMAA hydrogels. Reprinted 
with permission from 82. Copyright 2017 Acta Materialia Inc. Published by Elsevier 
Ltd. 

Finally, the efficacy of antibiotic-loaded films was explored in buffer under flow. 

The presence of flow of buffer through the chamber assures no changes in bulk pH during 

experiments, and antibiotic-release becomes completely dependent on local acidification 

by adhering bacteria. In these experiments, a bacterial suspension in PBS was flown over 

samples at a volumetric flow rate of 1 mL/min for 2 h. E. coli could not be used in these 

experiments because the strain adhered in very low numbers, as previously observed for 

E. coli O2K2 onto negatively charged surfaces 278. S. aureus ATCC 12600, suspended in 

PBS at a concentration of 3x108 CFU/mL, adhered very well to the coatings regardless of 

the number of film layers (Figure 6-9). In spite of similar bacterial adhesion, gentamicin-
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loaded PMAA films were highly efficient in killing adhering staphylococci when 

compared to un-loaded PMAA films (p<0.05 Student's t-test), with a slight dependence 

on the number of layers of the film (p<0.05 between 6 and 18-layer films but p>0.05 

between 6 and 12-layer films and 12 and 18-layer films). Further testing with thicker films 

would need to be conducted to confirm the layer dependence. Nevertheless, this finding 

confirms that self-defensive coatings remain active even under fluid flow and when the 

bulk pH is maintained at a constant neutral value.  

6.5. Conclusions 

In this work, we have demonstrated that coatings composed of a weak polyacid 

were capable of loading large amounts of positively charged antibiotics primarily through 

an electrostatic mechanism and released those antibiotics in response to a pH trigger 

provided by adhering bacteria. Most importantly, our experiments showed that the pH- 

and bacterially-triggered antibiotic release is highly localized. The LbL technique used to 

prepare the coatings in this work is attractive for constructing antimicrobials-hosting 

coatings because of its ability to deposit conformal coatings on a variety of substrates and 

the ease of control of the antibiotic payload by the number of deposited layers. Combined 

with the self-defensive mechanism of release of antimicrobials, this approach enables 

enhancing the antibacterial efficacy of a coating by a simple increase of the number of 

assembled polymer layers. The simple electrostatics-based mechanism of retention of 

antimicrobials within the coatings enables their use to host and on-demand deliver, in a 
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highly localized way, a range of positively charged antibiotics or antimicrobials, including 

those recently developed to which bacteria are not likely to develop resistance 279.  
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7. FLUORINATED POLYPHOSPHAZENE COATINGS USING AQUEOUS 

NANO-ASSEMBLY OF POLYPHOSPHAZENE POLYELECTROLYTES4 

7.1. Introduction 

Polyphosphazenes with fluorinated organic side groups, which comprise some of the 

most hydrophobic polymers known,281,282 attract significant interest as materials for a 

variety of industrial and biomedical applications.283-285 In particular, 

poly[bis(trifluoroethoxy)phosphazene], PTFEP and its copolymers have been extensively 

studied as high-performance elastomers, membranes, and surface coatings.282-288 As with 

conventional fluorinated polymers, the high hydrophobicity of PTFEP is owed to fluorine-

containing groups, such as the trifluoromethyl group, which tend to minimize the 

interfacial free energy.289 However, the inherent flexibility of the polyphosphazene 

backbone283 may also play an important role in surface hydrophobicity by allowing the 

fluoroalkoxy side groups to orient toward the surface and dominate the interfacial 

properties of the polymer.290 This assumption is supported by very low glass transition 

temperatures of PTFEP (-66 °C)282 and its mixed substituent copolymers (as low as -90 

°C).284,285 Hydrophobic properties of typical solution cast PTFEP surfaces are 

characterized with contact angles exceeding 100°.290 Superhydrophobic surface properties 

of PTFEP can be attained with rough surfaces, for example through forming electrospun 

4 Reprinted in part with permission from Albright, V.; Selin, V.; Hlushko, H.; Palanisamy, A.; Marin, A.; 
Andrianov, A. K.; Sukhishvili, S. A.: Fluorinated Polyphosphazene Coatings Using Aqueous Nano-
Assembly of Polyphosphazene Polyelectrolytes. In Polyphosphazenes in Biomedicine, Engineering, and 
Pioneering Synthesis; ACS Symposium Series 1298; American Chemical Society, 2018; Vol. 1298; pp 101-
118. and Selin, V.; Albright, V.; Ankner, J. F.; Marin, A.; Andrianov, A. K.; Sukhishvili, S. A.
Biocompatible Nanocoatings of Fluorinated Polyphosphazenes through Aqueous Assembly. ACS Applied
Materials & Interfaces 2018, 10, 9756-9764. Copyright 2018 American Chemical Society.
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nanofiber mats of PTFEP, which display contact angles as high as 159°.290 In the life 

sciences, PTFEP based coatings are recognized for their outstanding biocompatibility291 

and are important constituents of clinically-validated injectable microspheres292,293 and 

medical devices.294,295 

PTFEP coating deposition is typically achieved via heat molding or solution 

casting,282,291,296,297 however, these methods allow only limited control over uniformity, 

thickness, and functionality of the deposited film.298 In contrast, the layer-by-layer (LbL) 

deposition technique enables coating substrates of a variety of shapes and surface 

chemistries with nanoscopically structured films.35,150 The capability of the LbL technique 

to generate conformal coatings with programmed thicknesses and diverse compositions 

has been widely used for functionalization of biomedical devices.254,291,299 Moreover, the 

use of water as a solvent300 makes LbL assembly environmentally benign and aids in 

preserving the native structure and activity of biomolecules incorporated into films.301 

While water solubility is a common feature of a wide range of ionic macromolecules, 

endowing this capability to fluorinated polyphosphazenes has been challenging. 

The present chapter investigates the feasibility of LbL deposition of fluorinated ionic 

polyphosphazenes nanofilms, and explores some of the key features of these coatings. 

7.2. Results and Discussion 

7.2.1. LbL Polymer/Polymer Assemblies 

 Thus far, fluorinated polyphosphazenes containing carboxylic and sulfonic groups 

have been successfully synthesized, both of which can provide negative charges to utilize 
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for electrostatic LbL deposition with polycations. Electrostatic deposition of multilayers 

is controlled by many factors including the concentration of salt in deposition solution,302 

charge density of polymers,303,304 and other secondary interactions such as hydrophobicity 

and hydrogen bonding.305 In general, it is accepted that there are two modes of growth of 

LbL films, linear, in which polymers are highly layered due to tight binding, and 

supralinear or exponential, in which polymer “layers” are highly intermixed due to weak 

interactions. Mode of growth can be regulated by a large variety of factors including 

deposition pH,306 layer number307 or deposition method (spin- vs. dip-assisted),308 among 

others. Below, the assembly and properties of LbL assemblies of carboxylic acid 

containing, fluorinated polyphosphazenes are discussed. LbL assemblies with sulfonic 

acid derivatives of fluorinated polyphosphazenes remain unexplored. However, the 

differences in LbL assemblies due to changing interaction strength (carboxylic vs. sulfonic 

acid) will be interesting to study in future work.  

7.2.1.1. Effects of fluorination degree on assembly thickness and water uptake. 

Figure 7-1. Chemical structures of PPzs used in this work. 
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PCPP is a weak polyelectrolyte that is almost fully ionized in physiological 

conditions309 and thus can easily be used for LbL deposition (chemical structures in Figure 

7-1). Interestingly, fluorinated polyphosphazenes with 86 % (mol) fluorine-containing

side groups and 14% carboxylic acid moieties have sufficient charge density at 

physiological pH (pH 7.4) to enable layer-by-layer binding.310 Ionic fluorinated and non-

fluorinated polyphosphazenes are able to form layers with a variety of polycations 

including synthetic polymers, such as branched polyethyleneimine (BPEI), and 

quaternized poly(2-(dimethylamino)ethyl methacrylate) and biodegradable polymers 

including poly-(L)-lysine.310 Regardless of polycation partner, the degree of fluorination 

of ionic polyphosphazenes had a dramatic effect on film growth. Non-fluorinated PCPP 

formed thicker assemblies with BPEI (Mw = 25 kDa) compared to layers of highly 

fluorinated counterparts (FP60 and FP86) with BPEI, as determined by ellipsometry of 

dry LbL films (Figure 7-2). For the highly fluorinated polyelectrolytes, the increments of 

film thickness increase were similar (3.9 to 3.8 nm per bilayer for FP60 and FP86, 

respectively), but twice thicker films were formed with non-fluorinated PCPP. Such 

dramatic differences in film thickness per bilayer suggest the largely different strength of 

polymer-polymer interactions between assemblies of non-fluorinated and fluorinated 

polyphosphazenes, which is attributed to the likely enhancement of electrostatic pairing 

by hydrophobic groups of fluorinated polyions – FP60 and FP86. When deposition of 

BPEI with a polyphosphazene that has a low degree of fluorination (FP20) is explored, 

exponential growth similar to that of PCPP/BPEI is observed. This suggests that a certain 
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threshold exists for fluorination degree to induce film growth to transition from linear to 

exponential. Importantly, this trend of decreasing film thickness with increasing 

fluorination degree suggests the ability to control film growth and strength of interactions 

within the film through film component selection. 

The strength of polymer-polymer interactions often dictates film properties/behavior. 

For example, increased strength of ionic pairing has been shown to enhance stability of 

electrostatic films in salt solutions.308 The strength of polymer-polymer interactions 

exhibits itself in the degree of film swelling. PCPP/BPEI films swelled significantly in 

water (~45% film thickness increase due to water uptake), while water content in 

FP86/BPEI multilayers was extremely low, and did not exceed ~6% of their mass when 

exposed to phosphate buffer at pH 7.4 (Figure 7-2). Weaker bound PCPP/BPEI 

multilayers formed ‘fluffier’ layers, which were easily swollen in water due to the intrinsic 

hydrophilicity of the unbound polymer units, the osmotic pressure created by the 

counterions, and the electrostatic repulsion between excessive charges in the loops. In 

contrast, hydrophobic FP60 and F86 strongly contributed to expulsion of water from the 

film by creating a low-dielectric-constant environment.311 
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Figure 7-2. Deposition of LbL films with polyphosphazenes of varied 
hydrophilicity/hydrophobicity on silicon substrates (a), and comparison of LbL film 
swelling in 0.01 M phosphate buffer at pH 7.4 (b). Reprinted with permission from 
280 Copyright 2018 American Chemical Society. 

7.2.1.2. Film hydrophobicity and deposition on various substrates. 

 For biomedical applications, coatings need to be deposited onto substrates of various 

chemistries and arbitrary shapes with control over surface hydrophobicity. However, 

controlling surface hydrophobicity is challenging due to the tendency of hydrophobic 

groups to reorient into films upon exposure to water.312 Surprisingly, fluorinated 

multilayers showed large oscillations of water contact angle depending on capping layer310 

and fluorinated content. When a polyphosphazene layer was on top of a 

polyphosphazene/BPEI film, contact angles of ~95, 80, and 60o were observed for FP86, 

FP60, and FP20 assemblies, respectively. All of these values are much higher than the 

value (40o) observed for films capped with PCPP on silicon wafers. On the other hand, 

when BPEI was on top, contact angles dropped significantly to ~55o for multilayers 

containing fluorinated polyphosphazenes. By increasing the content of fluorinated side 

groups, the amplitude of contact angle oscillations can be controlled. 
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 Importantly, fluorinated polyphosphazenes can be coated onto materials such as 

titanium and polyester felt, which are used commonly for orthopedic implants313 and 

medical device applications,314 respectively. Similarly to those deposited on silicon 

substrates, FP-capped films coated on other substrates demonstrated high hydrophobicity. 

While the contact angle for an FP60/BPEI film (capped with FP60) deposited on a titanium 

foil substrate was similar to that for a film on a silicon wafer (~75°), the film on the porous 

surgical mesh had an enhanced value of contact angle (130°) as a result of the unique 

porous structure of the polyester surgical felt, which enhanced substrate roughness (Figure 

7-3).315 Thus, the developed coatings can be used to efficiently tune the wettability of

surfaces. 

Figure 7-3. Images and water contact angles of LbL films of PCPP/BPEI and 
FP60/BPEI deposited on titanium foil (a) and polyester surgical felt (b). Reprinted 
with permission from 280 Copyright 2018 American Chemical Society. 
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7.2.1.2.1. Unique Oscillating Contact Angles*(Adapted from paper) 

Figure 7-4.Contact angle oscillations as a function of layer number for FP86/BPEI 
system on Ti foil (A). Polyester surgical felt (B) coated with 6 or 7 (terminated with 
BPEI or PPz, respectively) layers of PPz-containing films with a droplet of 
Rhodamine 6G solution (capping layer is denoted below each pad). Reprinted with 
permission from 44 Copyright 2018 American Chemical Society. 

Importantly, similarly to FP86/BPEI multilayers on Si substrates,44 the contact 

angle oscillations with films deposited on Ti foil and polyester surgical felt were highly 

repeatable for a large number of deposition steps. Therefore, an important feature of the 

PPz-containing coatings is its independence of surface wettability on the film thickness. 

Figure 7-4 illustrates the wettability properties of LbL-coated polyester surgical felt, and 

contrasts the use of fluorinated and non-fluorinated PPzs in these coatings. In these 

experiments, a small amount of Rhodamine 6G (~0.05 mg/mL) was added to water to 

enhance droplet visibility. In all cases where the LbL coatings were terminated with 

polycation (BPEI), a droplet of Rhodamine 6G aqueous solution completely soaked the 

mesh pad. Switching the capping layer to a PPz had a dramatically different effect on 

wettability in the cases of non-fluorinated and fluorinated PPzs. The use of PCPP as a 
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capping layer did not change the pad hydrophobicity. In contrast, polyester surgical felt 

coated with FP-containing film and terminated with either FP60 or FP86 were highly 

hydrophobic and retained a droplet of Rhodamine 6G at the surface of the sample. Thus, 

the developed coatings can be used to efficiently tune the wettability of surfaces. In 

addition, the inclusion of small molecules, illustrated here with a model Rhodamine 6G 

molecule, was enhanced within FP/BPEI films as compared to the LbL films of non-

fluorinated PCPP (Figure 7-4), probably due to the additional contribution of hydrophobic 

interactions to small molecule absorption. 

7.2.2. Functional properties of FP LbL nanofilms: Biocompatibility 

Good biocompatibility is the first major prerequisite for materials intended for life 

science applications.316-318 To explore the potential of LbL nanocoatings of ionic 

fluorinated polyphosphazenes for applications in cardiovascular stents or catheters, the 

hemocompatibility of 200 nm films was evaluated using the common hemolysis test with 

dilute whole rabbit blood.316,319 Hemolysis %, which represents an increase in the content 

of free hemoglobin in blood after incubation with the tested material, was dependent on 

fluorination degree of polyphosphazene (Figure 7-5). Importantly, LbL films containing 

FP86 demonstrated hemolysis extent comparable to that of a PTFEP coating. 

Hemocompatibility of clinically validated PTFEP293-295 has been correlated with its ability 

to selectively and irreversibly adsorb human serum albumin (HSA) from blood plasma.291 

Moreover, irreversible adsorption of HSA has been previously related to passivation of 

surfaces against platelet adhesion.291 Selective adsorption of HSA from human plasma 
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onto the polyphosphazene-containing multilayers was dramatically increased on FP/BPEI 

multilayers. Importantly, these coatings outperform not only non-fluorinated PCPP 

coatings but also nonionic PTFEP coatings. Therefore, ultrathin LbL films of fluorinated 

polyphosphazenes constructed in aqueous solutions can potentially achieve similar to or 

even higher hemocompatibility than that observed for clinically validated solution-cast 

nonionic PTFEP coatings.  

Figure 7-5. Functional properties of LbL films of fluorinated polyphosphazenes: (a) 
Hemolysis percentage of whole rabbit blood (columns, left axis) and irreversible 
adsorption of HSA from human plasma (dots, right axis) on FP/BPEI multilayers 
and control solution-cast PTFEP coatings. Reprinted with permission from 280 
Copyright 2018 American Chemical Society. 

Therefore, fluorinated polyphosphazenes with ionic carboxylic groups can be 

assembled into thin films from aqueous solutions using the LbL technique. Film properties 

can be modulated by the degree of fluorination of polyphosphazene as well as by the 

capping layer of the film. These films display a high degree of hydrophobicity, are 
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biocompatible. The next section will explore LbL assembly of these same polymers with 

small molecules.  

7.2.3. LbL Coatings with Small Molecules 

 While depositing polymers using the LbL technique is commonly successful because 

of strong multisite interactions between polymer partners, trapping small molecules within 

LbL films has been challenging due to the smaller number of binding sites between the 

small molecules and polymers. To combat this, unique strategies such as complexing small 

molecules directly with other small molecules66 or depositing small molecules in 

tetralayers with three other polymers were explored.65,320 The tetralayer strategy was 

suggested to work by a combination of electrostatic and non-electrostatic interactions.65,320 

In our work, fluorinated ionic polyphosphazenes exhibited high efficiency in binding and 

trapping small molecule cationic antibiotics within LbL nanocoatings, a unique capability 

that is likely due to the high degree of flexibility of polyphosphazene backbones. The use 

of ionic hydrophobic polyphosphazenes for trapping small molecules within LbL coatings 

was successful even in the case of gentamicin – a hydrophilic small antibiotic with only 

~3.5 positive charges at pH 7.5.321 One notable difference between polymer-polymer 

assemblies and coatings with small molecules is the thickness deposited per bilayer. While 

FP60/BPEI coatings displayed a thickness of ~ 4.8 nm per bilayer, FP60/gentamicin 

coatings displayed only a thickness of ~1.3 nm per bilayer. To confirm that gentamicin 

was in the coatings, x-ray photoelectron spectroscopy (XPS), a highly sensitive method 

that enables resolution of the chemical composition of a coating within a penetration depth 
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of 3-10 nm, was used with the reference peak of carbon set to 284.9 eV. Comparing the 

nitrogen (N 1s) binding energies of a spun-cast monolayer of FP60 (Figure 7-6) and a 20-

bilayer FP60/gentamicin film (Figure 7-6) clearly shows the emergence of two new peaks 

at ~400 and ~402 eV corresponding to -NH2 and -NH3
+, respectively, which confirms the 

presence of gentamicin in the coatings. Activity of gentamicin in the LbL coatings was 

tested via bacterial cultures of Staphylococcus aureus, a gram-positive strain known to 

form biofilms on biomaterial implants and devices.3 LbL-assembles containing 

gentamicin were able to inhibit growth of ~3.5 x 103 CFU/cm2 (Figure 7-6). 

 One common problem with electrostatic trapping of small molecules in LbL coatings 

has been the rapid release of antibiotics on exposure to salt containing solutions.82,258 

However, assemblies of gentamicin with fluorinated ionic polyphosphazenes were able to 

retain antibiotics after one-hour exposure to PBS (pH 7.5, 0.15 M NaCl), as demonstrated 

for 20-bilayer FP60/gentamicin coatings using XPS (Figure 7-6). On the other hand, 

assemblies of gentamicin and non-fluorinated ionic polyphosphazene (PCPP) lost ~20% 

of gentamicin after exposure to the same conditions. Such a difference is likely due to the 

additional hydrophobic interactions brought by fluorinated groups, which enabled 

retention of antibiotics even in salt solutions. These data suggest a facile way to 

incorporate a large variety of cationic small molecules into LbL assemblies at 

physiological pH without loss of efficacy. This strategy is highly attractive as fluorinated 

polyphosphazenes have been shown to be biocompatible291,294 and polyphosphazene 

polyelectrolytes can be engineered to degrade within a certain time frame.69,322 For 
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example, to increase degradation rate, pendant pyrrolidone groups can be added to 

enhance hydrophilicity and biodegradation.322 

Figure 7-6. XPS analysis showing nitrogen (N 1s) binding energy in an FP60 
monolayer (a) and in 20-bilayers of FP60/Gentamicin (b). (c) 35 nm 
PCPP/Gentamicin and FP60/Gentamicin films are able to prevent the growth of 103 
colony forming units (CFU) of Staphylococcus aureus per cm2. (d) Comparison of 
peak areas of nitrogen from XPS analysis reveals ~20% loss of gentamicin from 
PCPP/Gentamicin films after 1 hour exposure to PBS (pH 7.5, 0.15 M NaCl) while 
FP60/Gentamicin retains gentamicin. Reprinted with permission from 280 Copyright 
2018 American Chemical Society. 

7.3. Conclusions 

Polyphosphazenes with fluorine-containing side groups are fiber-, film- and elastomer 

forming materials, which display high hydrophobicity and superb biocompatibility. A 

novel class of fluorinated polyphosphazenes has been introduced, which incorporates 
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ionic functionalities in their macromolecular structure. These mixed-substituent 

copolymers are water-soluble in their ionized salt form, but become highly hydrophobic 

when converted to a non-ionic state. Importantly, fluorinated copolymers maintain some 

of the most important features of polyelectrolytes, such as the ability to form complexes 

with ionic polymers of the opposite charge or produce ionotropic hydrogels through cross-

linking with multivalent ions. The exceptional combination of properties of these 

macromolecules enables application of advanced aqueous-based methods for the 

deposition of highly hydrophobic and biocompatible fluorinated coatings. Here, the LbL 

technique was employed to engineer nanostructured films of fluorinated polyphosphazene 

polyelectrolytes. The resulting hydrophobic coatings displayed in vitro biocompatibility, 

which was comparable or better than biocompatibility of a clinically validated fluorinated 

polyphosphazene - PTFEP. Yet, LbL films of polyphosphazenes display significant 

advantages over nonionic PTFEP coatings in terms of both environmentally friendly 

processing conditions and multifunctionality of the resultant films. Specifically, LbL films 

have easily controlled film thickness and hydrophobicity, can easily be deposited on a 

wide range of substrates, and can be fabricated to include bioactive molecules, including 

bactericidal agents. Moreover, nano-layered fluorinated coatings demonstrated the ability 

to self-heal at near physiological conditions. The versatility of fluorinated polyelectrolytes 

suggests a wide spectrum of potential applications in life sciences ranging from 

biocompatible nanoparticle delivery systems to coatings for coronary stents and various 

implants. 



8. A NEW FAMILY OF WATER-SOLUBLE SULFO-FLUORO

POLYPHOSPHAZENES AND THEIR ASSEMBLY WITHIN 

HEMOCOMPATIBLE NANOCOATINGS5 

8.1. Introduction 

Fluorinated polymers and materials possess a range of unmatched properties for 

life science applications.324 Outstanding biological inertness, stability, 

superhydrophobicity, and excellent biocompatibility are among their unique 

characteristics.324-326 Taken together, these characteristics provide an abiotic tool for 

developing supramolecular constructs as well as a means to enable selective interactions 

with biological targets. Fluoropolymers find applications in medicine as coatings for 

cardiac stents,327 such as XIENCE VTM - poly(vinylidene fluoride-co-

hexafluoropropylene)328 and Cobra PzF - poly[di(trifluoroethoxyphosphazene)],329 as 

surface modifiers to make infection resistant biomaterials,330 as nanoparticles for 19F MRI 

tracking,331,332 as well as for various uses in ophthalmology and reconstructive surgery.324 

However, the non-ionic nature and poor solubility of the currently used fluorinated 

polymers restricts their processing to standard melt-processing techniques325 and prevents 

their self-assembly into advanced functional coatings. Incorporation of ionic 

functionalities in these hydrophobic polymers results in ionomers and enables important 

new features, which so far have been mostly used to develop industrial proton-conducting 

5 Reprinted in part with permission from Albright, V.; Marin, A., Kaner, P.; Sukhishvili, S. A.; Andrianov, 
A. K. New Family of Water-Soluble Sulfo–Fluoro Polyphosphazenes and Their Assembly within 

Hemocompatible Nanocoatings. ACS Applied Bio Materials 2019, 2, 3897-3906. Copyright 2019 

American Chemical Society. 
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membranes. Along with highly commercially successful Nafion,333,334 water insoluble 

fluorinated ionomers include various sulfonated block copolymers of poly(arylene 

ether),335-339 and a few polymers with inorganic backbones, produced through multi-step 

post-synthetic derivatization procedures.340,341  

Polyphosphazenes (PPzs) – hybrid inorganic-organic synthetic polymers with a 

phosphorus-nitrogen backbone and organic pendant groups - draw significant attention as 

macromolecules for biomedical applications.342-345 They are characterized by a highly 

flexible backbone, a unique repeat unit that enables high charge density, and “dial-in” 

biodegradability.342 We have recently introduced water-soluble, fluorinated PPz 

polyelectrolytes, which can be employed in all-aqueous assembly of hydrophobic 

fluorinated coatings.44,280,346 These copolymers were based on a combination of 

trifluoroethoxy- and carboxylatophenoxy- pendant groups.346 However, the narrow pH 

range of their water-solubility, along with weak acidity of carboxyl groups may impose 

limitations on the utility of these important macromolecular systems. Therefore, in this 

work, we explore water-soluble, fluorinated and sulfonated PPzs in solution and as 

building blocks for macromolecular self-assembly into nanostructured coatings. 

Self-assembly can be achieved through the layer-by-layer (LbL) assembly 

technique, which utilizes oppositely charged ionic macromolecules to create nanoscopic 

coatings on surfaces of a variety of shapes and chemistries.150 In particular, the LbL 

method has been widely explored to functionalize the surface of biomedical devices to 

control cellular adhesion and modulate delivery of bioactive molecules.254,291,299 The 

integration of LbL assembly with the unique material properties of fluorinated systems 
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can open new prospects for the development of biosurfaces with highly sophisticated sets 

of characteristics, including controlled nanostructure, hydrophobicity, and/or 

biofunctionality. 

The present paper describes the synthesis and characterization of a new family of 

fluorinated PPzs bearing sulfonic acid functionalities. The introduction of ionic groups in 

the polymer structure was achieved through a macromolecular substitution reaction of 

polydichlorophosphazene with a non-covalently protected sulfonic acid containing 

nucleophile - a method that avoids the use of harsh sulfonation conditions and eliminates 

the risk of introducing undesirable polymer irregularities.347 Copolymers bearing either 

trifluoroethoxy or trifluoromethylphenoxy side groups displayed water-solubility in a 

broad pH range and demonstrated low cytotoxicity and high affinity for binding human 

serum albumin (HSA) – an important parameter in predicting potential biocompatibility 

of fluorinated materials.291,327 PPzs assembled in films with branched polyethyleneimine 

(PEI) through the LbL technique and the resulting hydrophobic nanocoatings display 

excellent stability in solutions with high ionic strength and high hemocompatibility when 

tested with whole rabbit blood.  

8.2. Materials 

Sodium phosphate monobasic dihydrate, potassium chloride, branched polyethylene 

imine (PEI) of two molecular weights (Mw ~750 kDa and ~25 kDa), human serum albumin 

(Sigma-Aldrich, St. Louis, MO), porcine red blood cells (RBCs) (Innovative Technology 

Inc., Novi, MI), and rabbit blood (Rockland Immunochemicals, Inc., Limerick, PA 19468) 
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were used as received. Silicon wafers (100 orientation, P/B doped) were purchased from 

Wafer Pro Inc. Ultrapure Milli-Q water (Millipore, resistivity of 18.2 MΩ*cm) was used 

in all experiments. 

8.2.1. Polyphosphazenes 

Polydichlorophosphazene (PDCP) was synthesized as described previously.348 

Poly[di(phenoxyphosphazenesulfonic acid)] (SP) was synthesized using noncovalent 

protection of 4-hydroxybenzenesulfonic acid with tetraalkylammonium salts.347 PPz 

containing 20% (mol/mol) of trifluoroethoxy groups and 80% (mol/mol) of 

carboxylatophenoxy groups (FP20) was synthesized using a previously described 

method.346 For this work, two new polyphosphazenes were synthesized by Prof. 

Andrianov’s group. Full details of synthesis and characterization can be found in our 

publication349 or in Appendix D. Briefly, PPzs were synthesized to contain p-

sulfophenoxy-, ethylphenoxy- and trifluoroethoxy- or trifluoromethylphenoxy- side 

groups. Specifically, FESP contained ~25% p-sulfophenoxy-, ~55% ethylphenoxy- and 

~20% trifluoroethoxy- side groups. Specifically, FPSP contained ~28% p-sulfophenoxy-, 

~55% ethylphenoxy- and ~17% trifluoromethylphenoxy- side groups. 

8.3. Methods 

8.3.1. Film Deposition  

Layer-by-layer (LbL) films were assembled on silicon wafers that were cut into 1x1 cm2 

pieces. Prior to deposition, silicon wafers were cleaned via  overnight treatment with UV 
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light and followed by exposure to sulfuric acid for 40 min as described elsewhere.350 

Samples were primed with a monolayer of PEI (Mw of ~750 kDa, pH 9, 0.2 mg/ml) by 

soaking substrates for 15 min in BPEI solution, washing with 0.01 M phosphate buffer 

(PB), and drying with nitrogen. LbL films were dip deposited with 5 min dipping cycles 

in 0.2 mg/mL aqueous solutions of either PPz or PEI of Mw ~25 kDa both at pH 7.5 with 

a wash (0.01 M PB, pH 7.5) in between each dipping cycle and dried with a gentle flow 

of nitrogen after the desired bilayer number was reached.  

8.3.2. Film Characterization 

8.3.2.1. Scanning Electron Microscopy 

(SEM) was performed on samples sputter coated with ~2 nm of Pt/Pd alloy using a 

JEOL JSM-7500F. 

8.3.2.2. Contact Angle Measurements 

 Contact angles were collected with an Imagine Source camera on a KSV Instruments Ltd. 

Setup. Contact angle measurements were performed with 5 μL, droplets of Milli-Q water 

and analyzed by One Attension software.  Contact angle values were measured with ~100-

nm thick films using three separate locations on each film.  

8.3.2.3. Spectroscopic Ellipsometry Measurements 

 Spectroscopic ellipsometry was used to characterize film thickness and optical constants 

in both dry and swollen states using a M-2000 (J. A. Woollam Co., Inc., Lincoln, NE, 
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USA). Four angles of incidence: 45°, 55°, 65°, and 75° were used to analyze dry films 

while in situ measurements were carried out at 75°. For in situ measurements, samples 

were swollen in 0.01 M PB at pH 7.4 for 5 min before measurement. More details of fitting 

models used can be found in a previously published manuscript.351 

8.3.2.4. Salt Stability 

Coatings of ~100-nm thickness deposited on silicon wafers were exposed to 5 mL of 

increasing concentrations of potassium chloride in 0.01 M PB at pH 7.4 for 1 h. After 

exposure, samples were washed with 0.01 M PB to remove excess salt adhering to the 

coating and dried with nitrogen. The thickness of coatings was measured in two spots with 

ellipsometry, and the results were averaged.  

8.3.2.5. Hemocompatibility Studies of Polymer Coatings 

Hemocompatibility tests of ~100-nm coatings were carried out using whole rabbit blood 

as described previosuly.319,351 Briefly, polymer coated silicon wafers (1x1 cm2; ~ 100-nm 

film thickness) were incubated (37 °C; 4 h) with diluted blood (1.0 mL, 2 mg/mL 

hemoglobin). Supernatant was isolated by centrifugation (14,000 rpm; 5 min) and the 

content of hemoglobin was measured by UV-VIS spectrophotometry. Analysis was 

conducted in duplicates. The difference between percent of free hemoglobin in the blood 

before and after incubation with coatings was reported as a percent of hemolysis. 
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8.4. Results and Discussion 

8.4.1. Nanoassembly and Physico-Chemical Properties of Polyphosphazene 

Coatings. 

Figure 8-1. Chemical structures of anionic polymers used in this chapter. 

Layer-by-layer (LbL) films were assembled in aqueous solutions using PEI as a 

polycation and silicon wafers as substrates. Figure 8-2 compares deposition of LbL 

assemblies of PPzs that are fluorinated and non-fluorinated containing sulfonic acid 

groups (FESP and FPSP vs. SP) and a non-PPz polyelectrolyte, poly(styrene sulfonic acid) 

(PSS). Chemical structures of all polyanions used are shown in Figure 8-1. The growth 

observed for all polymers containing sulfonic acid groups (FESP, FPSP, SP, and PSS) was 

linear with a constant increment of ~4.5-7.5 nm deposited per bilayer. Linear LbL film 

growth indicated strong ionic pairing between sulfonated polymers and PEI, flattening of 

polymer chains upon adsorption, and suggested little to no influence of fluorination or 
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backbone type on binding strength of polymer layers. The slight difference in the mass 

deposited for different system can likely be accounted for by the differences in the 

molecular mass of the polymer units. To understand the effect of chemistry of acidic units 

on polymer assembly, fluorinated PPzs with carboxylic acid (FP20) were deposited with 

PEI. In this case, significantly thicker films were formed, indicating weaker ionic pairing 

with positively charged PEI units, which is not surprising as the weaker ionic binding of 

carboxylic vs sulfo- groups is well known.352,353    

Figure 8-2. (A) Thicknesses of LbL films of PPzs or carbon-chain PSS formed by 
deposition with PEI as measured by spectroscopic ellipsometry. (B) Swelling ratios 
of ~100-nm coatings of PPzs or PSS with PEI as measured in 0.01 MPB, pH 7.4.  (C) 
Contact angles of ~100-nm coatings of PPzs or PSS with PEI as measured with Milli-
Q water. Reprinted with permission from 323 Copyright 2019 American Chemical 
Society. 

We then explored the effect of chemistry of ionic groups, degree of fluorination, 

and backbone chemical composition on the capability to swell and control hydrophobicity 

of the nanocoatings. Figure 8-2 shows that films containing sulfo-fluoro PPzs (FESP and 

FPSP) did not swell (swelling degree ~1) when exposed to 0.01 M PB (pH 7.4), likely due 

to their strong binding and high hydrophobicity. In contrast, FP20, SP, and PSS coatings 
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all displayed relatively high swelling ratios of about 1.6. Significant uptake of water within 

films of PEI and FP20 probably results from its relatively weak ionic pairing with PEI. 

Unlike FP20, SP and PSS form strong ionic pairs with PEI, due to their sulfonated groups 

and high charge density.352,353 However, both SP and PSS lack fluorinated moieties which 

provide resistance to water uptake. The contact angles of water for fluorinated 

nanocoatings containing FESP, FPSP or FP20 were, as expected, much higher than for the 

coating assembled with non-fluorinated PPz, SP (Figure 8-2). At the same time, the contact 

angle on the PSS and PEI film was significantly higher than that for the SP and PEI film, 

indicating a possible contribution of the hydrophobic carbon-based polymer chain to film 

hydrophobicity. 

. 

Figure 8-3. Remaining thickness of ~100-nm nanocoatings after exposure to 5 mL of 
0.01 M phosphate buffer at pH X for 1 h. Reprinted with permission from 323 
Copyright 2019 American Chemical Society. 
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Figure 8-4. Remaining thickness of 100-nm films of PEI and PPzs or PSS after 
exposure to 1M, 2M, and 3M concentrations of KCl in 0.01 M PB at pH 7.4 for 1 h. 
Reprinted with permission from 323 Copyright 2019 American Chemical Society. 

Stability of LbL films in various environmental conditions (salt and pH) is 

important for their suitability for biomedical applications. All nanocoatings constructed 

using sulfonated polyelectrolytes were stable (showing <10% thickness loss) in solutions 

with pHs ranging from 7.5 down to 4 (Figure 8-3). It is, however, well known that 

electrostatic pairing can be disrupted by small ions.354 Thus stability of the nanocoatings 

was investigated in concentrated solutions of potassium chloride. Sodium chloride was 

avoided due to previously reported unusual solubility behavior of PPzs in this salt355 and 

the observed decrease in solubility of FPSP. Coatings formed by sulfo-fluoro PPzs showed 

minimal loss of their original thickness, with no mass loss for FESP/PEI and ~10% loss 

for FPSP/PEI films even in high ionic strength 3M KCl solutions (Figure 8-4) and little 

change in coating morphology (Figure 8-5). Films of fluorinated carboxylic acid 

derivative FP20 with PEI were slightly less stable, losing about 15% of their original 

thickness in 3M KCl solutions. Interestingly, non-fluorinated films with sulfo groups in 

every polymer repeat unit but different backbone chemistry (SP and PSS, respectively) 
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lost 20-25% of polymer mass (probably due to dissociation of the top layers of the film) 

even in 1M salt solutions. Additionally, for SP coatings there was a very distinct change 

in film morphology from very smooth to spinodal-like dewetting (Figure 8-5).356 These 

results demonstrate the importance of fluorinated groups in protecting nanocoatings 

against dissociation in concentrated salt solutions and also suggest that sulfonic acid 

functionalities may offer better stability in high ionic strength environment. 

 Figure 8-5. SEM images of ~100-nm nanocoatings before (left) and after (right) 
exposure to 4 M KCl. Images obtained at a WD of 15.4 mm, 3.0 kV, x10,000 zoom 
and with a 1 micron scalebar shown. Reprinted with permission from 323 Copyright 
2019 American Chemical Society. 

8.4.2. Hemocompatibility of Nanocoatings. 

Adequate biocompatibility is one of the main requirements for materials designed 

for life sciences applications.316-318 Therefore, PPz coatings were evaluated for hemolytic 
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activity using dilute whole rabbit blood test (American Society for Testing and 

Materials).316,357 Figure 8-6 presents the results of this test for coatings with matched 

thicknesses and PPzs as the top layer. Remarkably, both sulfonated PPzs with fluorinated 

side groups (FESP and FPSP) showed levels of hemolysis less than 1%. Low hemolytic 

activity was also observed for fluorinated PPz containing carboxylic acid groups - FP20 

(1%). Sulfonated PPz containing only ionic groups (SP) display a slightly higher activity 

(~2%), whereas coatings formed using PSS were the most active inducing about 6% 

hemolysis. These results show the importance of fluorination for decreasing hemolysis, 

which correlates well with hemolysis studies of water-soluble components observed 

earlier in this study, as well as with our previously published report on LbL with PPzs 

containing fluorinated and carboxylic groups.44 Moreover, these PPzs demonstrate 

excellent biocompatibility for both LbL films and their macromolecular components in 

environments containing blood. 

Figure 8-6.  Hemolysis percentage of dilute whole rabbit blood after 4 h exposure (37 
oC) to ~100 nm films of PEI and PPzs or PSS. Reprinted with permission from 323 
Copyright 2019 American Chemical Society. 
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8.5. Conclusions 

Two novel sulfo-fluoro polymers were synthesized using macromolecular 

substitution of polydichlorophosphazene with nucleophilic reagents, in which the sulfonic 

acid functionality was protected non-covalently by forming a salt with tertiary alkyl 

ammonium ions. Polyacids, which contained approximately 20% of either trifluoroethoxy 

or trifluoromethylphenoxy groups and about 25% of sulfonic acid functionalities, 

displayed excellent solubility in aqueous solutions over a broad pH range. Their 

polyelectrolyte behavior was confirmed by forming interpolymer complexes with 

oppositely charged PEI in aqueous solutions, which occurred even in the presence of 4% 

(w/w) of sodium chloride. Sulfo-fluoro PPzs and their water-soluble complexes with PEI 

showed low hemolytic activity and demonstrated the ability to bind HSA, which in the 

case of fluorinated macromolecules can serve as an indicator of their potential 

biocompatibility. Using the LbL technique, novel sulfo-fluoro PPzs were assembled with 

PEI into robust nanocoatings. The resulting nanofilms showed a range of properties, which 

make them promising candidates for further exploration as prospective biomaterials. 

These properties include higher hydrophobicity, lower swelling ratio, high stability in salt 

solutions, and superior hemocompatibility with whole rabbit blood as compared with 

control LbL films of non-fluorinated sulfonated PPzs or sulfonated carbon-chain 

polymers.  
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9. FLUORINATED POLYPHOSPHAZENES ENABLE HEMOCOMPATIBLE,

HIGHLY-EFFICIENT ANTIBACTERIAL COATINGS 

9.1. Introduction 

Preventing bacterial colonization of surfaces in a controlled manner is highly 

desired for biomedical materials ranging from wound dressings to catheters.1,358,359 As 

such, many bactericidal coatings to prevent such colonization have been developed that 

either use cationic 360or anionic17 bacteria killing polymers or that release antibiotics.361 In 

terms of antibiotic-releasing coatings, stimuli-responsive coatings that kill bacteria upon 

their arrival due to a stimulus such as pH,63,66,217,256 enzymes,255 or direct contact362 are 

highly attractive as they do not continuously elute antibiotics. This may prevent pre-

mature depletion of the coatings and the development of bacterial resistance to antibiotics 

due to unnecessary, low dose antibiotic exposure. One attractive way to make such 

coatings is to use the layer-by-layer (LbL) method, invented by Decher,35 which enables 

all aqueous deposition of coatings onto substrates of a variety of shapes and chemistries.  

While many self-defensive LbL coatings have been engineered,42,66,82,255 direct 

LbL of small molecules (i.e. cationic antibiotics) has been difficult to achieve with 

traditional anionic polyelectrolytes such as polymethacrylic acid or polyacrylic acid. 

Chaung et al. reported quadlayers of polyacrylic acid, poly(beta-amino esters), and 

gentamicin which showed tunable release of gentamicin driven by the degradation of the 

polyesters.64 While such coatings showed efficacy against Staphylococcus aureus in a 

rabbit bone model,65 the release was continuous and not “on-demand”. In contrast, our 

group recently reported multilayers of tannic acid, a small polyphenol, with cationic 
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antibiotics (tobramycin, gentamicin, and polymyxin B), which showed high loading 

capacity and non-toxicity towards osteoblasts.66 While tannic acid can build coatings, it is 

a natural, small molecule which did not allow for pre-programming its interactions with 

antibiotics thus antibiotics delivery. Here, we introduced fluorinated PPzs as versatile 

binding partners of antibiotics, whose fluorination degree efficiently controls binding 

strength with antibiotics, and thus precisely pre-programs antibiotic delivery. We explore 

the effect of fluorination, which has been shown to increase biocompatibility,44,363 of ionic 

polyphosphazenes in order to create coatings with advanced drug release profiles.  

Polyphosphazenes (PPzs) are a unique class of polymers with an inorganic 

backbone and organic side groups. PPzs facile tunability of their side groups offers control 

over their degradation rate into generally physiologically benign degradation products.69-

71 PPzs have a proven record of preclinical and clinical safety for stent applications,72,74-

77,364 and therefore, are likely to be safe for other blood-contacting applications such as 

wound dressings. The ease of varying the side groups of PPzs makes them excellent 

candidates for systemically exploring the combined effects of electrostatic and 

hydrophobic interactions on antibiotic retention and release.  Non-fluorinated and 

fluorinated PPzs have be shown to form ionic complexes with mono-valent, di-valent, and 

multivalent salts depending on fluorination degree,365-367 suggesting their capability to 

bind small molecule antibiotics. We recently reported multilayers of fluorinated, ionic 

polyphosphazenes with several different cationic polymers.310 These coatings showed 

tunable hydrophobicity based on polymer-coating top layer and polymer fluorination 

degree. Importantly, these coatings demonstrated low levels of hemolysis, suggesting their 
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potential hemocompatibility. Biocompatibility is an important aspect of any biomaterial, 

yet it is often understudied for antibacterial coatings. While several reports have studied 

cytotoxicity of antibacterial coatings, only a few368,369 have considered how blood will 

react to the surface (hemolysis).  In this work, we aim to bridge this gap in the knowledge 

base by systematically comparing the effect of PPz fluorination degree on antibacterial 

activity, cytotoxicity, and hemolysis.  

Here, we explore direct LbL deposition of cationic small molecule polymyxin B 

with ionic, fluorinated PPzs (FPy, in which y represents the % of fluorinated substituent 

groups) and ionic, non-fluorinated poly[di(carboxylatophenoxy)phosphazene] (PCPP). 

Poly B, a cyclic cationic polypeptide, was chosen for study since it has several positive 

charges at neutral pH. While Poly B was originally left behind for its less-than-desirable 

side effects, it is now making a resurgence as an option for treating highly drug resistant 

gram-negative bacteria.370 Unlike our previous work, which explored the effect of 

hydrophobicity of antibiotics on antibiotic delivery,66 here we aim to control antibiotics 

delivery through a degree of fluorination of PPzs. Specifically, the influence of 

fluorination of PPz, which creates local hydrophobic microenvironments with enhanced 

charge-charge interactions, on binding of antibiotics is explored. We show that 

fluorination degree and thickness of coatings modulate antibiotic content, and examine the 

surface activity and non-leachability of coatings against E. coli with 3M™ Petrifilm™ 

and zone of inhibition (ZOI) assays. Furthermore, hemolysis (with rabbit and porcine 

blood) and cytocompatibility (with NIH 3T3 fibroblasts) is shown. 
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9.2. Materials 

Tryptic soy broth (TSB) powder was obtained from MP biomedicals (Solon, OH). Difco™ 

Technical Agar was obtained from BD Biosciences (San Jose, CA). Polymyxin B, 

branched polyethylenimine (BPEI, weight-average molecular weight Mw of 750,000 

g/mol), sodium phosphate monobasic dihydrate were purchased from Sigma-Aldrich 

(Allentown, PA). Hydrochloric acid, sodium hydroxide, and sulfuric acid were obtained 

from Alfa Aesar (Tewksbury, MA). Ultrapure water from a Milli-Q system (Merck 

Millipore, Burlington, MA, USA) with a resistivity of 18.2 MΩ was used in all 

experiments. Boron-doped silicon (Si) wafers were purchased from University Wafer, Inc. 

All other chemicals were purchased from Sigma-Aldrich and used without further 

modification. This work uses several ionic, fluorinated polyphosphazenes, which were 

synthesized by our collaborators and reported earlier.44,280,348,355,367 Mws were 800 kDa for 

PCPP, 140 kDa for FP20, 246 kDa for FP60, and 200 kDa for FP77. 

9.3. Methods 

9.3.1. Layer-by-Layer Deposition 

Films of PPzs and Poly B were deposited using the dip-deposition technique. In order 

to deposit PPzs/Poly B films onto surfaces, first a priming layer of BPEI (MW = 750 kDa, 

pH 9, 0.2 mg/mL) was deposited for 15 min followed by a priming layer of PPz (pH 7.5, 

0.01 M phosphate buffer (PB), 0.4 mg/mL) deposited for 10 minutes. Afterwards, 

alternating layers of PPzs (pH 7.5, 0.4 mg/mL) and Poly B (pH 7.5, 0.5 mg/mL) were 

deposited for 10 min.  
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9.3.2. Dry and Wet Thickness Measurements 

Thicknesses and optical constants in dry states were characterized by a variable angle 

spectroscopic ellipsometer (M-2000 UV−visible−NIR (240−1700 nm) J. A. Woollam Co., 

Inc., Lincoln, NE, USA) equipped with a temperature-controlled liquid cell. Dry 

measurements were carried out at four angles of incidence: 45°, 55°, 65°, and 75°. For 

data fitting, polymeric layers were treated as a Cauchy material of thickness d with 

refractive index A. Both parameters were fit simultaneously. In situ ellipsometry was 

conducted at an angle of 75° with a liquid cell and temperature controller. Samples were 

run in PBS at pH 7.5 at 37 °C for 1 hour. To calculate swelling ratio, the wet thickness for 

the last ten minutes (i.e. minutes 50 to 60) were used in order to provide enough time to 

make sure the film was at equilibrium. More details for fitting models can be found in an 

earlier publication.44 

9.3.3. Degradation/stability at 37 °C studies 

100-nm coatings on 1x1 cm2 Si wafers were first washed with PBS at pH 7.5, dried, and

thickness measured to separate the effect of salt on the coatings from the effects of pH and 

temperature. Afterwards, samples were exposed to 10 mL of PBS at pH 7.5 or 5.5. After 

the desired soak time, samples were washed with pH matched 0.01 M PB, dried with 

nitrogen, and returned to the same solution. Samples were run in duplicate.  
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9.3.4. Contact Angle 

Contact angle was measured using a KSV Instruments Ltd. Setup equipped with an 

Imagine Source camera. 5 μL droplets of DI water were placed on coatings of ~ 30 nm in 

three separate locations. Two separate sets of samples were analyzed using One Attension 

software and averaged together for the final value.  

9.3.5. Liquid Chromatography-Mass Spectrometry (LC-MS)  

For LC-MS analysis, 1 x 1 cm2 samples were exposed to 0.5 mL of PBS at pH 7.5, 6.5, 

5.5, 4.5, and 12 consecutively, for 1 hour each and solutions used for LC-MS analysis at 

the Integrated Metabolomics Analysis Core. After exposure to a certain pH, samples were 

rinsed with phosphate buffer at matched pH, dried, and thickness measured with 

ellipsometry. Duplicate sample sets were used to ensure reproducibility. The target 

compounds from the collected PBS samples were detected and quantified on a triple 

quadrupole mass spectrometer (Altis, Thermo Scientific, Waltham, MA) coupled to a 

binary pump HPLC (Vanquish, Thermo Scientific). MS parameters were optimized for 

the target compound under direct infusion at 5 µL/min to identify the SRM transitions 

(precursor/product fragment ion pair) with the highest intensity (Table 9-1) Samples were 

maintained at 4 °C on an autosampler before injection. The injection volume was 10 µL. 

Chromatographic separation was achieved on a Hypersil Gold 5 µm 50 x 3 mm column 

(Thermo Scientific) maintained at 30 °C using a solvent gradient method. Solvent A was 

water (0.1% formic acid). Solvent B was acetonitrile (0.1% formic acid). The gradient 

method used was 0-1min (20% B to 60% B), 1-1.5 min (60% B to 95% B), 1.5-3 min 
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(95% B), 3-4.1 min (95% B to 20% B), 4.1-5 min (20% B). The flow rate was 0.5 mL/min. 

Sample acquisition and analysis was performed with TraceFinder 4.1 (Thermo Scientific). 

Table 9-1: Quantitative SRM Transitions for compounds 

Compound Polarity 
Precursor 

(m/z) 

Product 

(m/z) 

Collision 

Energy (V) 

RF Lens 

(V) 

Polymyxin B1 2+ Negative 603.0 593.6 16.52 162 

Polymyxin B1 3+ Negative 403.0 396.7 10.23 79 

Polymyxin B2 2+ Negative 596.8 587.4 16.26 174 

Polymyxin B2 3+ Negative 398.0 391.8 10.23 84 

9.3.6. Bacterial Studies 

Bacterial strains in this work include Escherichia coli (E. coli) ATCC 25922. E. coli was 

streaked on TSB agar plates from a frozen glycerol stock, incubated at 37 °C for 16 h 

(hours) to obtain single colonies, and stored at 4˚C before bacterial culture. All cultures 

were started with colonies from plates of less than one week old.  

9.3.6.1. Minimum Inhibitory Concentration (MIC) Assays 

The MICs of Poly B for E. coli was determined by the standard method of measuring 

optical density at 600 nm (OD600). Specifically, a single colony was isolated and grown 

overnight in TSB for 16 h at 37 °C, 250 rpm. Afterwards, OD600 was measured and used 

to calculate the CFU/mL and the culture was diluted to the desired concentration (2 x, 103, 
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105 or 107 CFU/mL) in TSB.  100 µL of bacterial culture was added to 100 µL of antibiotic 

in various concentrations and cultured for 24 h in 37 °C (static). OD600 of the culture was 

measured after 24 h. Each antibiotic concentration was tested in triplicate against each 

bacterial concentration. Three dilutions of each bacterial culture used were plated to verify 

the count (CFU/mL) used in the test. TSB and bacteria only tubes were used as controls.  

9.3.6.2. Growth Curves 

A single colony of E. coli was isolated and grown overnight in 3 mL of TSB for 16 h at 

37 °C, 250 rpm. Afterwards, OD600 was measured and used to calculate the CFU/mL and 

the culture was diluted to 105 CFU/mL in TSB. 12 mL of 105 CFU/mL in TSB was placed 

in a 6 well plate with either nothing (control), various concentrations of Poly B, or 

PPz/Poly B samples on 1x1 cm2 Si wafers. A volume of 12 mL was chosen so that a 

maximum concentration less than MIC could be achieved assuming the worst case 

scenario in which all Poly B was released from the most potent coating PCPP/Poly B 200 

nm, which contains ~20 μg of Poly B. OD600 was measured every 2 hours starting at hour 

4 until 14 hrs. All samples were run in triplicate. Data show represent averages of three 

data sets with error bars representing the standard. 

9.3.6.3. Petrifilm Assays 

For Petrifilm assays, a single colony was inoculated in 3 mL of TSB and grown overnight 

at 37 °C, 250 rpm. Afterwards, the OD600 of the culture was measured and used as a 

guideline to prepare cultures containing 109 and 107 CFU/mL via dilution with TSB. 3M™ 
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Petrifilm™  E. coli count plates were treated with 1 mL of sterilized DI water for 30 min 

to hydrate the nutrient loaded gel layer. PPz + Poly B coated silicon wafers were placed 

face up on the hydrated Petrifilms and 5 µL of bacterial suspension was placed onto the 

sample and incubated at 37 °C for 24 h. After 24 h, the bacterial colonies appearing on top 

of the samples were counted while bacteria off the edges of the sample were not counted. 

All samples were tested in duplicate. 

9.3.6.4. Zone of Inhibition Assay 

A single colony was isolated and grown overnight in 3 mL of TSB for 16 h at 37 °C, 250 

rpm. Afterwards, OD600 was measured and used to calculate the CFU/mL and the culture 

was diluted to 105 CFU/mL. E. coli was streaked onto 20 mL TSB agar plates from the 

stock solution, three times with 60 degree rotation each time. A 1x1 cm2 sample on Si 

wafer was placed face down on the agar and the plate incubated for 24 hrs at 37˚C. 

Samples were run in duplicate with PCPP and FP77 + Poly B coatings of either 100 or 

200 nm.  

9.3.7. Fibroblast Cell Studies 

NIH/3T3 fibroblasts were purchased from the American Type Culture Collection (ATCC, 

USA). Cells were cultured in Dulbecco's modified Eagle's medium (HyClone) 

supplemented with 10% fetal bovine serum (v/v) (Atlanta Biologicals), 1% Non-Essential 

Aminoacids (HyClone), 10 uM HEPES (HyClone) and 1% penicillin/streptomycin 

(Corning). Cells were propagated following ATCC standard protocols. Prior to cell 
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studies, samples were sterilized with UV light inside a biosafety cabinet for 10 minutes 

per side.  

For culturing, samples were placed inside a 24-well plate, covered with a cell 

suspension at a seeding density of 104 cells/cm2 in 1 mL of fresh media, and incubated at 

37 °C in a 10% CO2 atmosphere for 2 or 4 days. For Live/Dead staining, the media was 

removed, samples were washed with 250 uL of 1X Phosphate-Buffered Saline (PBS) at 

room temperature, and they were overlaid with a staining solution of 2 uM Calcein AM 

(Enzo Life Sciences) and 3 uM Propidium Iodine (Enzo Life Sciences) in PBS. A positive 

control (cells grown without exposure to sample) and negative control (cells fixed with 

70% ethanol in water for 30 minutes at 4 °C before staining) were included. After 30 

minutes of incubation at room temperature while protected from light, each sample was 

imaged using confocal microscopy (Leica DMi8) at five independent regions in the 

surface. Total cell count per region was calculated using ImageJ.  

9.3.8. Hemolysis Studies 

Hemocompatibility tests were conducted using modified hemolysis test with Red blood 

cells, RBCs (1% suspension in PBS, 2 h incubation at 37° C)371-374 and using whole rabbit 

blood (1.0 mL, 2 mg/mL hemoglobin, 4 h incubation at 37° C).319,351 
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9.4. Results and Discussion 

9.4.1. Physiochemical Characterization 

Figure 9-1. Schematic representation of LbL assembly and chemical structures of 
LbL components. 

Inspired by polyphosphazenes’s (PPzs) ability to form ionotropic gels with 

multivalent ions, such as calcium or spermine, which physically resemble calcium alginate 

hydrogels375,376 and the preclinical safety record of fluorinated PPzs for blood contacting 

applications,329 here, we explore layer-by-layer films of cationic antibiotics with PPzs of 

various fluorination degrees. The structures of Poly B, non-fluorinated 

poly[di(carboxylatophenoxy)phosphazene] (PCPP)  and fluorinated PPzs (FPy, in which 

y represents the % of fluorinated substituent groups) are shown in Figure 9-1. LbL 

assembly was conducted at pH 7.5 with 10 min dipping cycles, as illustrated in Figure 9-1, 

and measured by spectroscopic ellipsometry (Figure 9-2A). Strikingly, all PPzs, even a 

fluorination degree of 77% can support film growth. This is in sharp contrast to traditional 

polyelectrolytes (PAA, PMAA, etc.), which are unable to support LbL growth of cationic 
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antibiotics at neutral pH. All films deposited in an exponential-like manner suggesting 

intermixing of film components. FP20 + Poly B system shows slightly thinner growth than 

the rest of the films, likely due to slightly lower Mw.  

To explore the influence of molecule weight, PCPP of various molecular weights 

was deposited with Poly B (Figure 9-3A). Interestingly, PCPP with Mw of 200 kDa or 

greater enabled film growth while PCPP of Mw of 60 kDa or less prevented film 

deposition. It has been observed with long chain polyelectrolytes that low molecular 

weight anions and cations can “strip” each other off of the surface and prevent film growth 

because they have a propensity to form polyelectrolyte complexes due to their interaction 

energy.377 It has been found that ionic crosslinking of alginic acid is molecular weight 

dependent and if the polymer length is too short, crosslinks do not form,378 which 

correlates well with what we observe here for short chain PCPP. Therefore, the thinner 

coatings of FP20, which has a Mw of ~140 kDa, is likely due to the shorter chains. 
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Figure 9-2. (A) Dry thicknesses of layer-by-layer films as measured by spectroscopic 
ellipsometry for assembly of polymyxin B (Poly B) with PPzs with various 

fluorination degrees, (B) Micrograms of Poly B in a 200 nm film on a 1x1 cm
2
 wafer

as measured by LC-MS for dissolved films. (C) Swelling ratio of PPz + Poly B films 
measured in PBS at pH 7.5 at 37 ˚C. (D-G) SEM images of 100 nm PPz + Poly B 
films.  

To quantify the amount of Poly B retained in the LbL assemblies, coatings were 

dissolved in basic conditions and resulting solution analyzed via liquid chromatography-

mass spectrometry to determine the concentration of Poly B. LC-MS detection of Poly B 

was done on a triple quadrupole with the 2+ and 3+ ions of Poly B. Since Poly B is actually 

a mixture of five different variations with slightly different R groups, with Poly B1 and 

B2 being the major components, the 2+ and 3+ ions of Poly B1 and Poly B2 were tracked 

for analysis. The specific m/z product and parent ions monitored are listed in Table 9-1 in 

the Materials & Methods section along with more details about the LC-MS method used. 

Measured concentrations of Poly B as well as release volumes were used to calculate 

antibiotic content in the films and then normalized by film thickness. Comparing 

normalized data for 200 nm films on 1 x 1 cm2 wafers (Figure 9-2B), PCPP and FP20 



films contain ~ 21± 4 and 21±5 μg of Poly B, respectively, while 20 while FP60 and FP77 

contain ~ 14±3 and 8±3 μg of Poly B, respectively. This confirms that antibiotics were 

bound within the film by electrostatic interactions. To explore effect of Mw on amount of 

drug loaded, the content of a film assembled with PCPP-200 kDa was compared to the 

content of a film assembled with PCPP-800 kDa. (Figure 9-3B). Both values are within 

error of each other, suggesting that molecular weight does not play a large role on 

antibiotic content. This confirms that the differences observed between films with 

different fluorination degrees were due to PPz fluorination degree and not molecular 

weight.  

Figure 9-3. (A) Dry thicknesses of layer-by-layer films as measured by spectroscopic 
ellipsometry for assembly of polymyxin B (Poly B) with various PCPP molecular 
weights. Films were deposited from 0.5 mg/mL Poly B in DI water and 0.4 mg/mL 
PPz in 0.01 M PB at pH 7.5 with 10 min dipping cycles. (B) Calculated micrograms 

of Poly B in a 100 nm film on a 1x1 cm
2
 wafer. PPz + Poly B films were dissolved in 

pH 12 PBS and concentration of Poly B released measured by LC-MS. 

In our prior work on PPz coatings with branched polyethylene imine, we compared 

PCPP vs. FP60 and observed a strong effect of fluorination on the swelling of LbL 

149 
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assemblies.44 Specifically, increasing fluorination degree decreased overall film swelling 

ratio (~1.45 to ~1.1 for PCPP and FP60, respectively). Swelling of Poly B films in 0.01 

M phosphate buffer (PB) with 0.15 M NaCl (PBS) at pH 7.5 was conducted at 37 °C to 

mimic physiological conditions (Figure 9-2C). Here, PCPP + Poly B films swell the most 

while the fluorinated films swell less, as would be expected for polymers of increasing 

hydrophobicity and agreeing with our previous finding.44 Interestingly, SEM of coatings 

(Figure 9-2D-G) reveals that all coatings have a similar bumpy topography, with FP77 + 

Poly B coatings having a slightly less bumpy morphology. 

Figure 9-4. Decrease in film thickness (A) and percentage of antibiotic released (B) 
after 1 hour exposure to PBS at room temperature. Thickness was measured by 
spectroscopic ellipsometry after a wash with 0.01 M PB and drying with nitrogen. 
Antibiotic release into PBS was measured by LC-MS for films of ~200 nm. Decrease 
in film thickness after exposure to pH 7.5 PBS at 37 °C during the first day of 
exposure (C) and to pH 5.5 or pH 7.5 PBS at 37 °C for 30 days (D). Thickness was 
measured by spectroscopic ellipsometry after a wash with 0.01 M PB and drying with 
nitrogen.  
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We then aimed to understand how coatings would perform under conditions 

similar to those of bacterial colonization. To that end, coatings were exposed to decreasing 

pHs as Staphylococcus aureus and Escherichia coli are known to acidify the medium in 

which they grow as a result of secretion of lactic and acetic acid, respectively.33,34 

Specifically, to understand the pH-responsive behavior of these films, they were exposed 

to PBS at decreasing pHs (7.5, 6.5, 5.5, 4.5) for 1 hour, the coating thickness measured 

with ellipsometry (Figure 9-4A) and the supernatant solutions analyzed by LC-MS (Figure 

9-4B). With a decrease of pH, a systematic mass loss of the film occurred (Figure 9-4A)

as a result of pH-triggered charge balance in the films, which correlated with antibiotic 

release in solution as measured by LC-MS (Figure 9-4B). All PPz + Poly B coatings 

released antibiotics in response to decreasing pH, and the release was dependent on the 

amplitude of pH decrease. Unlike previous reports, however, antibiotic dose released 

could be controlled by the degree of PPz fluorination (Figure 9-4A&B). Highly fluorinated 

coatings displayed little decrease in thickness and little antibiotic release likely due to low 

overall antibiotic content as well as hydrophobic interactions between the polymer and 

antibiotic. Importantly, the pH triggered release of antibiotics from coatings was pulsatile 

and remained constant for 30 days (Figure 9-4D), similar to other self-defensive 

coatings.66 

Coating performance in physiological conditions is paramount for clinical 

translation. To mimic physiological conditions, coatings were exposed to pH 7.5, PBS at 

37 °C and thickness measured over time (Figure 9-4C&D). As shown in Figure 9-4, 

fluorinated coatings displayed only a slight mass loss and low antibiotic release upon 
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exposure to salt at a constant pH 7.5, while non-fluorinated coatings showed a more 

significant ~20% loss of thickness. Such a loss upon exposure to salt is common for 

electrostatic coatings which contain small molecules, because of the ease of disruption of 

their ionic pairing with polymers.82 However, loss in the film mass was much less than 

previously observed for cationic antibiotics trapped in anionic surface attached hydrogels 

built from non-PPz molecules.82 Importantly, Figure 9-4A shows that for highly 

fluorinated FP60 and FP77, dissociation of antibiotics from the coating in PBS at pH 7.5 

was almost completely suppressed. This result illustrates that increased polymer 

hydrophobicity strengthened ionic binding within the film and increases film stability in 

salt solutions at a constant pH. Upon exposure to 37 °C, Poly B coatings with PCPP and 

FP20 display ~ 40-50% loss in thickness while FP60 and FP77 coatings display ~30% and 

~20% thickness loss. (Figure 9-4C). This loss occurred during the first hour of heating 

samples, after which samples are stabile for at least 5 days. For PCPP+Poly B and 

FP77+Poly B coatings, coatings were stable for at least up to 30 days of exposure (Figure 

9-4D).

9.4.2. Hemocompatiblity and Cytocompatibility 

An important, yet often disregarded, aspect of antibacterial coatings is their 

interact with blood upon implantation into the body. Materials based on fluorinated PPzs 

have previously been shown to display superior biocompatibility.329 To test such 

properties, coatings of PCPP with various thicknesses (10, 50 or 100 nm) and matched 

thickness (100 nm) but various fluorination degrees were assembled to enable us to 
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distinguish between the influence of Poly B content, film thickness, and effect of 

fluorination degree. Solution cast films of poly[bis(trifluoroethoxyphosphazene)], PTFEP 

were used as a control as hemocompatibility of this fluorinated PPz has been clinically 

proven and it is currently employed as a coating material for two US Food and Drug 

Administration approved products – coronary stents and embolic microbeads.329 Two 

well-established hemolytic activity tests were employed (Figure 9-6A) – using whole 

rabbit blood319,351 and with porcine red blood cells.371-374 The results of both studies 

demonstrated exceptionally low hemolytic activity of all films (less than 1%) regardless 

of degree of fluorination (Figure 9-6A) and thickness of the coating (data not shown). In 

solution, all polymers showed no hemolytic activity (less than 0.1 %) while Poly B showed 

concentration dependent hemolysis with a maximum hemolysis degree of 2% being 

reached for a very high concentration of 10 ug/mL (data not shown). Therefore, the fact 

that there is no thickness vs. hemolysis relationship for PCPP coatings shows the 

remarkable hemocompatibility of these constructs. Importantly, the hemocompatibility of 

all Poly B containing nanocoatings was at least at the same level than that of PTEFP – a 

material with well-established performance both in animal experiments and clinical trials. 
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Figure 9-5. MTT assay with Fibroblast NIH 3T3 and Poly B, PCPP, or FP77 in 
solution.   

Figure 9-6. (A) Hemocompatibility studies of coatings using whole rabbit blood and 
porcine red blood cell tests. (B) Cytotoxicity of coatings was tested with NIH 3T3 
Fibroblast cells. Cells were incubated with 100 nm coatings for 2 and 4 days for 
various fluorination degree coatings. (C) Representative images of surfaces at 2 and 
4 days.  
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Cytocompatibility is an important aspect of any biomaterial. To assess 

cytocompatibility PPz + Poly B coatings, NIH 3T3 fibroblasts were used. First, fibroblasts 

were exposed to various concentrations of polymers on extreme ends of fluorination 

degree (PCPP and FP77) as well as Poly B in solution (Figure 9-5). We find that after 24 

hr culture, Poly B shows negligible toxicity in all concentrations tested. In contrast, PCPP 

causes a distinct drop in cellular metabolism at all concentration ranges, even causing a 

20% drop at a low concentration of 0.8 μg/mL, likely due to the charged groups as seen 

before for anionic hydrogels.17 Interestingly, FP77 causes no decrease in cellular activity 

for concentrations up to 6.3 μg/mL. Fibroblasts were incubated with matched thickness 

(100 nm) Poly B coatings with various fluorination degrees (Figure 9-6B&C).  Comparing 

equal thickness coatings and various fluorination degrees, after 2 days of culture, highly 

fluorinated FP60 and FP77 have less cells adhered than PCPP and FP20. Interestingly, all 

100-nm coatings show approximately the same level of cellular coverage on day 4.

Importantly, few, if any, dead cells were observed on coatings. These results indicate the 

PPz + Poly B coatings are non-toxic and that fluorination degree can be used to tune 

cellular adhesion during the early days of culturing.  
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9.4.3. Antibacterial Activity 

Figure 9-7. Optical density of E. coli growing in 12 mL culture of TSB at 37 °C (A) 
in the presence of various concentrations of Poly B in solution (B), PPz + Poly B 
coatings of (C) one PPz (PCPP) at a variety of thicknesses or (D) a set thickness (100 
nm) of various PPzs on 1x1 cm2 Si wafers. Starting concentration of E. coli was ~ 105 
CFU/mL. pH of culture was measured over time with pH paper. Samples run in 
triplicate. 

Antibacterial performance of coatings was then evaluated against E. coli ATCC 

25922 in measurements of bacterial concentrations in solution (Figure 9-7). E. coli is well 

known to grow in TSB at 37 °C and display typical growth phases of lag-log-stationary as 

determined by measuring the optical density (OD600) of culture over time. The growth data 

of E. coli in TSB (Figure 9-7) matches well with that observed by others previously.379 As 

expected, E. coli reduces the culture pH over time (Figure 9-7A), which agrees with our 

previous results.82 Interestingly, E. coli is highly sensitive to sub-minimum inhibitory 

concentrations (MIC) Poly B concentrations during its growth (Figure 9-7B). Therefore, 
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this technique provides an easy way to detect release of Poly B from coatings in low 

concentrations. To understand release of Poly B from coatings, coatings were exposed to 

a large volume of TSB to ensure that release amount would be sub-MIC. MIC was 

determined to be CFU dependent with MICs of 2, 2, and 4 μg/mL, being observed for 103, 

105, and 107 CFU/mL cultures (Figure 9-8), which is close to the range previously 

observed by others.380 Coatings of various thicknesses (10, 50, 100, and 200 nm) were 

compared for polymer coatings of various fluorination degrees (PCPP, FP20, FP60, FP77) 

all constructed with Poly B and run in triplicate with a starting concentration of ~105 

CFU/mL of E. coli. As controls, prime layers (a monolayer of BPEI and PPz) were 

exposed to E. coli, with no appreciable difference being observed in the growth pattern 

(Figure 9-8). This is as expected since previous reports only showed mild antibacterial 

activity of PPzs.381,382  

From Figure 9-7, it is clear that by increasing the thickness of the coating, the time 

it took for bacteria to reach the log phase increased. This result indicates that thicker LbL 

coatings contained more antibiotics, and that more antibiotic was released from the bulk 

of the film when triggered by bacteria-growth induced pH decrease. Comparing polymer 

coatings of the same thickness (100 nm) but different fluorination degrees (Figure 9-7D) 

reveals that the amount of antibiotic released decreased for films built from highly 

fluorinated PPzs. This trend is in part due to the overall different content of antibiotics in 

the films. Figure 9-9 shows that the trend of increasing amounts of antibiotic released from 

films of increasing film thickness is true for all PPzs.  
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Figure 9-8. (A) Minimum inhibitory concentration of Poly B for E. coli is dependent 
on starting cell concentration. OD600 measured by 96 well plate reader after 24 hr 
culture at 37 °C. (B) Optical density of E. coli growing in 12 mL culture of TSB at 37 
°C in the presence of prime layer controls of PPzs. Starting concentration of E. coli 
was ~ 105 CFU/mL. Samples run in triplicate. Prime layer samples consist of a layer 
of BPEI and PPz. Note: Prime layer samples were only run in duplicate. 

Figure 9-9. Optical density of E. coli growing in 12 mL culture of TSB at 37 °C in the 
presence of PPz + Poly B coatings of a variety of thicknesses for various PPzs on 1x1 
cm2 Si wafers. Starting concentration of E. coli was ~ 105 CFU/mL. Samples run in 
triplicate. 
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Figure 9-10. (A) Zones of inhibition (ZOI) of 100 nm coatings of either PCPP or FP77 
with Poly B as tested with E. coli. Samples of 1x1 cm2 on Si wafer were tested in 
duplicate. Images of ZOIs for Poly B coatings with PCPP of 100 (B) or FP77 of 100 
nm (C). (D &E) Petrifilm™ assay results demonstrating the effect of coating 
thickness and composition on bacterial death or survival. Assay run with 105 (D) or 
107 (E) CFU of E. coli on 1x1 cm2 Si wafer with PPz + Poly B coatings of a variety of 
thicknesses and incubated for 24 hrs at 37˚C on a 3M™ Petrifilm™  E. coli Count 
Plate. Images of Petrifilm plates for FP77 + Poly B of 100 nm (F) and 10 nm (G) show 
complete inhibition on the surface and total bacterial coverage, respectively. Samples 
were tested in duplicate. (H) Petrifilm™ assay results demonstrating the effect of 
sample aging on bacterial death or survival. Assay run with 105 or 107 CFU of E. coli 
on 100 nm coatings. 

After understanding release mechanisms of antibiotics from the coatings in 

solution, we aimed to demonstrate antibacterial performance of surfaces coated with PPz 

+ Poly B coatings against bacterial challenge. To understand how much of the antibiotics

elute out of the coatings, zone of inhibition (ZOI) assays were conducted with 100 nm 

coatings of polymers on extreme ends (non-fluorinated PCPP and highly fluorinated 
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FP77) as can be seen in Figure 9-10. Although, Poly B is known to diffuse slowly through 

agar plates which can present challenges for quantification,380 all coatings displayed small 

ZOIs with PCPP coatings having larger ZOIs. This is suggestive of more antibiotics being 

released from PCPP coatings, which correlates well with the result in Figure 9-7. To 

understand the maximum potency of coatings, coatings were challenged with extremely 

high concentrations of bacteria directly applied to the surface. Specifically, a small droplet 

(5 μl) of E. coli at the desired concentration was placed on top of a on 1x1 cm2 Si wafer 

and incubated for 24 hrs at 37˚C on a 3M™ Petrifilm™  E. coli Count Plate. Coatings of 

three different thicknesses (10, 50, and 100 nm) and four different fluorination degrees 

(PCPP, FP20, FP60, and FP77) were tested for comparison in duplicate. All coatings can 

prevent the growth of 105 CFU per sample (Figure 9-10D). However, for 107 CFU per 

sample, thicker coatings (100 nm) are able to prevent growth while 10 nm coatings fail 

(Figure 9-10E). Interestingly, at 50 nm, PCPP coatings are able to prevent bacterial growth 

while the other PPzs fail to do so. This is likely due to the higher content of Poly B in 

PCPP coatings. To understand the long term efficacy of coatings, 100 nm PPz + Poly B 

coatings were aged in PBS at 37 °C for 1 day or 30 days and then challenged with a 

bacterial dose of 105 CFU per sample. All coatings, even those soaked for 30 days in 

physiological conditions, were able to completely prevent a bacterial challenge of 105 

CFU (Figure 9-10F). 
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9.4.4. Versatility 

After in depth studies on one antibiotic, we wondered whether this approach was 

feasible for other cationic antibiotics. To this end, we assembled several polymyxins and 

aminoglycosides into coatings with PCPP and FP77. In addition to poly B, both polymers 

are able to support growth with gentamicin (Gent), neomycin, and colistin as shown in 

Figure 9-11. The minimum inhibitory concentrations of all four antibiotics was measured 

against S. aureus and E. coli (Table 9-2). As all antibiotics here are well known to treat 

gram-negative bacteria, it is not surprising that MICs for all antibiotics are relatively low 

against E. coli.  

Figure 9-11.  Dry thicknesses of layer-by-layer films for assembly of various 
antibiotics with PCPP (A) and FP77 (B). 
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Table 9-2. Minimum Inhibitory Concentrations (MICs, μg/mL) of E. coli and S. 
aureus at various concentrations (CFU/mL) against various antibiotics.  

Poly B Col Gent Neo 

E. coli, 10
3 2 2 <1 4 

E. coli, 10
5 2 2 <1 4-8

E. coli, 10
7 4-8 8-16 2 8-16

S. aureus, 10
3 64 >64 <1 2-4

S. aureus, 10
5 64 >64 <1 4-8

S. aureus, 10
7 >64 >64 2 4-8

Finally, we challenged 10 nm coatings of non-fluorinated and highly fluorinated 

PPzs with various antibiotics with E. coli and S. aureus as various concentrations (Figure 

9-12).  Regardless of antibiotic, all coatings were able to prevent a bacterial challenge of

103 CFU per cm2. In contrast, Gent coatings were able to prevent a challenge of 105 but 

not 107 while Neomycin coatings were unable to prevent anything higher than 103. In 

contrast, Poly B coatings were able to prevent up to 105 while Colistin coatings were able 

to prevent up to 107. Such results are not surprising considering the MICs of these 

compounds. No large differences were observed between the non-fluorinated and 

fluorinated PPz coatings. Therefore, these coatings are highly versatile and can be used 

with not only multiple antibiotics but also to treat a variety of bacterial strains.  
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Figure 9-12. Antibacterial activity of 10 nm coatings of PPzs plus various 
antibiotics against E. coli and S. aureus at various concentrations (CFU/cm2). 

9.5. Conclusions 

In conclusion, we have shown direct assembly of antibiotics with polymers, for the 

first time to our knowledge. Fluorination degree of PPz can be used to tune antibiotic 

content and antibiotic release profiles. Moreover, all coatings are highly hemocompatible 

and cytocompatible. Coatings are active against large numbers of bacteria in a thickness 

dependent manner and remain active for at least 30 days. Moreover, a large variety of 

cationic antibiotics can be used for assembly, demonstrating the versatility of the system. 
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10. CONCLUSIONS

10.1. Temperature-Responsive Coatings 

Temperature-responsive block copolymer micelles are promising building blocks 

for next generation surface coatings. UCST micelle coatings can be LbL assembled with 

a variety of hydrogen-bonding materials ranging from synthetic polymers like 

poly(methacrylic acid) to natural, small molecules like tannic acid. Deposition of coatings 

is possible on both flat substrates and the curved surfaces of nanofibers. Deposition 

conditions can be used to tune the strength of interaction between the binding partner and 

micelles, thus modulating the micellar response to changes in temperature. Drug release 

from UCST micellar LbL films is temperature-responsive and repeatable for small 

hydrophobic molecules. Moreover, micelles can load antimicrobial agents and prevent the 

growth of bacteria on surfaces. Additionally, the texture that micellar coatings provide can 

be used to tune interactions with cells. By choosing tannic acid as a binding partner, 

multilayer coatings of micelles can display layer-dependent antioxidant behavior. Taken 

together, such coatings are promising for drug delivery and wound healing applications.  

10.2. pH-Responsive Coatings 

For the first time, the direct local acidification has been imaged for bacteria. Such 

acidification can be used as a trigger to release antimicrobials from pH-responsive 

polymer coatings. One promising coating type is polyacid surface attached hydrogels 

whose pH-responsive release profiles can be tuned by polymer pKa and still remain active 

under challenging conditions (flowing buffer) in which bulk pH changes do not occur. 
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Fluorinated, ionic polyphosphazenes (PPzs) are a new class of polymers that are 

promising for life science applications. PPzs enable deposition on a variety of substrates 

including biomedically relevant titanium and polyester fibers. Importantly, fluorinated, 

ionic polyphosphazenes enable highly hemocompatible LbL assemblies that can even 

surpass the hemocompatibility level of a currently used standard. The strength of such 

assemblies can be tuned by PPz fluorination degree or ionic group type, resulting in highly 

tunable film wettability and swelling degree. Using ions that form strong ionic pairs, like 

sulfonated groups, can enable coatings with low swelling degrees that are very stable in 

high salt concentrations and therefore could potentially be used to prevent salt-induced 

corrosion. Moreover, these unique hybrid molecules enable direct LbL deposition with a 

wide range of small molecules, even those with only ~3+ charges. Antimicrobial PPz 

coatings are pH-responsive and highly efficient in preventing the growth of bacteria. 

Importantly, such coatings remain active for at least 30 days, are cytocompatible for 

fibroblasts, and hemocompatible. Taken together, these coatings show promise for 

advanced antibacterial and blood-contacting applications.  
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APPENDIX A 

SUPPORTING MATERIAL FOR CHAPTER 2 

Figure A-1. Chemical structure of polyvinylpyrrolidone-b-polyureido(ornithine-co-
lysine) (PVP-b-PUOL) micelles. 
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APPENDIX B 

SUPPORTING MATERIAL FOR CHAPTER 4 

Activity of Clindamycin against S. aureus ATCC 12600  

To determine the MIC of clindamycin hydrochloride, S. aureus was streaked onto 20 mL 

TSB agar plates containing different concentrations of clindamycin. Plates were incubated 

for 24 h at 37 °C. The MIC was defined as the lowest concentration at which no bacterial 

growth was observed. All tests were performed in triplicate. As can be seen in Figure B-

1, 0.125 μg/mL displayed minimal bacterial growth, while 0.25 μg/mL completely 

prevented bacterial growth. Therefore, 0.25 μg/mL was chosen as the MIC.  

Figure B-1. 20 mL TSB agar plates streaked with S. aureus ATCC 12600 containing 
clindamycin of various concentrations: 0.0625, 0.125, and 0.25 μg mL-1. Hard to see 
bacterial growth is marked with blue arrows. Reprinted with permission from 43 
Copyright 2018 John Wiley & Sons, Inc.  

Fibroblast Growth in the Presence of Clindamycin 

To explore the effect of clindamycin on fibroblast growth, NDHFs were cultured 

for 24 h in a 6-well plate with a series of clindamycin hydrochloride dilutions (0.0625, 

0.125, 0.25, 0.5, and 1 μg mL-1) added to the culture media. Growth of fibroblasts, 

quantified by OD570, did not significantly differ for any of the clindamycin concentrations 
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Figure B-2. This result is in good agreement with previous work that has shown that 

clindamycin (up to a concentration of 3 μg mL-1) does not impede the growth or alter the 

viability of fibroblasts.383 

Figure B-2. Clindamycin hydrochloride in bulk solution does not affect the growth 
of fibroblasts. OD570 for fibroblasts after exposure to various concentrations of 
clindamycin hydrochloride in solution. Data presented as mean ± SD, n=3. Reprinted 
with permission from 43 Copyright 2018 John Wiley & Sons, Inc.  
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Figure B-3. Fibroblast proliferation on bare or 1.5-bilayer BCM/TA-coated PCL/Coll 
NFs up to seven days as measured by DNA assay. Data presented as mean ± SD, n=3, 
p-values are calculated using an unpaired student t-test, *p <0.05. Reprinted with
permission from 43 Copyright 2018 John Wiley & Sons, Inc.
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Figure B-4. Bare and BCM/TA-coated PCL/Coll NFs support the growth and 
attachment of NHDFs. Attachment of NHDFs as imaged by SEM imaging after 24 h 

culture of 5.0×10
4
 cells (A). (B) Live/dead staining of NHDFs after 24 h culture of

5.0×10
4 

cells/sample. Immunofluorescent staining of focal adhesion protein vinculin
(green) and nuclei with DAPI (blue) (C), and FAK (green) (D) with DAPI (blue) after 

48 h culture of 2×10
4 
cells/sample. Reprinted with permission from 43 Copyright 2018

John Wiley & Sons, Inc. 
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APPENDIX C 

SUPPORTING MATERIAL FOR CHAPTER 6 

Figure C-1. Confocal Laser Scanning Microscopy images of SNARF-1-free 18-layer-
PMAA coatings that had been cultured with 104 CFU/mL S. aureus for four hours 
and excited at 488 nm (A) and 543 nm (B) with emission collected beyond 560 nm. 
(C) Crosssectional emission intensities profiles of bacteria residing on a SNARF-free
hydrogels at two different excitation wavelengths. Reprinted with permission from
82. Copyright 2017 Acta Materialia Inc. Published by Elsevier Ltd.
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APPENDIX D 

SUPPORTING MATERIAL FOR CHAPTER 8 

Synthesis of Trifluoroethoxy (FESP) and Trifluoromethylphenoxy (FPSP) 

Derivatives of Sulfonated PPzs and Their Physico-Chemical Characterization.  

PPzs were designed to have p-sulfophenoxy side groups and either trifluoroethoxy or 

trifluoromethylphenoxy groups as fluorine containing moieties (Figure D-1). Sulfonated 

groups were introduced using non-covalent protection of ionic functionalities using 

alkylammonium salts.347 This method provides a mild, single-step alternative to the more 

common technique that uses sulfuric acid or sulfur trioxide,384-386 which may potentially 

result in undesirable modification or even degradation of pendant groups. Since many 

polymers that are used as biomaterials coatings have higher glass transition 

temperatures328,387,388 than those of typical fluorinated PPzs, such as 

poly[bis(trifluoroethoxyphosphazene)], a bulkier substituent – ethylphenoxy group, which 

is intended to decrease flexibility of the polymer chain, was also introduced.342 The 

reaction pathway included macromolecular substitution of polydichlorophosphazene 

(PDCP) with fluorinated nucleophile – either trifluoroethanol or trifluoromethylphenol, 

resulting in a partially substituted PPz IA and IB (Figure D-1), followed by the addition 

of ethylphenol (intermediates IIA and IIB). The sulfonic acid side groups were introduced 

by further modifying an incompletely substituted PPz with alkylammmonium salt of p-

hydroxybenzenesulfonic acid as described previously.347  
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Figure D-1. The reaction pathway to the trifluoroethoxy (FESP) and 
trifluoromethylphenoxy (FPSP) derivatives of sulfonated PPzs and the schematic 
representation of their structures. IA, IB, IIA, and IIB are intermediate products - 
partially substituted PPzs. Reprinted with permission from 323 Copyright 2019 
American Chemical Society. 

Table D-1 shows data for molecular characteristics of PPzs. Based on 1H NMR for 

FESP and 1H NMR and 13C NMR for FPSP, both polymers contained approximately 25 

% (mol) of sulfonic acid groups and 20 % (mol) of fluorinated pendant groups. Despite 

the relatively high content of hydrophobic groups, both polymers demonstrated solubility 

in water in a broad range of pH between 1 and 14. GPC analysis showed single peak 
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profiles for both polymers, with weight average molar mass of approximately 70,000 

g/mol and dispersity of less than 1.5. 

Table D-1. Physico-Chemical Characterization of Sulfonated PPzs. Reprinted with 
permission from 323 Copyright 2019 American Chemical Society. 

* Based on 1H NMR for FESP and 1H NMR and 13C NMR for FPSP; ** weight-average

(Mw), number-average (Mn) molar masses, and dispersity (Đ) were calculated based on 

gel permeation chromatography (GPC) data; *** z-average hydrodynamic diameter (Dz) 

was determined by DLS in phosphate buffer (pH 7.4). 

Polyphosphazene FESP FPSP 

Content of  

Pendant Groups* 

%, mol 

p-Sulfophenoxy- 25 28 

Trifluoroethoxy- or 

Trifluoromethylphenoxy- 

20 17 

Ethylphenoxy- 55 55 

Molar Masses** Mw, kg/mol 70.9 69.7 

Mn, kg/mol 44.3 43.4 

Đ 1.43 1.44 

Dz,*** nm 49 45 




