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ABSTRACT 

 

Polymeric thin films with high oxygen barrier are important for extending the shelf 

life of food and protecting electronic devices. Polyelectrolyte complex (PEC) thin films 

impart super gas barrier, good adhesion, and low-cost processing. However, current PEC 

films fabricated via layer-by-layer assembly require numerous processing steps, which 

limits commercial applications. To deposit films with fewer deposition steps, PEC 

suspensions can be applied in a single step. This dissertation is focused on understanding, 

improving, and extending the utility of PEC-based gas barrier thin films. 

A PEC coacervate composed of branched polyethyleneimine (PEI), poly(acrylic 

acid) (PAA), and kaolinite clay (KAO) was applied using  bar-coating. The shear-induced 

alignment of a nano-brick wall structure lead to coatings that are less sensitive to humidity. 

PECs made with various molar ratios of PEI and PAA were prepared as one-pot coating 

solutions, which can be deposited via a simple dip-coating process and cured with a citric 

acid buffer solution. As-prepared conformal thin films impart excellent gas barrier, high 

modulus, and high moisture resistance. The strong complexation from ionic crosslinking 

creates an unusually dense thin film that is promising for various packaging applications. 

An edible PEC film consisting of chitosan (CH) and pectin (PT) was developed and 

deposited on bananas and apple slices. This edible coating slows the aging and browning 

of these fruits. The ability to extend the shelf life of fresh fruit and vegetables could reduce 

food waste. These direct-deposited PEC thin films have great potential for various gas 

barrier applications. 
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CHAPTER I  

INTRODUCTION  

1.1 Background 

 High oxygen barrier thin films for packaging are of great interest to improve the 

shelf life of pharmaceuticals, reduce food waste, and protect flexible electronics.1–3 

Inorganic gas barrier layers, such as metal and metal oxide thin films, have serious 

drawbacks.4,5 These inorganic barriers have low oxygen permeability and wide acceptance, 

but the opaqueness and difficult recycling of metalized plastic films, and the rigidity, poor 

adhesion, and costly vacuum-based processing of metal oxide films (e.g. SiOx and AlxOy), 

severely limit their utility.6,7 To overcome these limitations, polymer coatings prepared 

via layer-by-layer (LbL) assembly have been developed to exhibit optical transparency, 

microwave compatibility, and better flexibility than their inorganic counterparts.8 Films 

assembled with polymers and clay platelets exhibit remarkable gas barrier performance 

due to the tortuous pathway that forces gas molecules to move around aligned clay 

platelets during permeation. These sub-micron, clay-based films also exhibit very high 

transparency, which is unique compared to other clay-based composites.9–11 These 

multilayer nanocoatings are of great interest due to their low cost raw materials and 

environmentally benign processing.  

While LbL assembly provides many advantages, the numerous processing steps 

remains a major challenge for commercial applications.12,13 It would be a significant 

achievement to deposit a similar structure in a single processing step. In order to deposit 

films with fewer deposition steps, aqueous solutions of polyelectrolyte complexes (PEC) 
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have recently been exploited to fabricate oxygen barrier thin films in a single step.14,15 

Mixing polyelectrolytes of opposite charge can result in an insoluble complex, metastable 

coacervate, or soluble solution.16 This entropy-driven complexation is governed by the 

intrinsic (polycation−polyanion) and extrinsic (polyelectrolyte−counterion) pairs, which 

can be tuned by altering pH and salt concentration, respectively.17 When the electrostatic 

interactions between the polyelectrolytes are limited, a liquid-liquid phase-separated 

mixture is formed and consists of a polymer-rich phase (coacervate) and a polymer poor 

solution phase. The PEC coacervate has viscous liquid-like properties that are suitable for 

quick thin-film deposition, but all-polymer (i.e. polymer-only) coatings are sensitive to 

moisture.18 In an effort to reduce the moisture sensitivity and further improve the gas 

barrier, clay nanoplatelets can be incorporated in these polymeric coatings.19,20  

Due to the growing interest in environmental friendliness, bio-based materials 

have received more attention as an alternative to synthetic polyelectrolytes. Natural 

materials including polysaccharides, proteins, and lipids have been increasingly used in 

post-harvest preservation of fruits and vegetables.21–23 Non-toxic, edible ingredients for 

high gas barriers coating not only makes this technology promising for improving shelf 

life. Its biodegradability also contributes to the reduction of environmental effluence by 

reducing use of normal plastic food packaging. The work described in this dissertation 

demonstrates promising approaches to fabricate high gas barrier films. The studies 

outlined here utilize water-based, low-cost components and ambient conditions for 

deposition, which is essential for industrial applications. 
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1.2 Dissertation Outline 

Chapter II provides an overview of gas barrier thin films and polyelectrolyte 

complexes. The first part introduces commonly used oxygen barrier thin films, including 

inorganic gas barrier (metal and oxide coatings) and organic gas barrier (polymer 

composites and LbL assembly of polyelectrolytes). The second part of the chapter reviews 

polyelectrolytes complexes.  

Chapter III describes a new strategy of using a PEC/clay coacervate to create a 

high gas barrier thin film with moisture resistance. By incorporating kaolinite (KAO) clay 

into branched polyethyleneimine (PEI) and poly(acrylic acid) (PAA), the PEC/clay 

coacervate can be deposited as a high gas barrier film in a single step through shear-

induced clay alignment, providing PET with more than three orders of magnitude 

reduction in oxygen transmission rate (OTR), while also achieving high transparency and 

moisture resistance. 

Chapter IV illustrates a unique water-based coating deposited as a one-pot 

polyelectrolyte complex consisting of various molar ratios PEI and PAA. The strong 

complexation after buffer-curing creates a dense film that imparts excellent gas barrier, 

high modulus, and surprising moisture resistance. A sub-micron PEI/PAA film reduces 

the oxygen transmission rate of 179 µm thick polyester by more than three orders of 

magnitude under both dry and humid conditions. This is one of the best polymer-based 

oxygen barriers ever reported, with undetectable OTR at 90% RH, without using chemical 

crosslinking or fillers. 
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Chapter V demonstrates an edible PEC film consisting of chitosan (CH) and pectin 

(PT), which can be directly deposited on bananas and apple slices. This edible coating 

slows the aging and browning of these fruits. The ability to extend the shelf life of fresh 

fruit and vegetables could reduce significant food waste.  

Chapter VI provides conclusions and outlines two potential future studies. This 

dissertation demonstrates the effectiveness of PEC thin films as gas barriers coatings. 

Going forward, a Diels-Alder-based PEC coating is proposed to impart self-healing and 

improve the moisture barrier of these water-based coatings. Diels–Alder reaction can 

make a reversible crosslinked structure, which has better durability due to its self-healing 

behavior. Another proposed study involves an edible crosslinking chemistry. Edible PEC 

coatings made from chitosan and gelatin can be crosslinked by riboflavin to improve the 

moisture resistance. These studies illustrate simple strategies to develop industrially 

feasible gas barrier coatings that encompass processability, environmental friendliness, 

and durability.  
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CHAPTER II  

LITERATURE REVIEW 

2.1 Gas Barrier Thin Films 

Gas barrier films are important to extend the life of food, pharmaceutical, and 

electronics due to the low oxygen permeability.8,24,25 Figure II-1 illustrates the barrier 

properties required for various packaging applications. Metalized plastic is the most 

commonly used packaging material due to its high barrier and low cost. Metalized plastic 

also lacks transparency and is difficult to recycle.26  Inorganic oxide barrier coatings, such 

as SiOx or AlxOy, impart good barrier and optical clarity, but poor adhesion and inherent 

pinholes limit their utility.27,28 Polymers are widely used as packaging materials over the 

past few decades due to low cost, ease of production, and tunable properties. More than 

40% of synthetic polymers, including polyethylene (PE), polypropylene (PP), polystyrene 

(PS), and polyethylene terephthalate (PET) are produced as packaging materials in the 

form of bottles, boxes, and films.29 The intrinsically high gas permeability of these 

polymer materials (as shown in Figure II-2) limits their ability to protect sensitive food, 

medicine, and electronic displays. Biodegradable gas barrier materials are also being 

studied to reduce plastic waste and carbon emissions.24 Besides the conventional inorganic 

gas barrier coating, polymer composite coatings impart high gas barrier by creating higher 

tortuosity for gas molecules. Various gas barrier coatings will be discussed here along 

with their corresponding challenges. 
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Figure II-1. Barrier properties required for various packaging applications (dotted 
circles). The numbers represent the performance of packaging materials: (0) polymer 
substrates alone, (1) inorganic coatings, (2) inorganic/polymeric multilayer system. 
Reprinted from [reference 30].30 
 

  

Figure II-2. Oxygen and water transmission rates of commonly used polymers in 
packaging. Reprinted from [reference 31].31 
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2.1.1 Inorganic Gas Barrier  

Inorganic layers are commonly deposited on polymer materials under vacuum to 

improve the gas barrier, which represent the first gas barrier coatings.1 More than 15 

billion square meters of these inorganic gas barrier coatings are consumed each year.30 

These inorganic coatings reduce the gas permeability up to three orders of magnitude 

compared to uncoated polymer substrates like PET, PP, etc.32 Table II-1 lists oxygen 

transmission rate (OTR) and water vapor transmission rate (WVTR) of some inorganic 

thin film coatings. The two most common inorganic barrier coatings, metal thin film 

coatings and transparent oxide coatings, will be discussed in this section. 

 

Table II-1. Barrier properties of inorganic thin film coatings. Reprinted from [reference 
2].2 
 

 

 

2.1.1.1 Metal Thin Film Coating 
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Metal thin film deposition under vacuum has been widely used as a gas barrier 

since the 1970s.33 The coating is normally deposited through physical vapor deposition 

(PVD) at a deposition rates of several nm per second. Metal elements or alloy are 

vaporized in a vacuum environment and then condensed on the polymer substrate.34 

Thermal vaporization and sputter vaporization use heat and high energy electron beams to 

evaporate the coating materials.35 Arc vapor deposition and ion plating techniques have 

also been used for PVD.36 High vacuum is required to eliminate the collision between gas 

molecule and coating material. Microscopic defects are often present on the substrate 

surface due to geometrical shadowing (as shown in Figure II-3) or weak adsorption, 

which leads to pinholes, poor surface coverage.36,37 These issues are normally alleviated 

by improving vacuum conditions and reducing thermal and mechanical stress.38  

 

 

Figure II-3. (a) Schematic of the shadowing effect in the PVD process.31 (b) 
Illustration of oxygen transmission rate as a function of thickness.39 Adapted with 
permission from [reference 31 and 39].31,39 

 

Among the wide range of metals and alloys, aluminum is the most used material 

to deposit flexible barrier coatings with low oxygen transmission rate and water vapor 
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transmission rate.38 Although metal thin films exhibit high oxygen and moisture barrier at 

low cost, they are not transparent or microwavable.26 Recyclability is another concern that 

negatively impacts the environment. Although a cryogenic process has been evaluated to 

liberate metal from the polymer substrate, the high cost of recycling remains a major 

challenge.40 

 

Table II-2. OTR and WVTR values of metal thin film coating on commonly used polymer 
substrates. Reprinted from [reference 2].2 
 

 

 

2.1.1.2 Transparent Oxide Coating 

A small fraction of inorganic gas barrier coatings are made from transparent oxides 

such as silicon oxide (SiOx) or aluminum oxide (AlxOy). SiOx or AlxOy can be deposited 

through PVD or chemical vapor deposition (CVD).41 Figure II-4 shows a roll-to-roll CVD 

coater using organosilane and oxygen to deposit an SiOx coating.27  
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Figure II-4. Schematic of a roll-to-roll CVD deposition apparatus. Reprinted from 
[reference 27].27 

 

Similar to metalized plastics, transparent oxide coatings impart high gas barrier if 

no significant defects exist.1,32,42 A 100 nm thick SiOx coating improves the oxygen barrier 

of PET by more than two orders of magnitude.43 Microscopic defects are also observed 

due to the aforementioned shadowing effect. There are also grain boundaries of SiOx from 

this nonequilibrium thermodynamic coating process. Transparent oxide coatings also 

suffer from extensive cracking upon stretching due to brittleness. Figure II-5 shows the 

image of poorly coated SiOx on PP.44 These defects can significantly deteriorate barrier. 

Although transparent oxide coatings have been commercially available for decades, their 

applications are limited due to the inherent brittleness of silicon/aluminum oxide and poor 

adhesion to polymer substrates. 
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Figure II-5. Surface image of 100 nm SiOx coated on polypropylene substrate. Reprinted 
from [reference 44].44 
 

2.1.2 Polymeric Gas Barrier 

Polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyethylene 

terephthalate (PET) have been extensively used as packaging materials due to their low 

cost and good mechanical properties. The solution-diffusion model can describe gas 

permeability of dense, non-porous polymer films.45 The air pressure across a polymer film 

acts a driving force, leading to gas dissolution into the membrane, followed by diffusion 

and desorption. The gas solubility is  thermodynamically controlled by the interaction 

between gas and polymer matrix.46 While diffusion is the rate-controlling process, which 

depends on the mobility of the gas molecule in a polymer matrix. The gas mobility is 

predominately affected by the free volume in the polymer matrix. The smaller the free 

volume, the “denser” the polymer film and the better barrier it has.47 Stiffer polymers with 
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high crystallinity and side groups that interact with gas molecules (through hydrogen 

bonding or polar-to-polar interaction) generally exhibit better gas barrier, but still require 

a gas barrier coating for various packaging applications. Polymer composites have 

improved barrier, mechanical, electrical, and thermal properties over neat polymers.48,49 

Polymer composites have been widely studied for various applications including 

drug delivery,50,51 antibacterial,52 and packaging.53 The first commercial example is a 

clay/nylon composite used in the automotive industry.54 Polymer composites can be 

prepared by blending.29,55 A variety of inorganic fillers can be incorporated into the 

polymeric matrix, including TiO2,56 Ag,57 clay,58 and carbon nanomaterials (carbon 

nanotubes, graphene).59 Among different fillers, natural clay platelets are the most used 

due to their natural abundance and intercalation ability.60,61 Clay in a polymer matrix has 

three possible morphologies, including tactoid, intercalated, and exfoliated, as shown in 

Figure II-6.53 Clay platelets are impermeable to most gases, thus the clay dispersion 

significantly affects the oxygen barrier.53,60 Random clay alignment in the polymer matrix 

has the lowest gas barrier and causes low visible light transmission, which is unfavorable 

for most applications.8 With that said, excellent clay dispersion in polymer matrices is 

important, but challenging due to the incompatibility between clay and polymer. 

Approaches for better dispersion include surface modification,62 in-situ polymerization, 

and melt blending.63,64 These techniques have been studied to improve composite 

performance.53,60,65 Melt blending is compatible with the current compounding devices 

such as extrusion and injection molding, which makes it feasible for industrial-scale 

production.66  
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Figure II-6. Schematic of possible polymer/clay composites morphologies. Reprinted 
from [reference 53].53 

 

The addition of nanofillers improves gas barrier of the polymer matrix by creating 

tortuous diffusion pathways. The polymer composites consist of a permeable polymer 

matrix and impermeable nanoplatelets. In the tortuous pathway model, the diffusion 

coefficient D is expressed as:46 

𝐷𝐷 =
𝐷𝐷0
𝜏𝜏

 

where D0 is the diffusion coefficient of the polymer matrix and τ is the tortuosity of the 

composite, which is defined as the ratio of distance that a gas molecule must travel 

through. Figure II-7 shows how the tortuous pathway has a major influence on the gas 

permeability of the composites.  When the clay platelets are parallel aligned to the 

substrate, τ is given as:  
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𝜏𝜏 = 1 +
𝐿𝐿

2𝑊𝑊
𝜙𝜙 

where ϕ , L and W are volume fraction, length and thickness of the nanoplatelets, 

respectively. This equation suggests that increasing volume fraction and aspect ratio 

decreases the diffusion coefficient and thus reduces permeability. Volume fraction is 

limited by the clay aggregation and misalignment, while aspect ratio is determined by the 

clay characteristics. It can be concluded that clay dispersion and clay type greatly affect 

gas barrier. The oxygen barrier of some polymer/clay composites is listed in Table II-3.29 

 

  

Figure II-7. Schematic of the tortuous pathway in polymer/clay composites. Reprinted 
from [reference 46].46 
 
Table II-3. Oxygen permeability of polymer/clay composites. Reprinted from [reference 
29].29 
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In order to achieve highly ordered and defect free layered structures, layer-by-layer 

assembly (LbL) is an ideal technique due to its simplicity and versatility.12 LbL thin films 

have been widely used for a variety of applications including gas barrier and gas separation 

coatings.67,68 Kotov et. al. reported the first LbL gas barrier membrane assembled with 

montmorillonite MMT and poly(diallyldimethylammonium) chloride in 1998.69 LbL 

assemblies of polyelectrolyte/clay impart transparency, flexibility, and super gas barrier 

on various substrates due to a highly ordered multilayer structure.70–72 Figure II-8 shows 

this highly ordered polymer/clay multilayer structure.73,74 The oxygen permeability of a 

80 nm thick (10 bilayers) PEI/MMT multilayer coating is as low as 2.9×10-20 cm3 cm-2 s-1 

Pa-1.73 This PEI/MMT multilayer coating has been further improved through pH and ionic 

strength manipulation of the MMT suspension to achieve edge-to-edge clay alignment.75 

Larger clay spacing (Figure II-8b) of a PEI/PAA/PEI/MMT quadlayer film creates a 

longer diffusion path between the clay layers. This 50 nm thick (5 quadlayers) 

polymer/MMT multilayer film reduces OTR of the PET substrate below the detection limit 

of commercial instrumentation (< 0.005 cm3 m-2 day-1) with 95% visible light 

transmission.74 LbL polymer composite gas barrier coatings eliminate the use of vacuum, 

while maintaining the desired properties of an inorganic coating.76,77 Figure II-9 clearly 

shows the superiority of these LbL coating relative to other prevalent technologies. As 

LbL technology and polyelectrolyte complexation progress (will be discussed in Section 

2.2), commercial polymer gas barrier coatings will likely appear.8   
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Figure II-8. TEM cross-sectional images of (a) 10 bilayers of PEI/MMT73 and (b) 5 
quadlayers of PEI/PAA/PEI/MMT. Reprinted from [reference 74].74 

 
 

 

Figure II-9. Gas barrier coating thickness as a function of oxygen permeability. Reprinted 
from [reference 8].8 
 

2.2 Polyelectrolyte Complexes 
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Polyelectrolytes are macromolecules that exhibit some degree of charge density 

depending on monomer chemistry. Polyelectrolytes often have excellent solubility in 

water, making them good candidates for water-based polymer coating systems. 

Polyelectrolytes are considered strong if they lack charge density dependence on pH, or 

weak if their charge density chiefly depends on pH in aqueous media. The positively 

charged polycations are usually amine-based, such as poly(diallydimethylammonium 

chloride) (PDDA) and polyethylenimine (PEI). Polyanions typically have acid 

carboxylate, sulphonate, or phosphate moieties (e.g. poly(acrylic acid) (PAA), 

poly(styrene sulfonate) (PSS), and poly(sodium phosphate) (PSP), respectively).  

Polyelectrolyte complexation occurs when two oppositely charged 

polyelectrolytes are mixed.78 Polyelectrolyte complexes (PEC) in aqueous media have 

different forms ranging from insoluble precipitates,79 liquid-like coacervates,17,80 to 

homogenous solutions15 depending on pH and salt concentration (Figure II-10). The 

formation of PEC, is driven by the entropy change from the expelling of counterions held 

by charged polyelectrolytes.81 This entropic gain of the counterions expulsion outweighs 

the losses of mobility and free volume within the polyelectrolyte chains. There are two 

different types of ion pairs in this charged polyelectrolyte assembly. Intrinsic ion pairs are 

polycation−polyanion pairs, and extrinsic ion pairs are polyelectrolyte−counterion pairs. 

Figure II-11 shows the new ionic bonds formed between polyelectrolytes. By altering pH 

and salt concentration, these intrinsic and extrinsic pairs can be compensated, respectively, 

resulting in different types of PEC. The formation and reaction conditions of these 

complexes were first explored in 1929.82,83  
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Figure II-10. Schematic of microstructures of PEC solid, coacervate, and solution. 
Reprinted from [reference 16].16  
 

 

 

Figure II-11. Schematic of the formation of a polyelectrolyte complex. When extrinsic 
ion-pairings are no longer plasticized, oppositely charged polyelectrolytes are ionically 
crosslinked. 

 

The first evaluation of an insoluble PEC was reported in 1949, where the turbidity 

was measured of different suspensions of polyacrylate and poly-4-vinyl-n-N-

butylpyridonium bromide complexes.79 The insoluble solid or suspended microparticles 

form due to strong electrostatic interactions between polycations and polyanions, 

depending on ionic strength and mixing ratio.84 When an ideal amount of counterions (e.g. 

salts) is introduced to a PEC mixture, coulombic interactions will be shielded and the 

polyelectrolytes will loosely associate with one another. Since the coulombic interactions 
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are not strong enough to expel small ions and water, a viscous liquid-like substance called 

a coacervate forms instead of a solid complex.85 Coacervates can be found between two 

strong polyelectrolytes such as PDDA and PSS with salt addition.16,86 It can also be found 

between strong and weak polyelectrolytes through manipulation of pH and ionic strength. 

Their viscosity can be tuned with salt content and pH.87,88 Coacervates have some degree 

of microscopic phase separation, which will coalesce into a macroscopic phase separation 

with longer time and elevated temperature.84 Fu et al. found that the association strength 

of different polyelectrolyte pairs varies based on the concentration of KBr salt 

used.89 They suggest that weak polyanions like PAA are better suited for coacervate 

formation. Strong polyelectrolytes like PSS form strong/glassy complexes that are more 

resistant to salt-doping. When the association is further compensated, a PEC solution 

without phase separation can be achieved. The liquid-like coacervate and homogenous 

PEC solution have significant potential to develop direct deposition as functional PEC thin 

films due to their ease of processing. 

 Before direct PEC deposition had been developed, the most well-established 

method for depositing polyelectrolyte thin films was layer-by-layer assembly. Instead of 

depositing polyelectrolytes simultaneously, LbL uses a sequential process to assemble thin 

films by alternate immersions in solutions containing each component. Iler first reported 

this type of sequential deposition using oppositely charged colloidal particles in 

1966.90 The LbL assembly of oppositely charged polyelectrolytes was first reported by 

Decher in 1992.91 These multilayer PEC thin films have been studied and developed over 

the last 30 years, demonstrating ease of processing, precise tailorablity, and environmental 



 

20 

 

friendliness.12 This LbL technique predominantly utilizes electrostatic interactions 

between charged polyelectrolytes (or a variety of donor/acceptor interactions).92,93 The 

sequential process involves the alternate immersion of a charged substrate in 

polyelectrolyte solutions to sequentially form a PEC.93–95 The polyelectrolyte adsorbs to 

the substrate through electrostatic and van der Waal’s interactions. The loosely adhered 

polyelectrolytes are typically rinsed off throughout the process. The substrate is then 

exposed to oppositely charged polyelectrolytes or nanofillers. 

The interface between a growing LbL film and a polyelectrolyte solution 

progressively builds a PEC on a surface throughout this process. The PEC films behave 

as heavily crosslinked materials because of the extensive ionic bonds.96 This LbL process 

can be achieved by dipping,94,97,98 spraying,99–101 or spin coating.102–104 Versatility is one 

of the factors that leads to the popularity of LbL assembly as a research field. Besides 

electrostatic interactions, other complimentary interactions can be used, such as hydrogen 

bonding.105–107 Properties of the LbL film, such as thickness and morphology, can be 

tailored by changing temperature,108,109 pH,110–112 ionic strength,113,114 and buffering 

capacity.115,116 Examples of how solution pH and ionic strength influence LbL films is 

demonstrated in Figure II-12. LbL systems can construct bilayer,117,118 trilayer,119,120 or 

quadlayer121–123 assemblies and can incorporate many chemistries into a polymer 

composite coating. Due to the flexibility of this technique, a wide array of application are 

possible: gas barrier,8,118 flame retardancy,124,125 anti-reflection,126,127 anti-corrosion,128,129 

and dielectric.130 
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Figure II-12. Illustration of the influence that solution pH and ionic strength have on the 
morphology and thickness of PEC coating. Reprinted from [reference 125].125 
 

Despite the advantages of LbL assembly, the number of processing steps 

significantly limits commercialization of this technique.13,93 Efforts have been made to 

make PEC coatings more commercially viable. Methods for PEC deposition in fewer steps 

have received some recent attention. One method involves spraying two polyelectrolytes 

onto a surface simultaneously.131 As the two solutions come into contact with one another, 

the PEC forms on the substrate. Film thickness increases linearly as a function of spraying 

time. Coacervates were also evaluated as a coating solution for depositing a PEC in a 

single step. Kelly et al.  spin coated a PDDA/PSS coacervates to create free-standing 15 

μm films.86 Haile et al. deposited a PEI/PAA coacervate via Meyer-rod, which produced 

a high oxygen barrier layer.14 This as-coated film was cured in citric acid buffer, which 

reduces free volume of the PEC film through electrostatic interaction. Smith et al. 

deposited a PDDA/PAA thin film from a homogeneous polyelectrolyte mixture.15 The 

electrostatic interaction between PDDA and PAA was inhibited to prevent complexation 

before coating. The ionic complexation was restored after deposition by buffer-curing, 

which increases the charge density of PAA. Even though there are limited examples of 
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direct PEC deposition, the aforementioned buffer-cured PEC shows significant potential 

in reducing processing steps and achieving similar properties to LbL films. One future 

direction for polyelectrolyte complex coatings is the incorporation of other nanofillers. A 

nanofiller such as a clay nanoplatelet is a solid “polyelectrolyte”, having many surface 

charges that can associate with a polyelectrolyte matrix. Because of the broad scope of 

applications, this advancement of direct PEC deposition will hopefully lead to versatile 

PEC thin film systems that can be commercially scaled.  
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CHAPTER III  

GAS BARRIER OF A POLYELECTROLYTE/CLAY COACERVATE THIN FILM* 

3.1 Introduction 

The PEC coacervate has viscous liqid-like properties that are suitable for quick 

thin-film deposition, but all-polymer coatings are sensitive to moisture.18 In an effort to 

reduce the moisture sensitivity and further improve the gas barrier, clay nanoplatelets can 

be incorporated in the polymeric coatings.19,20 Tsurko et al. applied PEC/clay via doctor 

blading and spray coating for gas barrier, 20 while another study utilized clay/ Ir(III) 

complex thin films for low-pressure oxygen sensing.132 Kaolinite (KAO) clay platelets 

were blended into a PEC coacervate to quickly deposit a high oxygen barrier film with 

good moisture resistance. KAO is first dispersed in poly(acrylic acid) (PAA) solution and 

the resulting suspension is mixed with a polyethylenimine (PEI) solution (Figure III-1a). 

The polyelectrolyte/clay mixture undergoes liquid-liquid phase separation after annealing 

and slowly cooling. This coacervate is deposited on the substrate using bar-coating, as 

shown in Figure III-1b. After coating, the electrostatic interaction of the polyelectrolytes 

is restored by exposure to pH 4 citric acid/citrate (CA) buffer, which results in an insoluble 

coating. Optical transparency and oxygen barrier are further improved with humidity and 

heat post-treatments. Without this coating, the PET substrate has an oxygen transmission 

rate (OTR) of 8.6 cm3 m-2 day-1 atm-1 at 0% RH and 7.2 cm3 m-2 day-1 atm-1 at 80% RH. 

The best 4 µm thick PEC/clay coating evaluated here imparts an undetectable OTR (< 

______________________________________________________________________ 
*Reprinted with permission from Chiang, H.-C.; Kolibaba, T. J.; Eberle, B.; Grunlan, J. 
C. Super Gas Barrier of a Polyelectrolyte/Clay Coacervate Thin Film. Macromolecular 
Rapid Communications 2021, 42, 4. 
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0.005 cm3 m-2 day-1 atm-1) at 0% RH and it is 0.67 cm3 m-2 day-1 atm-1 at 80% RH. This 

same coacervate coating also exhibits good adhesion, flexibility, and transparency. 

 

 

Figure III-1. Schematic of the polyelectrolyte/clay coacervate coating process. (a) Both 
PEI and PAA/KAO solutions are adjusted to pH 8 and combined into a mixture with dilute 
and coacervate phases. (b) The bar-type applicator has a gap clearance of 25 μm for the 
(c) deposition of the wet film. 

 

3.2 Experimental 

Materials: Branched polyethylenimine (PEI) (Mw 25,000 g/mol), poly (acrylic 

acid) (PAA) (250,000 g/mol, 35 wt % in water), kaolinite (KAO) clay, and citric acid (CA) 

monohydrate were purchased from Sigma-Aldrich (Milwaukee, WI). Hydrochloric acid 

(HCl) (ACS reagent, 37%) and sodium hydroxide (NaOH) (ACS reagent, pellets) were 

purchased from Sigma-Aldrich and used for solution pH adjustment. Polyethylene 

terephthalate (PET) film (179 μm thick) was purchased from Tekra (New Berlin, WI). 75 

mm × 25 mm × 1 mm glass slides were purchased from VWR International (Radnor, PA) 

and used as substrates for thickness measurements. 
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Preparation of coacervate coating: Both PEI and PAA/KAO solutions were 

prepared with 18 MΩ deionized (DI) water and adjusted to pH 8. The PAA/KAO 

suspension was prepared by dispersing clay powder in PAA solution, followed by two 

rounds of tip sonication (Model VCX750; Sonics & Materials, Inc., Newtown, CT) at 15 

W for 1 h each time. The polyelectrolyte/clay mixture was prepared by mixing equal 

volumes of the two solutions with vigorous stirring. The mixture was annealed in an oven 

at 70 °C for 2 h then slowly cooled down to room temperature, followed by decanting the 

supernatant.  

Fabrication of thin films: PET film and glass slides were rinsed with DI water, 

methanol, and DI water. The cleaned PET was corona-treated and glass slides were 

plasma-treated immediately before coating. This coating suspension was deposited using 

the 25 µm clearance of a multiple clearance square applicator (GARDCO, Pompano Beach, 

FL). The coated substrate was immersed in a pH 4 200 mM CA buffer for 5 minutes, 

followed by DI water rinsing and filtered-air blow-drying. The humidity treatment was 

done by storing the film in a humid box (~95% RH) for 12 h. Heat treatment was done by 

hanging the film vertically in an oven at 150 °C for 2 h. 

Characterization of thin films: Film thickness was measured on glass slides using 

a P6 profilometer (KLA–Tencor; Milpitas, CA). SEM samples were sputter-coated with 5 

nm of platinum/palladium alloy before imaging with a field-emission scanning electron 

microscope (FESEM) (Model JSM–7500F, JEOL; Tokyo, Japan). To prepare TEM 

samples, coated PET was embedded into Epofix resin (EMS, Hatfield, PA), followed by 

curing overnight in a silicone mold. The epoxy block was cut into 90 nm thick cross-
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sections using an Ultra 45° diamond knife (Diatome, Hatfield, PA). TEM images were 

taken using a Tecnai G2F20 TEM (FEI, Hillsboro, OR), with an accelerating voltage of 

200 kV. Light transmittance was measured at 550 nm using a USB2000 UV-Vis 

spectrometer (Ocean Optics, Dunedin, FL). For clay content measurement, the film was 

scraped off the glass slide and measured using a Q–50 thermogravimetric analyzer (TA 

Instruments; New Castle, DE), with a heating ramp rate of 10 °C min−1 from room 

temperature to 700 °C. Oxygen transmission rate was tested by MOCON Inc. 

(Minneapolis, MN) using an Oxtran 2/21 ML instrument at 23 ºC under 0% RH (or 80% 

RH) for 120 h, in compliance with ASTM D3985. The repeatability associated with the 

OTR analyzer is 0.002 or 1%, whichever is greater. 

 

3.3 Results and Discussion 

Oppositely charged polyelectrolytes undergo complex coacervation when the 

equilibrium composition of the polymers, water, and counterions is met. This 

complexation is an entropically favored process due to the expulsion of small 

counterions and water. The salt concentration in the PEC affects the counterion release 

and the electrostatic interactions of the polymers.85 This influence of salt concentration 

on PEI/PAA complexation has been studied by varying the concentration of sodium 

chloride (NaCl) in each solution before mixing.14 The higher salt concentration (i.e. 

higher ionic strength), the looser associated the polyelectrolytes. When the ionic strength 

is high enough for both polyelectrolytes to be fully dissolved as individual chains, a truly 

homogeneous PEC solution is achieved. Coacervation is achieved at intermediate salt 
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concentration, where the polymer-rich coacervate is separated from the polymer-poor 

supernatant. The polyelectrolyte/clay mixture forms a coacervate when combining a pH 

8 PEI solution and a pH 8 PAA/KAO suspension. The NaCl concentration of the 

coacervate phase is determined by instrumental neutron activation analysis (INAA). The 

Na and Cl concentrations are 2.02 ± 0.08 wt% and 0.91 ± 0.02 wt%, respectively. It is 

the use of NaOH and HCl when adjusting pH that produces these salt ions.  

After removing the polymer-poor supernatant, the coacervate was applied to 

substrates using a hand-drawn bar-type applicator (Figure III-1c). The wet film thickness 

is determined by the 25 μm gap clearance of the applicator, which results in a 4 µm dry 

thickness. The as-deposited polyelectrolyte/clay film is tacky, which is likely due to the 

incomplete ionization of PEI at pH 8. When the amine groups of PEI are not completely 

protonated at pH 8, there are less positively-charged ammonium groups to ionically bond 

with the carboxylate groups of PAA. In order to cure the film, it was immersed in a CA 

buffer at pH 4 to protonate PEI. This buffer curing step improves PEI/PAA association, 

hence improving the durability of the film and the gas barrier due to higher cohesive 

energy density.133 After curing in pH 4 buffer, the films were rinsed with deionized (DI) 

water to remove buffer residue and excess salt, followed by humidity treatment at 95% 

RH and heat treatment at 150°C.  

The heat treatment can fully dry and reduce the free volume in the film, which 

further improves the gas barrier. These treatments produce transparent, highly conformal 

thin films, with average thickness of 3.61 ± 0.24 μm. The influence of the humidity 

treatment is revealed by scanning electron microscopy (SEM). The SEM image of the film 
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without humidity treatment (unhumidified) reveals considerable porosity (Figure III-2a), 

which likely arises from the fast water evaporation during drying. These pores can be 

eliminated by exposure to 95% RH in a humid box for 12 h. The water molecules act as a 

plasticizer to increase polymer mobility and fill the pores. SEM images reveal that the film 

with humidity treatment (humidified) has fewer pores and a smoother morphology 

(Figure III-2b). Polymer/clay composites impart gas barrier by providing a tortuous path 

for gas molecules wiggling around impermeable platelets.134 A major challenge for these 

composite barriers is improving the clay alignment and dispersion. LbL assembly easily 

accomplishes this, but requires many processing steps.8 The bar-coating process can 

deposit a polyelectrolyte/clay coacervate in one step with shear-induced clay alignment. 

Transmission electron microscopy (TEM) reveals the polymer–clay structure. The cross-

sectional TEM images show a layered structure (Figure III-2c–d) akin to LbL assembly. 

The KAO platelets are aligned with the substrate, which generates high gas barrier and 

optical transparency. 
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Figure III-2. Scanning electron micrographs of buffer-cured polyelectrolyte/clay film (a) 
without and (b) with humidity treatment. (c,d) Cross-sectional transmission electron 
micrographs show the clay alignment within the film. 

 

The influence of clay loading was evaluated in these films by varying KAO 

concentration from 0.1 wt% to 2.0 wt% in the coacervate, while keeping the total solids 

content at 10 wt%. Light transmission through these coatings was measured by UV–Vis 

(Figure III-3a). The light transmission was normalized so uncoated 179 μm PET 

measured 100% at 550 nm. As the clay loading increases, the light transmission decreases 
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from 95.3% to 84.5%. Figure III-3b shows the high transparency of  the 

polyelectrolyte/clay coated PET deposited from the highest clay loading. Oxygen barrier 

testing was done at 23 °C under both 0% RH and 80% RH (Figure III-3c). The oxygen 

transmission rate decreases as the clay loading increases. The highest clay loading film 

achieves undetectable (<0.005 cm3 m-2 day-1 atm-1) OTR at 0% RH and maintains an order 

of magnitude improvement over uncoated PET at 80% RH. As clay loading increases, 

alignment also improves due to the confinement between clay platelets. High viscosity 

encountered with clay loadings above 2 wt% prevent deposition of uniform films. The 

clay content in the final dry coatings was determined by thermogravimetric analysis. The 

final dry film prepared from 0.1 wt%, 1.0 wt%, and 2.0 wt% clay is estimated to have a 

clay content of 1.5 wt%, 21.6 wt%, and 34.4 wt%, respectively. 
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Figure III-3. (a) Light transmission of PEC/clay films measured at 550 nm as a function 
of the clay loading. The weight percent indicates the clay concentration in the PEC/clay 
mixture. (b) The optical image of the highest clay loading (2.0 wt% in PEC/clay mixture, 
equivalent to 34.4 wt% in the final dry film) reveals the high transparency of the coating. 
(c) The oxygen transmission rate of uncoated and coated 179 μm PET, with varying clay 
loading, measured at 23 °C under both 0% RH and 80% RH. 
 

3.4 Conclusions 

In conclusion, a polyelectrolyte/clay coacervate can be deposited as a high gas 

barrier layer in a single step through shear-induced clay alignment. Buffer-curing of the 

deposited film protonates PEI to form ionic bonds with PAA, which increases the cohesive 
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energy density of the film and reduces oxygen diffusion. Humidity treatment eliminates 

pores and generates a smoother coating. Combining humidity and heat treatment, the OTR 

of 179 μm PET is shown to be reduced from 8.6 to below the detection limit of commercial 

instrumentation (<0.005 cm3 m-2 day-1 atm-1).  This coacervate coating provides PET with 

more than three orders of magnitude reduction in OTR, while also achieving high 

transparency and moisture resistance. The combination of water-based processing, 

ambient conditions, and quick/simple deposition make this unique coating very attractive 

for a variety of packaging applications. 
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CHAPTER IV  

POLYELECTROLYTE COMPLEX THIN FILM WITH SUPER OXYGEN BAR-RIER 

AND HIGH MOISTURE‐RESISTANCE 

4.1 Introduction  

 Polyelectrolytes are ideal for aqueous processing, their hydrophilic nature results 

in moisture absorption and film swelling, which increases free volume and deteriorates 

gas barrier in high humidity environments.135 Polyelectrolyte complexes with only ionic 

bonding are prone to lose their integrity in high humidity. Covalent crosslinking can 

prevent this degradation, as PEC films have been successfully crosslinked with 

carbodiimide,136 bifunctional aldehydes,137 and/or heat.137,138 Unfortunately, improving 

crosslinking often requires introducing harmful chemicals or high temperature ( > 120 °C). 

In order to improve moisture sensitivity, while avoiding harmful chemistries, the transition 

from a polyelectrolyte solution to a solid PEC is the key. In this study, homogeneous PEC 

solutions are prepared with various molar ratios of PEI:PAA, from 1:1 to 1:3, and buffer 

cured at pH 3 or 4 to fabricate thin films with especially strong complexation, which 

prevents gas diffusion and maintains high barrier under high humidity. This curing step 

generates ionic crosslinks between polyelectrolytes to increase the cohesive energy 

density of the film, which minimizes oxygen diffusion through the film.14,15 The acid 

curing step was recently eliminated for a PEI/PAA coating by using volatile ammonia, 

which results in evaporation-induced complexation.139 

 

4.2 Experimental 
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Materials: Branched polyethyleneimine (PEI) (Mw ~ 750,000 g/mol, 50 wt% 

aqueous solution) and poly(acrylic acid) (PAA) (Mw ~ 250,000 g/mol, 35 wt% aqueous 

solution) were purchased from Sigma-Aldrich (Milwaukee, WI) and diluted with 

deionized water. The chemical structures of the polyelectrolytes are shown in Figure 

V-1a. Citric acid monohydrate (CA) (98 %, Sigma-Aldrich, Milwaukee, WI) was used for 

preparing buffer solutions, which consist of 200 mM CA, pH adjusted to 3 or 4 with NaOH 

(98 %, Sigma-Aldrich, Milwaukee, WI). All solutions used were prepared using 18 MΩ 

deionized water. The pH of the polyelectrolyte solutions and CA buffer were adjusted 

using 5 M HCl(aq) (37 % aqueous solution, Sigma-Aldrich, Milwaukee, WI) and 5 M 

NaOH. 7-mil (~ 179 μm) poly(ethylene terephthalate (PET, 178 μm, ST505, Dupont-

Teijin) was used as the substrate for oxygen transmission rate measurement. PET 

substrates were corona-treated with a BD-20C corona treater (Electro-Technic Products 

Inc., Chicago, IL) to impart negative surface charge, which improves the adhesion of the 

coating. Silicon wafers (p-type, 1 0 0, University Wafer, Boston, MA) were subjected to 

a plasma treatment using an Atto plasma system (Thierry, Royal Oak, MI) for 5 minutes 

to impart a negative surface charge before deposition. All substrates were rinsed with 

methanol and deionized water, followed by drying with compressed air, prior to coating 

deposition. 

 One-pot Film Assembly: The individual PEI and PAA solutions were diluted to 3 

and 5 wt %, respectively. The pH of the PEI and PAA solutions was adjusted to 8 using 5 

M HCl (aq) and 5 M NaOH(aq), respectively, to avoid complexation when mixing. Equal 

amounts by mass were added to one beaker to form the PEC mixture (4 wt% total solids), 
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with 1:1 PEI:PAA molar ratio (based on the molecular weight of the repeat unit). These 

solutions were left to mix overnight to ensure a homogeneous solution was formed. The 

same method was applied to prepare solutions of 1:2 and 1:3 PEI:PAA molar ratios. The 

general one-pot coating procedure is shown in Figure V-1b. The first step of the coating 

procedure begins by immersing the corona-treated PET substrate in the PEI:PAA solution 

for 5 minutes. After wicking off the extra PEC solution on the bottom of the substrate, the 

film was dried at 70 °C for 1 hour. These films were then cured in pH 3 or pH 4 CA buffer 

for 30 minutes. Cured films were then dip rinsed in three separate portions of deionized 

water for 30 seconds each. The final drying procedure (70 °C for 1 hour) was repeated 

after curing. These films were stored in a dry box before characterization. This coating 

process was followed identically on plasma cleaned silicon wafer substrates.  

 Characterization of thin films: Film characterization was done on a Si wafer with 

Fourier-Transform Infrared spectroscopy (FTIR), using an Alpha Platinum-ATR FTIR 

spectrometer (Bruker, Billerica, MA). The thickness and reduced modulus of thin films 

was measured on the same Si wafer with a P6 profilometer (KLA–Tencor; Milpitas, CA) 

and a TI 950 Triboindenter (Hysitron, Inc., Minneapolis, MN), respectively. Film surface 

morphology was characterized on a Si wafer with Dimension Icon atomic force 

microscope (AFM, Bruker, Billerica, MA) in tapping mode. Oxygen transmission rate 

(OTR) was tested by MOCON Inc. (Minneapolis, MN) using an Oxtran 2/21 ML 

instrument at 23 ºC under 0% RH or 90% RH, in compliance with ASTM D3985/F1927. 

The repeatability associated with the OTR analyzer is 0.002 or 1%, whichever is greater. 

 



 

36 

 

 

Figure IV-1. (a) Chemical structures of branched polyethyleneimine (PEI) and 
poly(acrylic acid) (PAA). (b) Schematic of the PEC dip-coating process. 
 

4.3 Results and Discussion 

Strong ionic interactions between PEI and PAA need to be inhibited to generate a 

stable, homogeneous coating solution. Avoiding excess electrostatic interaction prevents 

complexation when mixing oppositely charged polyelectrolytes, which allows 

simultaneous PEI/PAA deposition. Weakened interactions can be achieved by interrupting 

the extrinsic ion pairs (polyelectrolyte−counterion pairs) with salt addition or interrupting 

intrinsic ion pairs (polycation−polyanion pairs) with pH adjustment.89 PEI and PAA are 

weak polyelectrolytes, which means their charge density or degree of ionization are 

directly affected by the pH. The pKa of the amine groups on PEI are 4.5 (primary), 6.7 

(secondary), and 11.6 (tertiary),140 while PAA has a pKa value of ~ 4.5.141 The chemical 
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structures of these two polymers are shown in Figure IV-1a. Both polyelectrolytes are 

slightly charged when prepared/mixed at pH 8, where the homogeneous PEC solution can 

be achieved due to the lack of strong ionic interaction. This one-pot mixture was prepared 

with varying PEI:PAA ratios, ranging from 3:1 to 1:3, to alter the final composition of the 

PEC films. The PEI:PAA ratios are based on their repeat unit molar ratios, which represent 

the ratios of oppositely charged functional groups. 

It should be noted that PEI:PAA ratios of 3:1 and 2:1 form a solid complex 

immediately after mixing both PEI and PAA aliquots at pH 8. Li et.al. published phase 

diagrams of this system, showing a similar result.139 The solid complex (or coacervate) 

can be achieved with excess charged PEI at a fixed pH or with a fixed amount of PEI at a 

decreased pH.142 Excess PEI causes solid complex formation, likely due to more effective 

ionic interaction because the branched structure of PEI has steric hindrance that prevents 

some amine groups from interacting. Strong complexation before thin film deposition is 

not desired due to the processing difficulties it creates. Only ratios of 1:1, 1:2, and 1:3 are 

suitable for preparing a homogeneous coating solution at pH 8. Once the one-pot PEI/PAA 

solution is deposited, the interrupted intrinsic ion pairs can be restored by lowering the pH 

with citric acid (CA) buffer immersion (i.e. buffer curing). The prepared PEI/PAA films 

are denoted as 1:1 PEI/PAA3, where 1:1 represents the monomeric molar ratio of PEI:PAA 

and the subscript represents the CA curing pH. This coating procedure is illustrated in 

Figure IV-1b.  

A The one-pot solution is deposited on the desired substrates with 5 minutes of 

immersion. After the initial deposition, drying at 70 °C for 1 hour immobilizes the PEC 
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and eliminates excess water in the film. Next, the buffer curing step triggers strong 

complexation by dropping the pH to 3 or 4 via immersion in a citric acid solution. PEI is 

highly charged at low pH (< 4) due to  protonation,143 while PAA is still charged at pH > 

2,144 which results in ionic crosslinking between these two polyelectrolytes. The strong 

ionic interaction between polycation and polyanion reduces free volume and oxygen 

permeability.145 When the films are immersed in CA buffer at pH 5, delamination can be 

observed during curing and rinsing. This is likely due to the PEI not carrying enough 

charge density for sufficient ionic interaction. The cohesive energy of the PEC film is too 

low at pH > 5, so the PEI/PAA mixture has poor adhesion and is easily dissolved and 

rinsed off. Figure IV-2a compares the FTIR spectra of uncured and buffer cured PEC thin 

films (1:1 PEI/PAA3). The amino groups on PEI are protonated upon exposure to CA 

buffer, which can strongly associate with the carboxylic acid groups and suppress N-H/O-

H stretch. The broad band of the N-H/O-H stretch (~3200 cm-1) of the buffer-cured PEC 

film is suppressed in Figure IV-2a, which indicates that ionic crosslinking has occurred. 
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Figure IV-2. (a) FTIR spectra of the 1:1 PEC/PAA3 film before and after buffer curing. 
The N-H/O-H stretch (~3200 cm-1) is suppressed, suggesting ionic interaction induced by 
buffer-curing. (b) The dry oxygen transmission rate of uncoated and coated 179 μm PET, 
was measured at 23 °C and 0% RH. Reduced modulus was measured on a Si wafer using 
nanoindentation (left axis). (c) The humid OTR of uncoated and coated 179 μm PET, was 
measured at 23 °C and 90% RH. 
 

The oxygen transmission rate (OTR) for PEC films coated on both sides of a 179 

μm poly(ethylene terephthalate) (PET) sheet was measured at 23 °C under 0% RH (and 

90% RH), as shown in Figure IV-2b-c and Table IV-1. The uncoated PET has a dry OTR 

of 8.6 and a humid OTR of 6.6 cm3 m-2 day-1. 1:1 PEI/PAA3, 1:1 PEI/PAA4, and 1:2 

PEI/PAA3 achieve undetectable (< 0.005 cm3 m-2 day-1) OTR at 0% RH, maintain high 
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barrier (< 0.02 cm3 m-2 day-1) at 90% RH, and have thicknesses of 859 ± 35, 959 ± 1, and 

957 ± 6 nm, respectively. 1:2 PEI/PAA4, 1:3 PEI/PAA film3, and 1:3 PEI/PAA4 did not 

impart high oxygen barrier and have thicknesses of 1152 ± 3, 1560 ± 14, and 740 ± 12 nm, 

respectively. This data is consistent with the reduced modulus (Er) shown in Figure IV-2b 

and Table IV-1. The reduced elastic modulus is measured by nanoindentation, which 

indicates the level of cohesive energy within the PEC film. After buffer curing, the ionic 

crosslinking forms within the PEC film, resulting in a network that reduces film 

deformability (an increase of cohesive force). Greater cohesive energy not only leads to 

higher modulus, but also better barrier.  

Higher cohesive energy can be achieved in a PEC through stronger complexation, 

which is controlled by molar ratio and curing pH. Although molar ratios from 1:1 to 1:3 

are all able to form thin films, the 1:1 ratio performs the best in both dry and humid 

conditions, achieving undetectable OTR. When excess PAA is present, not all carboxylic 

acid groups have effective ionic interaction. This mismatch leads to a weaker ionically 

crosslinked network and a smaller reduced modulus. Another crucial parameter is the 

curing pH, which directly affects the charge density of polyelectrolytes. The degree of 

ionization of PEI increases as the pH decreases. The ionization of PEI was studied with 

titration, revealing that PEI is fully charged near pH 3 and ~ 85% charged at pH 4.143 The 

films cured at pH 3 have stronger ionic interaction than pH 4 due to the higher charge 

density of PEI, leading to higher reduced modulus and lower OTR. Based on these results, 

1:1 PEI/PAA3 imparts the strongest complexation, which explains its excellent humid 
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OTR. This is one of the best barriers ever reported, achieving undetectable OTR in both 

dry and humid conditions, without using chemical crosslinkers or fillers. 

Table IV-1. Properties of PEI/PAA films as a function of molar ratio and curing pH. 

 Roughness, 
Rq (nm) 

Thickness 
(nm) 

Reduced Modulus, 
Er (Gpa) 

Dry OTR 
(cm3 m-2 day-1) 

Humid OTR 
(cm3 m-2 day-1) 

1:1 PEI/PAA
3
 9.6 859 ± 35 25.2 ± 1.1 < 0.005 < 0.005 

1:1 PEI/PAA
4
 1.5 959 ± 1 24.4 ± 0.4 < 0.005 0.019 

1:2 PEI/PAA
3
 4.7 957 ± 6 22.1 ± 0.7 < 0.005 0.011 

1:2 PEI/PAA
4
 31.3 1152 ± 3 16.9 ± 0.6 3.65  

1:3 PEI/PAA
3
 36.6 1560 ± 14 13.9 ± 3.1 6.14  

1:3 PEI/PAA
4
 40.8 740 ± 12 10.8 ± 1.0 6.45  

 

The morphology and surface roughness of PEI/PAA PEC films on silicon wafers, 

as functions of molar ratio and curing pH, is shown in Figure IV-3. These conformal 

coatings have smooth surfaces, with Rq less than 40 nm. The better performing films (1:1 

PEI/PAA3, 1:1 PEI/PAA4, and 1:2 PEI/PAA3) have smoother surfaces, with Rq less than 

10 nm, while the other films (1:2 PEI/PAA4, 1:3 PEI/PAA3, and 1:3 PEI/PAA4,) have 

slightly rougher surfaces, with Rq of 30−40 nm. The morphological changes in the latter 

coatings are probably due to the polymer chain rearrangement forming the ionic 

crosslinked structure. During the buffer curing step, the complexation occurs and forms a 

coalesced structure. Those films with weaker complexation (or less cohesive energy) have 
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excess PAA that cannot pair with charged PEI and have more free volume. The unpaired 

PAA is likely to have a more coiled structure, resulting in uneven distribution. The films 

with stronger complexation (or higher cohesive energy) do not have much excess PAA 

and have greater uniformity. 

 

Figure IV-3. (a)−(f) Atomic force micrograph of 1:1 PEC/PAA3, 1:1 PEC/PAA4, 1:2 
PEC/PAA3, 1:2 PEC/PAA4, 1:3 PEC/PAA3, and 1:3 PEC/PAA4 films, respectively. 
 

 

4.4 Conclusions 

Polyelectrolyte complex thin films of PEI and PAA can be deposited as gas barrier 

coatings via dip-coating, eliminating the numerous processing steps associated with layer-

by-layer assembly, while maintaining very low gas transmission rate. Homogeneous PEC 
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solutions were prepared at pH 8 with various molar ratios to study the influence of PEC 

composition in the films. Curing pH was also evaluated. Films with the strongest 

complexation have a high reduced modulus and low OTR. The 1:1 PEI/PAA3 coating has 

a thickness of 859 ± 35 nm, Er of 25.2 ± 1.1 GPa, and imparts excellent oxygen barrier 

(OTR < 0.005 cm3 m-2 day-1) in both dry and humid conditions. This is one of the best 

oxygen barriers ever reported, with undetectable OTR at 90% RH and without using a 

chemical crosslinker or fillers. This unique, water-based film is promising for various 

packaging applications. 
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CHAPTER V  

EDIBLE POLYELECTROLYTE COMPLEX NANOCOATING FOR PROTECTION 

OF PERISHABLE PRODUCE* 

5.1 Introduction 

World hunger is on the rise, with 800 million people suffering from food 

insecurity.146 The Food and Agriculture Organization (FAO) of the United Nations reports 

that approximately one-third of the food produced worldwide is wasted (i.e. never 

consumed), which amounts to 1.3  billion tons per year.147 Reducing food waste is critical 

for combating hunger, improving food security, and reducing environmental impact (e.g. 

CO2 emission). Water loss, tissue metabolism, texture deterioration, and microbial growth 

are the factors contributing to the loss of fresh produce.148–150 To decelerate spoilage, food 

packaging is largely used to extend shelf life, but the growth of plastic waste worldwide 

is a counteracting issue.151 The prevailing packaging technologies, such as metalized 

plastic and metal oxide thin films provide a relatively impermeable layer to oxygen, but 

tend to have weak adhesion, poor flexibility, poor recyclability, and require costly 

vacuum-based processing.152,153 Multilayer polymeric thin films deposited from water 

using polyelectrolytes have shown extraordinarily low oxygen permeability and are of 

high interest due to better flexibility, microwavability, ease of fabrication, and better 

recyclability than their inorganic counterparts.8 Due to the growing interest in 

______________________________________________________________________ 
*Reprinted with permission from Chiang, H.-C.; Eberle, B.; Carlton, D.; Kolibaba, T. J.; 
Grunlan, J. C. Edible Polyelectrolyte Complex Nanocoating for Protection of Perishable 
Produce. ACS Food Science & Technology 2021, 1, 495. Copyright 2022 American 
Chemical Society. 
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environmental friendliness, bio-based materials have received more attention as an 

alternative to synthetic polyelectrolytes. In this context, the development of greener, more 

cost-effective food packaging is essential to alleviating both food and plastic waste.  

For food packaging, merely biodegradable or biocompatible is not enough. Edible 

coatings have been widely investigated to make food packaging more sustainable. Ruggeri 

et al. demonstrated the ability of silk fibroin and poly(vinyl alcohol) blends to create an 

edible coating that significantly reduces weight loss and color change of fresh-cut 

apples.154 Jung et al. utilized egg-derived polymers and cellulose nanomaterials to form 

bio-nanocomposite coatings for perishable produce.155 Among bio-based packing 

materials originating from naturally renewable resources, polysaccharides such as starch, 

chitosan, alginate, carrageenan, pectin, and cellulose derivatives are the most notable for 

the preparation of edible films.156 In general, polysaccharides have good gas barrier 

properties and have wide applications in the medical and food industries.157 Multilayered 

thin films of chitosan and carrageenan, deposited using the layer-by-layer assembly 

technique, have a high gas barrier that could be used for food packaging.158  

In the present study, a unique edible coating, with optical transparency and high 

gas barrier, was prepared by coupling chitosan (CH) and pectin (PT) in a polyelectrolyte 

complex (PEC). Chitosan is a naturally-occurring polysaccharide that has been used in 

numerous applications due to its biocompatibility, biodegradability, and availability.159,160 

Chitosan is obtained by deacetylation of chitin, which is largely found in the exoskeleton 

of crustaceans and fungal cell walls.161 As shown in Figure V-1, chitosan is a polycation 

that consists of β‐1,4‐linked d‐glucosamine. Pectin is a negatively-charged 
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heteropolysaccharide found in plant cell walls. The composition of pectin varies, but its 

primary component is α-(1–4)-linked D-galacturonic acid units (Figure V-1a). The amine 

groups in chitosan and the carboxylic acid groups in pectin form a highly ionically 

crosslinked network upon adjusting the pH with a citric acid solution. A 1.5 µm CH/PT 

PEC coating on PET film exhibits an oxygen transmission rate of 0.291 cm3 m-2 day-1 atm-

1 and prevents the browning of apple slices for hours. This high barrier edible 

polyelectrolyte-pair demonstrates a unique opportunity for reducing food and plastic 

packaging waste.  

 

Figure V-1. (a) The chemical structure of chitosan (CH) and pectin (PT). (b) Schematic 
of the edible polyelectrolyte complex dip-coating process. 
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5.2 Experimental 

Materials: Chitosan (item FGC-1, 95% deacetylated, 50–60 cP) was purchased 

from G.T.C. Union Group Ltd. (Qingdao, China). Pectin (PT, from apple, 50-75% 

esterification), citric acid (CA, ACS reagent), hydrochloric acid (HCl, ACS reagent, 37%), 

sodium hydroxide (NaOH, ACS reagent, pellets), and sodium chloride (NaCl, ACS 

reagent) were purchased from Sigma-Aldrich (Milwaukee, WI). All aqueous solutions 

were prepared in 18 MΩ Deionized (DI) water, which was also used for all rinsing 

procedures. Poly(ethylene terephthalate) film (PET, 179 μm thick, ST505, Dupont-Teijin) 

was purchased from Tekra (New Berlin, WI) and used as the substrate for oxygen 

transmission rate measurements.  

 Preparation of edible coating: A 1 wt% CH solution was prepared in 18 MΩ DI 

water by adjusting the pH to 1.5 using 1M HCl and stirring for 3 h. A 3 wt% PT solution 

was prepared in 18 MΩ DI water and rolled for at least 12 h to fully dissolve the powder. 

The polyelectrolyte complex (PEC) mixture was prepared by mixing equal volumes of the 

two solutions, rolling for at least 12 h to achieve a homogeneous solution. The final pH 2 

PEC mixture (0.5 wt% CH/1.5 wt% PT) was used for dip-coating. PET film was rinsed 

with methanol and DI water and dried with compressed air, followed by corona-treatment 

immediately before coating. The coating procedure is shown in Figure V-1b. Substrates 

were immersed in the coating solution for 5 minutes, then dried at 70 °C for 5 minutes and 

150 °C for 1 h (oven-dry) or dried with compressed air (blow-dry). The dried films were 

then cured with pH 5 200 mM CA buffer for 5 minutes, followed by DI water rinsing and 

the same drying procedure. Film deposition on silicon wafer (p-doped, single-side 
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polished from University Wafers, Boston, MA) or Au/Ti-electrode quartz crystals 

(Maxtek, Inc., Cypress, CA) was carried out in the same manner, except the wafer or the 

crystal was subjected to plasma cleaning (32G Plasma Cleaner, Harrick Plasma, Ithaca, 

NY) for 5 minutes instead of corona-treatment. The coating was deposited on bananas and 

fresh-cut apple slices using the blow-drying method.  

 Characterization of thin films: Fourier-transform infrared spectroscopy (FTIR) 

was used to compare the films on silicon wafer before and after buffer-curing using an 

Alpha Platinum-ATR FTIR spectrometer (Bruker, Billerica, MA). The thickness of thin 

films was measured on quartz crystal using a P6 profilometer (KLA–Tencor; Milpitas, 

CA). The coating weight was measured with a Maxtek Research Quartz Crystal 

Microbalance (RQCM) (Infinicon, East Syracuse, NY), with a frequency range of 3.8−6 

MHz, in conjunction with 5 MHz quartz crystals. Film density was calculated using the 

thickness and weight data. Film surface morphology on a silicon wafer was characterized 

using a Dimension Icon atomic force microscope (AFM, Bruker, Billerica, MA) in tapping 

mode. Light transmittance through a coating deposited on PET was measured at 550 nm 

using a USB2000 UV-Vis spectrometer (Ocean Optics, Dunedin, FL).  Light transmission 

was normalized by making uncoated PET 100% transmission. Oxygen transmission rate 

(OTR) was tested by AMETEK MOCON Inc. (Minneapolis, MN), using an Oxtran 2/21 

ML instrument at 23 ºC under 0% RH, in compliance with ASTM D3985. 

 

5.3 Results and discussion 
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The structure of a polyelectrolyte complex relies on the interactions between 

polycation and polyanion components,16,162 whose many interfaces reduce the oxygen 

permeability.137 The pKa of the amine group on chitosan is ~6.5,163 while that of pectin is 

2.8 to 4.1, so the galacturonic acid unit is negatively charged at pH values above this 

range.164 When the chitosan and pectin solutions are mixed at pH 2, a homogeneous 

solution is formed without strong ionic interactions between the two biopolymers. In order 

to deposit oppositely charged polyelectrolytes simultaneously, the inhibition of 

electrostatic interaction is needed to prevent complexation in the solution. The CH/PT 

mixture can be deposited on various substrates by immersion for 5 minutes, likely 

adhering via van der Waals forces and dipole interactions.15 After deposition, the coating 

is dried to eliminate excess water, which immobilizes the CH/PT complex. Strong ionic 

interaction (or complexation) is triggered by increasing the pH via buffer curing (i.e. 

exposure to a pH 5 citric acid buffer solution), where the carboxylic acid groups of pectin 

are deprotonated (i.e. become negatively-charged) and the amino groups of chitosan 

remain protonated (positively-charged). This highly ionically cross-linked structure 

imparts high gas barrier due to low free volume and high cohesion energy within the 

PEC.118,145 FTIR spectroscopy was used to examine the buffer-curing of the CH/PT 

coating. The N-H/O-H stretch (~3200 cm-1) is suppressed after curing, indicating that ionic 

crosslinking has occurred (Figure V-2a).  A substantial decrease in the relative intensity 

of the COOH carbonyl stretch at 1736 cm-1 is also observed. This further suggests that the 

majority of the carboxylate groups are deprotonated following the buffer immersion.  
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The oven-dry method for the edible PEC is energy-consuming, but the coating can 

also be dried with blowing compressed air. Once dry, this dip-coating process results in a 

transparent, highly conformal thin film, with an average thickness of 574 ± 27 nm (oven-

dry) or 1.480 ± 0.057 μm (blow-dry). The QCM reveals the coat weight of the edible 

coating is 76.85 ± 0.51 µg/cm2 (oven-dry) or 179.75 ± 0.10 µg/cm2 (blow-dry). The 

density of the oven-dried film is 1.23 ± 0.05 g/cm3, while the density of the blow-dried 

film is 1.21 ± 0.04 g/cm3. Density is independent of the method of drying, suggesting the 

structure of CH/PT coatings is very similar. The thinner coating of the oven-dried film is 

likely due to the influence of temperature that affects the viscosity of the CH/PT mixture. 

At higher temperature, the solution has reduced viscosity, which results in lower coat-

weight.  

Oxygen barrier testing was done at 23 °C under 0% RH. The oxygen transmission 

rate (OTR) values of the oven-dried and blow-dried films deposited on 179 μm PET are 

1.51 and 0.291 cm3 m-2 day-1 atm-1, respectively (Figure V-2b). The oven-dried and blow-

dried CH/PT films reduce the OTR of the PET by almost 6 and 30 times, respectively. Gas 

barrier is thickness-dependent, which accounts for the difference between the drying 

methods. Light transmission through these coatings was measured by UV–Vis at 550 nm 

and normalized with uncoated PET. The oven-dried film transmits 83.3% of light, while 

the blow-dried film has 79.2% light transmission. This difference in light transmission can 

be explained by the difference in the film thickness and surface roughness. The 

morphology and surface roughness of CH/PT PEC films was measured using AFM. 

Figure V-2c,d shows the topography of these coatings deposited on a silicon wafer. The 
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oven-dried film has a smoother surface, with Rq of 16 nm, while the blow-dried film has 

a rougher surface with Rq of 40 nm.  

 

 

Figure V-2. (a) FTIR spectra of the CH/PT film before and after buffer-curing. These 
spectra have been overlaid with an arbitrary offset for clarity. The suppressed N-H/O-H 
stretch (~3200 cm-1) indicates ionic crosslinking with buffer-curing. (b) The oxygen 
transmission rate (right axis) of uncoated and coated 179 μm PET, measured at 23 °C and 
0% RH. Normalized light transmission of films measured at 550 nm (left axis). (c) Atomic 
force micrograph of oven-dried and (d) blow-dried CH/PT film deposited on a silicon 
wafer. 
 

When this edible PEC coating is deposited on bananas (Figure V-3a), slower 

ripening is observed relative to uncoated fruit, which was dipped in DI water solutions 

adjusted to the same pH as the CH/PT PEC solution. The coated bananas remain green 
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after one week, while the uncoated bananas already exhibit brown speckles associated 

with spoilage. The PEC was also applied to apple slices (Figure V-3b), which were dipped 

into solutions immediately after being cut. The uncoated apple slice browned within 10 

minutes, but the edible CH/PT coating prevented browning for up to three hours. This 

blow-dried CH/PT PEC coating has a very high oxygen barrier, with OTR of 0.291 cm3 

m-2 day-1 atm-1 and oxygen permeability of 1.02×10-18 cm3 cm cm-2 s-1 Pa-1, which is why 

it can effectively prevent spoilage and provides extended shelf life. 

 

 

Figure V-3. (a) Comparison of CH/PT coated and uncoated banana ripening as a function 
of time. Bananas were aged under ambient conditions. (b) Comparison of CH/PT coated 
and uncoated apple browning as a function of time under ambient conditions. 
 

5.4 Conclusions  
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A protective coating for fruit was prepared from a polyelectrolyte complex of 

chitosan as polycation and pectin as polyanion. This edible coating was deposited via dip-

coating, followed by oven or blow drying and buffer-curing with citric acid solution. The 

blow-dried film imparts a low OTR of 0.291 cm3 m-2 day-1 atm-1, while retaining 79.2% 

light transmission, with a thickness of only 1.5 µm. With an oxygen permeability of 

1.02×10-18 cm3 cm cm-2 s-1 Pa-1, this is one of the best barriers ever reported using only 

generally-recognized-as-safe (GRAS) polymers. When deposited on perishable fruits, this 

imperceptible protective layer slows the ripening of bananas and browning of apple slices. 

These results suggest that an edible CH/PT PEC coating could be useful for extending the 

shelf life of perishable produce, reducing food and plastic packaging waste. 
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CHAPTER VI  

CONCLUSIONS AND FUTURE WORK 

6.1 New and Improved Developments for Polyelectrolyte Complex Gas Barrier Thin 

Films 

This dissertation is focused on improvements in one-pot PEC gas barrier thin films. 

These improvements generate polymeric gas barrier coatings with fewer processing steps 

and moisture resistance. By incorporating aligned clay platelets into the PEC matrix, a 

PEC/clay gas barrier system is shown to impart high barrier with high transparency and 

moisture resistance. This one-pot PEC solution is deposited with optimized composition 

and curing pH to achieve super oxygen barrier with high reduced modulus and high 

moisture resistance. A similar strategy is applied to a polysaccharide-based PEC to deposit 

an edible gas barrier thin film. These new and improved PEC thin films have shown great 

potential in gas barrier applications.  

 

6.1.1 Super Gas Barrier of a Polyelectrolyte/Clay Coacervate Thin Film 

Chapter III shows that a polyelectrolyte/clay coacervate composed of PEI, PAA, 

and kaolinite clay (KAO) can be deposited in a single step, followed by humidity and 

thermal post-treatments. When deposited onto a 179 μm PET substrate, a 4 μm coacervate 

coating reduces the OTR by more than three orders of magnitude, while maintaining high 

transparency. This single-step deposition process uses only low-cost, water-based 

components and ambient conditions, which could be used for sensitive food and 

electronics packaging. 
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6.1.2 Polyelectrolyte Complex with Super Oxygen Barrier and High Moisture‐Resistance 

Chapter IV describes a system of various molar ratios (1:1, 1:2, and 1:3) of PEI 

and PAA as one-pot coating solutions, which can be deposited via a simple dip-coating 

process and cured with a citric acid buffer solution. As-prepared conformal thin films 

impart excellent gas barrier, high modulus, and high moisture resistance. Undetectable 

OTR, at both 0 % and 90% RH, can be achieved with a PEI:PAA molar ratio of 1:1 and 

buffer curing at pH 3. The strong complexation from ionic crosslinking creates an 

unusually dense thin film that is promising for various packaging applications (food, 

electronics, etc.). This thin film exhibits one of the best ever polymer-based oxygen 

barriers at high humidity. 

 

6.1.3 Edible Polyelectrolyte Complex Nanocoating for Protection of Perishable Produce 

An edible polysaccharide-based PEC gas barrier thin film is demonstrated in 

Chapter V. This edible PEC consisting of chitosan and pectin are deposited onto fresh fruit 

to extend shelf life. This unique edible coating imparts high gas barrier and high 

transparency that can slow the ripening of bananas and browning of apple slices. A 1.5 

µm thick chitosan/pectin coating reduces the oxygen transmission rate of 179 µm 

polyester film by more than ten times. This single-step deposition process uses only water-

soluble, edible biopolymers and ambient conditions, which is promising for reducing both 

food and packaging waste. 
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6.2 Future Directions 

6.2.1. Diels-Alder Based Self-Healing Coating 

Crosslinking thin films is a promising solution to reduce moisture sensitivity but 

once the crosslinked covalent networks are damaged, the desired properties will be lost. 

The ability to self-heal after damaging, and restore desirable properties, is important for 

polymer composites. A self-healing PEI/PAA coating has been investigated,165 but it 

requires high humidity and is not suitable for applications susceptible to moisture. 

Reversible Diel-Alder reaction can be utilized to prepare self-healable polymer 

composites.166,167 This reaction, also known as [4+2] cycloaddition, provides excellent 

control of stereochemistry in synthetic organic chemistry. It involves the combination of 

a diene with an alkene (acting as a dienophile) and requires low energy to form a 

cyclohexane derivative. In general, to improve the yields in the Diels-Alder reaction, 

substitution with groups of opposite polarity is needed. An electron-rich diene and an 

electron-poor dienophile can form more stable cyclohexenes with better yields. The 

majority of examples reported employ electron-withdrawing groups on the dienophile and 

electron-donating groups on the diene, with furan-maleimide being the best known.168 One 

attractive feature of furan-maleimide is that reversibility can be controlled simply with 

temperature (i.e. no metal catalyst or organic solvent is needed). To self-repair after partial 

internal damage, the covalent polymer network can be disintegrated by simply heating, 

followed by reforming the network structure under room temperature. 
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A PEC incorporating furan-maleimide-based Diels-Alder reaction to the polymer 

chain and linker is proposed. The amine group on PEI can react with the aldehyde moiety 

on furfural to form an imine as shown in Figure VI-1. This synthesis can be monitored 

with NMR to verify that modification has occurred. Next, this furan functionalized PEI 

will be mixed with PAA and a stoichiometric amount of bismaleimide at room 

temperature. These steps should result in a thermally reversible PEC matrix, as shown in 

Figure VI-2. 

 

 

 

Figure VI-1. Scheme of furfural modification. The amine group on PEI can react with the 
aldehyde moiety on furfural to form imine with a furan moiety. 
 

 

Figure VI-2. Scheme of furan-maleimide based Diel-Alder reaction. Bismaleimide is the 
molecule used to crosslink modified PEI to form a thermal reversable covalent network. 
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Micro-cracks will be created in the coating by extension to test self-healing. Self-

healing will be initiated by heating the film to 150 °C, then cooling down to room 

temperature. Scanning electron microscope surface images can verify the self-healing 

before and after the heat treatment. OTR measurements will also be conducted before and 

after the heat treatment to confirm the self-healing. The successful PEI modification and 

film deposition, with good OTR before and after self-healing, will demonstrate the 

durability of this unique PEC gas barrier film. 

 

 

6.2.2 Chitosan/Gelatin Edible Gas Barrier Thin Film Crosslinked by Riboflavin 

The hydrophilic nature of biopolymers results in moisture absorption, which 

increases free volume and decreases gas barrier. Electrostatic assemblies, with only ionic 

bonding, are prone to lose their integrity in high humidity environments. Covalent 

crosslinking is an effective approach to prevent this degradation by creating more robust 

and densely-packed molecular organization. PEC films have been successfully 

crosslinked with carbodiimide,136 bifunctional aldehydes,138 and/or heat.138,169  

In order to create edible coatings with reduced moisture sensitivity, an edible 

crosslinker is needed. Riboflavin, also known as vitamin B2, is a water-soluble nutrient 

present in eggs and vegetables. Riboflavin is photoactive due to its heterocyclic 

isoalloxazine moiety and has maximum absorption at 365 and 445 nm.170 In the 

photosensitization, riboflavin is excited to a short lived singlet state, which decays to the 

highly reactive and long‐lived triplet‐excited state.171 The triplet excited state is a powerful 
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oxidant that produces singlet oxygen. The singlet oxygen and riboflavin radicals can 

initiate further oxidation via both radical and non‐radical reactions, which results in the 

desired crosslink in the polymer network. Based on this mechanism, riboflavin 

crosslinking has been used in corneal surgery to crosslink corneal collagen.172 A previous 

study indicates that tyrosine probably contributes to the riboflavin crosslinking of collagen 

through the formation of dityrosine.173 

In this proposal, chitosan and gelatin would be used to prepare a PEC suspension 

for dip-coating. Gelatin is a polypeptide derived from collagen taken from animal body 

parts. In order to achieve a stable chitosan/gelatin PEC solution without strong 

complexation, the pH of this film forming solution will be evaluated. The pH should be 

adjusted below 6.2 to prevent chitosan precipitation. The isoelectric point (pI) of gelatin 

is pH 4.5-5.2, where all the gelatin chains are neutral. This is a good pH range to get 

intermediate polyelectrolyte complexation. After the PEC solution without solid 

precipitation is achieved, riboflavin will be blended in for later photocrosslinking. Edible 

coatings will be prepared with photocrosslinking performed with 365nm UV light 

exposure. Further investigation is required to verify the ionic bonding between chitosan 

and gelatin, and riboflavin crosslinking, by using FTIR. Swelling can be used to quickly 

screen the crosslinking conditions and OTR will be measured before and after the 

photocrosslinking under high humidity to verify the improvement of moisture resistance. 
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