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2.1  Introduction

The skin is the largest human organ and is the essential interface between the host 
and its environment. Among the major functions of this organ are mechanisms that 
provide heat loss or heat retention; water loss or water retention; elimination of 
waste via exfoliation; protection against penetration of ultraviolet light; touch location 
of physical objects; and, perhaps most obviously, protection of underlying tissues 
from microbial pathogens contacted in the environment. Methods to establish an 
artificial barrier function over damaged skin by use of bandages, compresses, poultices, 
and other devices have been recorded during all phases of medical history. Today, 
there are adequate methods and devices for skin closure and/or bandaging at medical 
institutions capable of providing definitive surgical care, for example, hospital emergency 
and operating suites. The general availability of such facilities and emergency medical 
transportation systems are basic infrastructure components of modern societies. 
The wide variety of sizes, shapes, materials, and mechanical devices necessary to 
accomplish this level of wound care, however, is dependent upon an extensive 
logistic and storage base.

In the civilian setting, natural disasters such as tornadoes, hurricanes, fires, and 
explosions produce large numbers of casualties that cannot be treated immediately 
in emergency rooms and hospitals. A delay in medical treatment in the aftermath 
of disasters is often not available to remote geographic locations due to long dis-
tances from facilities, loss of power and essential services, or just the huge numbers 
involved and the enormity of the situation.

In the military setting, especially in the far forward edges of combat and other 
military casualty care, such medical logistical assets are impractical and only 
become available in proportion to the increasing level of care provided at the various 
staging facilities of the evacuation process. Under current planning instructions, 
major conflicts involving large numbers of combatants for extended periods of 
hostility are not expected. Rather, smaller operations with limited external logistical 
requirements and defined humanitarian/peace-keeping objectives are anticipated. 
With this scenario, rapid evacuation, as has been the U.S. Army’s practice in most 
recent wars, may be delayed or not be available and therefore injuries will be managed 
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locally for longer postinjury periods. This new time factor requires changes in front 
line medical capabilities.

The following study was performed under the following protocols at the US 
Army Institute of Surgical Research, Brooke Army Medical Center, Texas:

Antimicrobial and barrier effects of dressings•	
Rat excision model of wound infection – a type study•	

The “Tissue Sealant and Adhesive 6th, 7th and 8th Annual Conferences” sponsored 
by the Cambridge Healthtech Institute were excellent sources of information for 
materials on polymeric materials for barrier dressings.

The skin is the largest human organ and is the essential interface between the 
host and its environment. Among the major functions of this organ are mechanisms 
that provide heat loss or heat retention; water loss or water retention; elimination of 
waste via exfoliation; protection against penetration of ultraviolet light; touch loca-
tion of physical objects and, perhaps most obviously; protection of underlying tis-
sues from microbial pathogens contacted in the environment. Methods to establish 
an artificial barrier function over damaged skin by use of bandages, compresses, 
poultices, and other devices have been recorded during all phases of medical his-
tory. Today, there are adequate methods and devices for skin closure and/or bandaging 
at medical institutions capable of providing definitive surgical care, for example, 
hospital emergency and operating suites. The general availability of such facilities 
and emergency medical transportation systems are basic infrastructure components 
of modern societies. The wide variety of sizes, shapes, materials, and mechanical 
devices necessary to accomplish this level of wound care, however, is dependent 
upon an extensive logistic and storage base.

In the civilian setting, natural disasters such as tornadoes, hurricanes, fires, and 
explosions produce large numbers of casualties that cannot be treated immediately 
in emergency rooms and hospitals. A delay in medical treatment in the aftermath 
of disasters is often not available to remote geographic locations due to long dis-
tances from facilities, loss of power and essential services, or just the huge numbers 
involved and the enormity of the situation.

In the military setting, especially in the far forward edges of combat and other 
military casualty care, such medical logistical assets are impractical and only 
become available in proportion to the increasing level of care provided at the various 
staging facilities of the evacuation process. Under current planning instructions, 
major conflicts involving large numbers of combatants for extended periods of 
hostility are not expected. Rather, smaller operations with limited external logistical 
requirements and defined humanitarian/peace-keeping objectives are anticipated. 
With this scenario, rapid evacuation may be delayed or not be available and there-
fore injuries will be managed locally for longer post injury periods. Improvements 
are intended to allow extended stabilization of serious injuries such as those of the 
extremities thereby reducing or preventing unscheduled evacuations. In addition, 
the utility of less seriously wounded soldiers made available by improved pain control 
and prevention of time related complications such as infection would conserve 
operational assets.
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Adhesives are usually designed to bond dry surfaces as wood and metal, but very 
specially designed adhesives are formulated for bonding moist tissue surfaces. 
The human skin is moist and contains sweat glands that allow moisture to permeate 
the full thickness of the skin. If injured, the subcutaneous tissue hemorrhages 
because blood vessels are severed. Vessel diameter increases with tissue depth as can 
be observed in the Fig. 2.1, and any tissue adhesive or protective barrier must be 
capable of bonding to a moist surface and possibly applied over a bloody field.

From a review of the literature, the following major properties are important to 
the caregiver using protective barrier dressing materials and adhesives as barriers.

Barrier to bacteria to prevent infection•	
Water vapor permeable to prevent maceration and promote wound healing•	
Adhesion of the barrier dressing to injured tissue•	
Flexibility of the barrier dressing on strained (stretching/contracting)•	
Convenient to apply•	
Acceptable environmental and shelf stability (combat conditions include −40°C •	
to 60°C)

Results of the investigations of self-adhesive dressings for wound healing using 
occlusion and nonocclusion water vapor properties have been extensively reported 
in the scientific literature. The self-adhesive dressings have developed since Winter 
(1962) published “Review of classic research: Moist wound healing” using Large 
White pigs. Winter reported that the scab formed over a wound to the denuded skin 
retarded epithelization, and prevention of scab formation increased the rate of healing. 
The conclusion reached was that when a wound was kept moist with a barrier over 
the wound, the epithelization of the denude surface was twice as fast compared to 
just a scab over the wound.

Pollack (1979) reviewed Winter’s conclusions and also reviewed the influence 
of oxygen tension, humidity, temperature and infection on wound healing. Pollock 

Fig. 2.1 The cutaneous macrocirculation of humans (McCarthy 1990)
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reviewed several papers on the environmental factors for wound healing and to 
select the optimal properties of a dressing. Realizing that some of the influences 
were subject to the advantageous manipulation of the practitioner, general conclu-
sions were:

Humidity: A semipermeable membrane type dressing is the best choice for •	
wound healing and preferably a self-adhering dressing
Temperature: Lower environmental temperatures decrease wound healing•	
Infection: Bacteria inflammation has an inhibitory effect on wound healing•	
Oxygen: Atmospheric oxygen and increased levels of oxygen (hyperoxia) •	
exposed to the wound generally improves wound healing

Lionelli and Lawrence (2002) reviewed wound dressings and provided the criteria for 
desirable dressings:

Protect wound from bacteria and foreign material•	
Absorb exudate from wound•	
Prevent heat and fluid loss from wound•	
Provide compression to minimize edema and obliterate dead space•	
Be nonadherent to limit wound disruption•	
Create a warm, moist occluded environment to maximize epithelialization and •	
minimize pain
Be aesthetically attractive•	

In the same publication, a dressing that limits pain is most desirable which usually 
means an occlusive or water vapor barrier. However, a semipermeable dressing 
would be preferable that would control the amount of water vapor loss. A dressing 
that conforms to any contour, and a dressing that does not firmly attach to the tissue 
or interfere with the natural healing process are most desirable for superficial and 
full thickness skin wounds as well as deep tissue wounds. Further, a dressing that 
limits body water loss to less than 35 g of water vapor transmitted per m2 per hour 
is considered low enough to maintain a moist environment for most wounds.

Visscher et al. (2001) reported the effects of semipermeable films and water 
vapor transport (WVT) on human skin following a standardized wound (81.8 g m−2 h−1 
WVT), induced by tape stripping, by measuring transepidermal water loss (TEWL), 
skin hydration, rate of moisture accumulations, and erythema. Wounds treated with 
semipermeable films (25.3–64.3 g m−2 h−1 WTV) underwent more rapid recovery 
than wounds or wounds under complete occlusion (0.0–0.5 g m−2 h−1). Barrier films 
that produced intermediate levels of skin hydration during recovery produced the 
highest barrier recovery and general healing. Sites exposed to highest levels of 
hydration showed the poorest recovery indicating that occlusion retards healing. 
The results supported the hypothesis that semipermeable wound dressings augment 
barrier repair and skin quality by providing an optimized water vapor gradient during 
the wound healing process. Mechanistically, superficial wounds can be considered 
in two groups: Those in which the epidermis is penetrated or denuded, and those in 
which the epidermal barrier is damaged but not breached. In the former case, 
wound healing proceeds by epithelization with migration of cells from hair follicles, 
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sweat-glands, and from around the edges of the wound. In the latter case, repair is 
subtle and involves augmentation of epidermal DNA and lipid synthesis by mecha-
nisms linked to the transepidermal water gradient. The ultimate result of both types 
of wound healing is the restoration of barrier integrity with the formation of an 
intact stratum corneum epidermis.

The medical and life science journals historically contain voluminous publica-
tions regarding wound healing and dressing information; not all of which can be 
presented here, but the acceptable views of the scientific community are represented.

Research in the following sections focuses on self-adherent dressings that follow 
the general guidelines learned from the literature and experiences. Barrier dressings 
selected from a review of commercial and invented dressings were challenged by 
application to excised rats, followed by inoculation with infectious bacteria to 
determine the efficacy of the dressings against infection from the environment 
while evaluating the rate of wound healing.

The role of the liquid applied barrier dressing is to provide a biocompatible 
protective “coating” over the tissue for the purpose of protecting it from bacteria 
and environmental contamination. From a physical and dynamic point of view, the 
barrier coating must include proper stress–strain physical properties for reasons 
shown in Fig. 2.2. The skin (epidermis and dermis) and subcutaneous soft tissue are 
not smooth and stretch and retract (stress–strain) as the body moves to lift an arm 
or leg, for example. The barrier must experience the same stress–strain and flexing 
phenomena and remain adhered to the tissue, otherwise the barrier would disbond 

Fig. 2.2 The cross-sectional diagram of human skin tissue
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and make the healing tissue vulnerable to attack from microbes and susceptible to 
dehydration. According to Lionelli (2003), the barrier should not adhere to the tis-
sue as to impair healing. A detail figure of the epidermis in shown in Fig. 2.3, and 
it can be seen that no blood vessels exist in the epidermis and only secretion from 
vessels provide moisture and nutrition to the epidermis.

The wrinkled or corrugated texture of the skin is illustrated in Fig. 2.4. The skin 
elongates under lateral stress and relaxes when stress is removed. A liquid bandage 
applied to the skin must be able to adhere to the skin and possess a stress/strain 
property similar to skin in order to remain attached to the skin.

An illustration of the application of an emulsified liquid bandage is shown in 
Fig. 2.5. The microscopic view of this film formation shows microscopic spherical 
particles coalescing to form a continuous film. The advantage of the emulsion is 
that it is a waterborne and contains no solvents (i.e., organic solvents) which is 
preferred over organic solvents for the biocompatible property.

Table 2.1 lists and defines the terminology of mechanical stress–strain testing. 
Table 2.2 shows the values for procine skin. The typical stress–strain relationship 
for human skin is shown in Fig. 2.6 and the E for modulus value is shown as the 
slope on the linear segment of the curve.

Multiple stress–strain tests on the same sample of human skin is shown in 
Fig. 2.7. The stress necessary to stretch (stain) the same skin is less with each suc-
cessive pulling or stressing of the skin sample. This phenomenon is typical of the 
skin to decrease in strength or modulus with continued stretching – it is the physical 
nature of skin to fatigue with repeated stretching or pulling.

Stress relaxation phenomenon is illustrated in Fig. 2.8 where it can be observed 
that a greater stress (pull or stretch) requires a greater period of time to relax or 
release the stress when both ends of a sample are restrained.

A working knowledge of the physical properties of skin is essential because a 
liquid dressing (bandage) applied directly to skin will be attached to the skin 

Fig. 2.3 The cross-sectional view of human skin epidermis



132.1 Introduction

Fig. 2.4 The cross-sectional view of the elongation of the tissue (a) by applied lateral stress to 
demonstrate the change of shape in natural tissue, and the cross-sectional view of skin and soft 
tissue is shown in (b) with a barrier dressing that is liquid applied over the tissue. The barrier 
dressing must conform to the surface contours of the tissue

Fig. 2.5 Application of emulsion to skin and formation of protective membrane

Table 2.1 Stored/loss modulus and tan q
Term Symbol Definition

Stored modulus E¢ The elastic component of a material, e.g., collagen fibers
Elastic modulus E¢ The viscous component of a material, e.g., tissue fluids
tan q E″/E¢ The index of viscoelasticity
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 surface and must move physically with the skin or the dressing will separate from 
the surface and cease to provide protection from infection.

2.1.1  Disinfection Fundamentals

Infection means that microorganisms have entered a wound, in this case, and caused 
damage by destruction of healthy cells in tissue. Disinfection means reducing the 
number of pathogenic organisms on objects or in materials so that they pose no threat 
of disease or harm to humans or animals. The growth and death rates of microorgan-
isms are both logarithmic relationships. The effectiveness of antimicrobial agents on 
the death rate of microorganisms is important. Microorganisms treated with antimi-
crobial agents obey the same laws regarding death rates as those dying from natural 
causes (Black 2005). The principles of antimicrobial materials and their mechanisms 
are explained below for the purpose of understanding infection sources and control 

Table 2.2 Moduli and tan q of porcine skin

Modulus 37°C 25°C

E¢ 6.583 × 107 9.409 × 107

E˝ 1.296 × 107 1.801E7

tan q 0.197 0.191

Fig. 2.6 Stress versus strain for human skin (McCarthy 1990). Reprinted with permission of 
Elsevier Health Science
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(see Appendix – Antimicrobial Activity and Resistance), but the successful wound 
dressing will provide a physical barrier to microorganisms and will prevent infection 
from occurring. Antimicrobial terminology is explained in Table 2.3.

Fig. 2.7 Stress–strain successive plots of human excised skin (1, 2, 3, and 4, l left to right). 
(McCarthy 1990). Reprinted with permission of Elsevier Health Science

Fig. 2.8 Stress relaxation plot of human excised skin in tension, greater tension requires greater 
time to stress-relax, (McCarthy 1990). Reprinted with permission of Elsevier Health Science
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2.1.2   Antimicrobial Agents and Disinfection

The effectiveness of an antimicrobial agent is affected by concentration, pH, 
 temperature, and time. Phenol (carboxylic acid) has been the standard disinfectant 
to which others are compared and evaluated under the same conditions. The result 
of this comparison is the Phenol Coefficient (Black 2005). Two organisms, Salmonella 
typhi, a pathogen of the digestive system, and Staphylococcus aureus, a common 
wound pathogen, are typically utilized to provide phenol coefficients. A disinfectant 
with a phenol coefficient of 1.0 has the same effectiveness as phenol, <1 is less 
effectiveness than phenol and >1 is more effective than phenol. Phenol coefficients 
are reported separately for each organism because the effectiveness of an agent is 
usually different for each microorganism.

2.1.3  Mechanisms and Kinetics of Disinfection

Chemical agents destroy or inhibit the growth (approaching zero) of microorgan-
isms by participating in a single or multiple reactions that damage cell components. 
The bactericide is more effective than the bacteristatic agent because the kill rate of 
bacteria is greater than the growth rate. Microorganisms are composed of mem-
branes (prokaryotic and eucaryotic) and protein (virus capids). The types of reac-
tions fall into major groups: proteins and membranes.

2.1.3.1  Proteins

Much of the cell is composed of protein, and its enzymes are protein. Alteration of 
the protein is referred to as denaturation. In denaturation, hydrogen and disulfide 

Table 2.3 Terminology of disinfection

Term Definition

Antiseptic A chemical agent that can be used topologically 
on tissue to destroy or control the growth of 
microorganisms

Disinfectant A chemical agent used on objects as clothing 
to destroy or control the growth of 
microorganisms

Sterilization The destruction of all microorganisms in or on 
a material (as bandages) or liquid (such as 
irritant fluids)

Germs: All microorganisms: Bacteria, fungi, protozoa, 
spores, and viruses

Germi – static An agent that inhibits the growth of a 
microorganism (e.g., bacteristatic)

Germi – cide
An agent that kills microorganisms (e.g., 

bactericide)
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bonds are disrupted, and the functional shape of the protein molecule is destroyed. 
An agent that denatures proteins also prevents them from performing their natural 
functions. Proteins are temporarily denatured when treated with heat, mild acids, or 
bases, and sometimes their original structures returns to normal. Most proteins are 
denatured permanently when agents are used in strong enough concentration or 
degree of temperature to denatured them permanently. Naturation is “-static” is the 
normal protein structure returns and “-cidal” if the denaturation is permanent. 
Reactions that denature proteins include hydrolysis, oxidation, and the attachment 
of atoms or chemical groups.

2.1.3.2  Membranes

Membranes contain proteins that are susceptible to all of the reactions involving the 
denaturation of proteins. Membranes also contain lipids and their function can be 
disrupted by agents which dissolve lipids such as organic solvents such as ethanol. 
Surfactants reduce surface energy and may emulsify lipids. Membranes are nega-
tively charged and are affected by cationic agents such as quaternary ammonium 
salts and biguanide compounds including chlorhexidine. Penetration of the cell 
wall to the protoplasm for prokaryotic and nucleus for eukaryotic cell is usual and 
results in the leakage of the components from within the cell.

2.1.3.3  Other Reactions

UV and ionizing radiation affect DNA and RNA. Strong oxidizing agents that pen-
etrate the cell wall also alter DNA and RNA. Ultrasonic energy vibrates the cells 
until they disintegrate.

2.2  Solvent-Based Polymer Barrier Dressings

2.2.1  Preparation

Polymers were purchased from stock (Aldrich Chemicals Co. and DuPont 
Corporation). These materials were dissolved in ethanol and other solvents, but 
ethanol was a preferable medium because it is not toxic and often used in clinical 
environments. The identification of the polymers follows.

Polyvinyl acetate, 500 kg/m (Aldrich no. 38,793-2)•	
Polybutryal [poly(vinyl butyral-•	 co-vinyl alcohol-vinyl acetate)] (Aldrich no. 
19,097-7)
Poly(vinyl alcohol-•	 co-vinyl acetate-co-itaconic acid), no. 48,022-3.
Polyvinyl alcohol (DuPont Evanol•	 R products, no. 90-50)
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The following Table 2.4 lists the components of the basic formulation that were 
successful in dissolving polyvinyl acetate and polybutyral in ethanol with an 
adjusted viscosity for proper application to tissue.

The polyvinyl acetate and polybutyral polymers were useful for forming films, 
but the other materials were not. Polyvinyl alcohol is only soluble in water and not 
capable of being blended with other polymers. Also, any polymer with a large per-
centage of polyvinyl alcohol will absorb too much water and become permeable to 
bacteria.

2.2.2  Formulation of Solvent-Based Dressings

Material properties and solubilities are contained in Appendix D. The formulations 
from Table 2.4 were bottled in a 2-ounce Boston Round Bottle with 18 mm Flip 
Cap purchased from the United States Plastic Corporation. These containers were 
convenient for flow-on type application directly on the excised rat tissue.

2.2.3  Results of Testing Barrier Dressings on Rats

The barrier dressing in Sect. 2.2.1 was tested by excising the dorsal skin of Sprague–Dawley 
rats and applying the liquid dressing over the excised tissue. A measured aliquot 
part of prepared Staphylococcus aureus bacteria suspension was applied over the 
barrier dressings, the exposed excised tissue, and chlorhexidine (5%)-treated 
excised tissue. Multiple rats were used for the dressing and control cases, and the 
results were reported statistically in terms of Fisher’s Exact Test of the Chi-Square 
Test, two-tail P value with Bonferni’s correction (see Appendix – Chi-Square Test). 
The cases were as follows:

Polyvinyl acetate-vinyl alcohol copolymer dressing•	
Polyvinyl acetate-vinyl alcohol copolymer dressing with 1.2 chlorhexidine •	
preservative
Polyvinyl butyral terpolymer dressing with 1.2% chlorhexidine. Preservative •	
(based on polymer weight)

Table 2.4 Formulation of solvent-based barrier dressings

Component % Weight

Mix of polymer and plasticizer
 Polymer: polyvinyl acetate or polybutyral 13.07
 Diethylene glycol benzoate (10.1% based 

12 on polymer weight)
 1.32

 Ethanol 85.45
Mix of chlorhexidine
 Ethanol (1.2% based on polymer weight)  0.16
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5% chlorhexidine treatment•	
Neither treatment and nor dressing, only exposed excised tissue•	

The P-value of <0.05 (out of 1.0) is the boundary probability that rats will experi-
ence mortality (see Appendix for clarification of P value). From the inspection of 
Fig. 2.9 all of the dressings, nontreated-unexposed, and chlorhexidine-treated rats 
possessed a p-value of <0.05 which is acceptable by this model. All rats that were 
not exposed to the bacteria and were neither treated nor barrier dressed experienced 
unacceptable P-values.

2.3  Polyacrylate Miniemulsions and Nonaqueous Suspensions

2.3.1  Miniemulsions

Water-based barrier dressings are attractive for application to injured tissue because 
of the biocompatibility between water and tissue. The concept of a water-based 
dressing initially consisted of latex-type particles of polymer suspended in an aqueous 
emulsion. The emulsion would be liquid applied to the tissue, water would 
evaporate and the particles would coalesce to form a continuous film. The rate of 
evaporation of water is slow compared to solvents as ethanol that was recognized 
to be a limitation to application time (time to place on the tissue and harden). 
The following description of miniemulsions (miniEP) involves a “batch” type 

Fig. 2.9 Results of testing barrier dressings on rats
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emulsification of acrylic monomers with additives compared to a continuous process 
of “emulsion polymerization” (EP) that is different as a process and reaction kinetics. 
The reason for the miniemulsion approach is that all materials including additives 
(including water insoluble-antibacterial agents) can be formed in a single formula-
tion and reaction compared to emulsion polymerization that requires all materials 
be water-soluble or dispersible. For example, a miniemulsion can include water-
insoluble fatty acids and oils whereas an emulsion-polymerized polymer cannot.

The mechanisms of conventional emulsion and miniemulsion polymerization 
appear to be similar, but in some ways they are significantly different. A conventional 
unseeded (i.e., no small particles added at the beginning) batch emulsion polymer-
ization reaction can be divided into three intervals. Particle nucleation occurs during 
Interval I and is usually completed at low monomer conversion (2–10%) when most 
of the monomer is located in relatively large (1–10 mm) droplets. Particle nucle-
ation is believed to take place when radicals formed in the aqueous phase grow via 
propagation and then enter into micelles or become large enough in the continuous 
phase to precipitate and form primary particles which may undergo limited floc-
culation until a stable particle population is obtained. Significant nucleation of 
particles from monomer droplets is discounted because of the small total surface 
area of the large droplets. Interval II involves polymerization within the monomer-
swollen polymer particles with monomer supplied by diffusion from the droplets. 
Interval III begins when the droplets disappear–or at least reach a polymer fraction 
similar to that of the particles–and continues to the end of the reaction. Because 
nucleation of particles can be irreproducible, commercial emulsion polymeriza-
tions are often “seeded” with polymer particles of known size and concentration, 
manufactured specifically for use as seed particles. In this proposal, for the purpose 
of clearly distinguishing between convention emulsions and miniemulsions, the 
term macroemulsion will be used for the former. In addition, a “latex” will be 
defined as a polymerized monomeric emulsion, while the term emulsion will refer 
to an unpolymerized monomeric emulsion.

Miniemulsion polymerization involves the use of an effective surfactant/costabi-
lizer system to produce very small (0.01–0.5 micron) monomer droplets. The droplet 
surface area in these systems is very large, and most of the surfactant is adsorbed 
at the droplet surfaces. Particle nucleation is primarily via radical (primary or oli-
gomeric) entry into monomer droplets, since little surfactant is present in the form 
of micelles, or as free surfactant available to stabilize particles formed in the con-
tinuous phase. The reaction then proceeds by polymerization of the monomer in 
these small droplets; hence there may be no true Interval II.

The size of the monomer droplets plays the key role in determining the locus of 
particle nucleation in emulsion and miniemulsion polymerizations. The competi-
tive position of monomer droplets for capture of free radicals during miniemulsion 
polymerization is enhanced by both the increase in total droplet surface area and 
the decrease in the available surfactant for micelle formation or stabilization of 
precursors in homogeneous nucleation.

When an oil-in-water emulsion is created by the application of shear force to a 
sizes. In order to create an emulsion of very small droplets, the droplets must be 
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stabilized against coalescence and diffusional instability (Ostwald ripening). 
Stabilization against coalescence is effected by adding an appropriate surfactant. If 
the small droplets are not stabilized against diffusional degradation, they will disappear 
(Ostwald 1901), increasing the average droplet size, and reducing the total interfa-
cial area. Jansson (1983) has shown that this disappearance can be very fast for 
small droplets. In creating a miniemulsion, diffusional stabilization is achieved by 
adding a small quantity (1–2% wt/wt based on monomer) of a highly monomer-
soluble, water-insoluble stabilizing agent. Both long chain alkane such as hexade-
cane (HD) and long chain alcohols such as cetyl alcohol have been used as stability 
agents in miniemulsions (Barnette and Schork 1987; Chamberlain et al. 1982; 
Choi et al. 1985). Polymer, chain transfer agent and comonomers have been used 
 successfully as well (Reimers and Schork 1996a, b). These stabilizing agents have 
been referred to as cosurfactants, although they may not actually play a surfactant 
role, and as hydrophobes. The preferred term, costabilizer, will be used here.

Research (Fontenot and Schork 1993a, b) indicates that miniemulsion polymer-
ization can provide benefits over the current process technology of conventional 
emulsion polymerization. Among these are a process which is much more robust to 
contamination and operating errors, a more uniform copolymer composition when 
used for copolymerization, and a final product which is far more shear-stable than 
the product of conventional emulsion polymerization.

Gooch (1997, 2002) emulsified fatty acids and oils and autoxidized them under 
greater than atmospheric pressure of oxygen or air to produce a network polymer 
or “gel” that did not flow after applying the emulsion to a surface and allowing the 
aqueous phase to evaporate. By this method, the viscosity and crosslink density was 
adjusted to control rheological properties, including viscosity and flow-out.

2.3.1.1  Preparation

The preparation of miniemulsions for barrier dressings consisted of the follow 
considerations as disclosed in Georgia Tech Research Corporation International 
Application No. PCT/US03/06409, and listed below.

Composition: Acrylic hydrophilic network polymer, biocompatible•	
Form: Miniemulsion (miniEP), aqueous dispersion•	
Application: Brush, roller or Spray•	
Dried barrier dressing: 10–25 •	 mm Semipermeable hydrophilic
Antimicrobial: Powder or liquid added to miniEP•	

Theoretically, the films are applied to skin, they remain in excess of 5 days (natu-
rally slough off with dead skin cells), and they are washable due to the interaction 
between the hydrophilic polymer and moist skin. A scheme is shown in Fig. 2.10 
to demonstrate the application process of the emulsion to the injured skin or tissue 
(a), and the microscopic view of film formation on the skin is shown in 
(b). The object of the coalescence of particles is to form a continuous film to 
 protect the tissue from environmental contamination and abrasion, but allow the 
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skin to be permeable to water vapor and air. The composition and procedure is 
listed in Tables 2.4.

Optional II: Same basic composition and mass as above, but adjusted for the 
following postaddition of antimicrobial agents (e.g., chlorhexidine, etc.).

Antimicrobial agents 0.5–10.0 of total solids
Emulsification and polymerization procedure:
Prepare monomer component at STP conditions
    Prepare mixture of monomers, initiators, hydrophobe/plasticizer mix thoroughly with mechan-

ical mixer
    Continue to keep dispersed (25°C) until used
Prepare aqueous component at STP conditions
    Mix polyvinyl alcohol polymers in water and completely dissolve while mixing with mechanical 

stirrer and adjust temperature to dissolve all polyvinyl alcohol (PVA) until the solution is 
clear, then reduce to temperature to 20–25°C

    Mix surfactants, in (a) while agitating with mechanical mixer at 20–25°C, mix until solution 
is clear and avoid entrained air

Fig. 2.10 View of (a) actual liquid miniEP, (b) liquid applied miniEP as a barrier dressing to skin, 
and (c) clear dried film on skin

(continued)
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Feed 1 into 2 while sonicating or using dispersion equipment capable of producing 25–100 nm 
particles

Prepare emulsion for synthesis reaction: After 1 and 2 are completely emulsified, place mixture 
in kettle

Purge kettle with nitrogen for 30 min and reduce N
2
 flow

Stir contents of kettle and initiate heat to reach 85–87°C for 30–45 min
Maintain temperature 75–77°C and notice exotherm, maintain cooling/heating control while con-

tinuing to agitate; too high temperature will cause excessive viscosity >2,000 cps
Maintain temperature (about 4 h) until 99% conversion is obtained and determined by oven per-

cent nonvolatile tests; aliquot samples from the kettle are placed in convection oven at 105°C 
to determine volatile components.

After monomer conversion is complete, raise temperature to 85°C for 2 h.
Adjust pH sodium bicarbonate and ammonium hydroxide

The emulsion formed from the formulation in Table 2.5 is shown in Fig. 2.10, 
emulsion in glass beaker “a”, liquid application to skin in Fig. 2.10b and dried 
transparent on skin in Fig. 2.10c.

Table 2.5 Composition of hydrophilic miniEP emulsion for skin barrier

Component Function Weight percent

Option I: (Patent comment: following materials may be used or equivalent materials may be 
substituted)

2-Ethyl hexylacrylate Monomer  9.40
Dioctyl maleate “  7.52
Vinyl acetate “  30.97
Itaconic acid (methyene succinic acid; 

2-methylene-butanedioic acid)
Monomer  0.09

Polyvinyl alcohol (low M
w
, h) Viscosity/wetting 

adjustment
 1.54

Water Aqueous phase  45.42
Nonionic surfactants: alkylaryl polyether 

alcohol
Surfactant/emulsifier  0.54

Nonlylphenoxypoly (ethyleneoxy) alcohol “  1.28
t-Butyl hydroperoxide Initiator  0.10
Postaddition initiator Monomer scavenger  0.14
Potassium persulfate  0.23
Sodium bicarbonate pH Adjustment/buffer  0.13
Ammonium hydroxide (28%) pH Adjustment  0.25
Hydrooxymethane (sulfinic acid, sodium salt, 

sodium formaldehyde sulfoxylate)
Reducing agent  0.13

Low M
w
 hydropbobic fatty amides, 

aminoethylethanolamines
Defoamer (Optional)  0.80

Benzoate esters  
Oxydiethyl dibenzoate, 
Ethanol, 2,2-oxybis, -dibenzoate, 
Propanol, oxybis,-dibenzoate

Hydrophobe and 
plasticizer

 1.46

Total 100.00

(continued)
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The dried film was very “wearable” and comfortable even after showing and 
exercising. Due to the nature of film formation on moist tissue, the film contained 
a significant amount of water (>20%) because the copolymer is hydrophilic and 
slightly crosslinked to absorb water. The formation of a film on a moist surface by 
the water-based emulsion is not conducive to a perfectly continuous dense film as 
is demonstrated in Fig. 2.10. The particles can be seen coalescing with each other, 
but they do not form a perfectly coherent and, therefore, not a continuous film as 
viewed in (c).

A transparent and visibly uniform film formed within 5 min over injured rat tis-
sue shown in Fig. 2.10.

2.3.1.2  Testing on Rats

The testing procedure involving colonized bacteria Pseudomonas aureus in the pro-
tocol was too challenging for the water-based dressing and resulted in unacceptable 
mortality of rats. In follow-up tests, FD&C dyes were observed to penetrate the 
thickness of the dressing to the tissue, which means that the barrier was permeable to 
bacteria. Chlorhexidine added to the aqueous and polymer phase of the emulsion 
produced acceptable results in Kirby-Bauer tests, but not inoculation tests with 
bacteria on excised rats.

The conclusions drawn from these experiments are that the barrier dressing must 
possess the following properties:

Very continuous and consistent film•	
Nonporous film•	
Nonwater absorbing film or barrier when applied over tissue to thwart the pen-•	
etration of bacteria

2.3.2  Nonaqueous Suspensions

Due to the lack of success with excised rats in Sect. 2.3.1, the water-based barrier 
dressings were abandoned for this protocol, and polymers prepared in ethanol for 
application to tissue were prepared.

Special properties of polyvinyl acetate are the very high hydrogen bonding 
and adherence to moist surfaces, and the self-plastization by absorption of less 
than 10% by weight of water. The absorption of water is sufficient to make the 
polyvinyl acetate flexible with natural body movement, pliable on moist tissue, 
permeable to water vapor and air, but not permeable to bacteria. Therefore, 
copolymers comprising polyvinyl acetate were synthesized for nonaqueous  
barrier dressings. Monomers were included to lightly crosslink the polyvinyl 
acetate.
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2.3.2.1  Preparation

The nonaqueous suspensions were prepared using the basic formulation in Table 2.6.

2.3.2.2  Barrier Dressing Formulation

The nonaqueous dressings successfully formed continuous and nonpermeable films 
on agar plates and porcine skin (removed from the animal). The laboratory DD&C 
dye test showed no penetration into the dressing, agar, or tissue.

This dressing material can be sprayed, brushed, or rolled onto a surface while 
the ethanol evaporates. The most successful for wet tissue is brush-on, and spray-on 
for just moist tissue.

The disadvantage of ethanol is that it is absorbed in the tissue and does not allow 
perfect “spreading” over the surface of the tissue before hardening, and repeated 
applications must be made. However, all dressings in this report experienced a 
similar spreading effect and produced “pin-holes” after the first application.

2.3.2.3  Testing on Rats

The barrier dressings formed over agar plates and porcine tissue were successful. 
No Kirby-Bauer tests have been performed on excised rats to date. The dressing 
forms a water-impermeable barrier, is impermeable of FD&C dyes, and materials 
with these properties are impermeable to dyes (see Figs. 2.11 and 2.12).

An important property of nonaqueous suspension is the increased percent solids 
(49.28% wt./wt.) compared to polymers solved in ethanol (e.g., polyvinyl acetate 
in ethanol, <27%) that means more active ingredient can be delivered the wound 
and less dressing must be carried.

Table 2.6 Composition of nonaqueous suspension barrier dressing

Component Weight

Monomers
Vinyl acetate  48.39%
Dioctyl maleate  0.22%
2-ethylhexyl acrylate  0.27%
Initiators
AIBN  1.10%
Ethanol  8.00%
Solvent
Ethanol (ethyl alcohol)  42.02%
Total 100.00

Note 1: Polymerize at 70°C to 100% conversion
Note 2: Average particle size was 300 nm
Note 3: Total solids after polymerization – 49.98% @ 120 cP viscosity



26 2 Barrier Dressings for Wounds

Fig. 2.11 Topological scanning electron micrographs of dried barrier dressing showing the 
spherical particle texture of the miniEP film surface

Fig. 2.12 Transparent skin barrier over excised rat skin
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2.4  Cyanoacrylate

2.4.1  Technical Discussion

Alkyl cyanoacrylate adhesives (Coover et al. 1990) are unique among the many classes 
of adhesives, in that they are the only single component, instant bonding adhesives that 
cure at ambient conditions without an external energy source. These compounds were 
first synthesized in 1947 by Alan Ardis of B. F. Goodrich Company who reported “hard 
clear glasslike resins” when heat cured. Their adhesive properties remained undiscovered 
until the early 1950s, when scientists at Eastman Kodak Company inadvertently bonded 
the prisms of an Abbé refractometer together while characterizing a cyanoacrylate 
monomer. The first commercial result of cyanoacrylates was Eastman 910R, a methyl 
ester-based adhesive which was introduced in 1958 and later “super glues” usually com-
posed of 2-ethyl cyanoacrylate. These fast-setting materials are commonly known as 
cyanoacrylate alkyl esters, and they are hard and brittle by nature. The cure speed and 
adhesive strength tend to decrease with increasing alkyl chain length whereas the flexi-
bility increases. The reactivity of cyanoacrylates is directly traceable to the presence of 
two strong electron-withdrawing groups (designated X and Y) shown below, 

H2C

C

Y

X

where X = –CN and Y = –COOR.
In the case of 2-octyl cyanoacrylate monomer, R = –C

8
H

17
, it is polymerized rapidly 

via an anionic mechanism. Anionic initiators include weak bases (e.g., H
2
O) at ambient 

temperatures and water being the most important for barrier dressings. The reaction is 
highly exothermic and the actual mechanism of reaction is depicted in Fig. 2.13. This 
reaction will continue until all the available monomer is consumed or until growth is 
interrupted by the presence of an acidic species. It is the highly electronegative charac-
teristics of the nitrile (–CN) and alkoxycarbonyl (–COOR) groups that account for the 
high reactivity of the double bond in the monomer such as weak bases (e.g., water) 
initiate rapid polymerization. In general, relatively low molecular weight chains are 
formed via this mechanism. Since virtually all materials have a thin layer of moisture 
adsorbed (tissue is very hygroscopic) onto their surfaces, it is easy to explain the reactiv-
ity of the alkyl-2-cyanoacrylate. When a film of cyanoacrylate adhesive is spread 
onto a surface for bonding purposes, polymerization occurs rapidly as carbanions are 
generated at a very rapid rate as a result of the contact between the liquid adhesive 
and adsorbed water molecules. The water molecules’ hydroxyl groups effectively act to 
initiate polymerization. When excessive films of water reside on a surface, the liquid 
cyanoacrylate (adhesive) polymerizes over a film of water, and may float off without 
adhering to the surface, and for this reason, a surface (adherent) must be relatively dry.

Narang et al. (2003) reported that 2-octylcyanoacyrlate-based films are excellent 
microbial barriers. Dermabond Topical Skin Adhesive and Liquid BandageR are 
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Fig. 2.13 The three basic steps in producing a polymer from the cyanoacrylate monomer via 
anionic polymerization (moisture curing)



292.4 Cyanoacrylate

formulated products manufactured by Closure Medical Corporation for ETHICON, 
INC. consisting of 2-octyl cyanoacrylate shown in Fig. 2.14, preservatives and plas-
ticizers. Liquid BandageR is formulated with a greater percentage plasticizer to 
provide greater flexibility in the cured film. Generally, the curing time for a cyano-
acrylate adhesive decreased as the –R group explained above increases in the num-
ber of carbon atoms or chain length, and the flexibility increases proportionally. The 
cyanocrylate material used in the formulation of Dermabond contains an –R = 8 
which is four times longer than the chain length for the original 2-ethyl cyanoacry-
late (R = 2). The advantage of the R = 8 group (ASTM D-790) is increased flexibility 
with the sacrifice of cure rate. The longer –R group plasticizes the polymer and 
prevents the cyanoacrylate from becoming denser and more rigid. The three-dimen-
sional model of 2-octyl cyanoacrylate shows clearly the long –octyl group extending 
from the vinyl group (site of polymerization) in correct atom-bond conformation.

The polymerized 2-cyano acrylate (n = 8) shown in Fig. 2.15a is a simple model 
to demonstrate a polymer of n = 8, and the correct atom-bond configuration of substituents 
and conformational molecular structure is shown in Fig. 2.15b in a planar or 
two-dimensional form, and the three-dimensional stick and ball models in 
Fig. 2.16a and b rotated about the Y-axis 90o.

Fig. 2.14 2-Cyano-acrylic acid nonyl ester (also 2-octyl cyanoacrylate), gray is carbon, blue is 
hydrogen, red is oxygen, and dark blue is nitrogen
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Fig. 2.15 Polymerized 2-octyl cyanoacrylate of eight-repeat units in (a) simple written chemical 
structure and (b) three-dimensional representation of bonds and atoms
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The long extensions of the –R groups are three-dimensionally arranged around 
the polymer back-bone chain, and the “floppy” chains prevent the formation of a 
lattice and therefore crystallization. Plasticization with materials ester-benzoates 
would further separate the molecules and provide more flexible hardened cement.

The monomer of the cyanoacrylate is slightly water-soluble and therefore water 
dispersible, but quickly polymerizes to a hard dispersed particle in water. 
Cyanoacrylates disperse easily in ethanol, but harden slowly. The water solubility 
property is important for allowing the cyanoacrylate monomer to penetrate tissue, 
which then polymerizes to a hard cement providing a strong bond, but an impene-
trable film of cement. The natural flow of water through tissue has a proclivity to 
build pressure under a water vapor impenetrable material covering the tissue 
surface  and push-off the material. Liquid Bandage and Dermabond are formulated 
from 2-octyl cyanoacrylate monomer and a preservative, but Liquid Bandage is 
formulated with significantly more plasticizer to provide correspondingly more 
flexibility for application to skin. Also, dilution with preservative chemicals retards 
the rate of polymerization. A water vapor penetrable material that is also a barrier 

Fig. 2.16 Stick and ball three-dimensional molecular structure of 2-octyl cyanoacrylate (n = 8) in 
0o rotation about Z-axis
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to bacteria would be preferable for a tissue covering or wound barrier. The author 
recommends the following literature ion this subject: Addad (1996), Maw et al 
(1997), Mertz et al (2001), Mouron et al (1996), Ottenbrite (1994), Sepe (1998), 
Sichina (1988), Segal (1985), Sorokin (1998), Surgical Applications of Tissue 
Sealants and Adhesives 6th Annual Conferences (2001–2004).

2.4.1.1  Results of Testing on Rats

The protocol was structured to test the barrier properties of the Liquid BandageR product 
on rats when challenged with inoculations of bacteria, and the results successful.

2.5  Particulate Applied Barrier Dressing

2.5.1  Introduction

A low weight and cube and long shelf-life dry-particulate treatment for wounds 
received in the field would be an advantage for the soldier or caregiver if the treatment 
could be self-applied for this purpose. A sprinkle-particulate-type dressing was envi-
sioned that would adhere to the tissue and absorb up to 130–180 times its volume in 
blood and fluid while forming a protective film barrier over the wound. Excessive 
fluid over the wound that typically hinders other bandages would be immediately 
absorbed into bandage to form a continuous hydrogel-type barrier dressing. Also, 
antimicrobial agents could be formulated as particulate into the dry dressing.

The class of hydrophilic and water-absorbent polymers are superabsorbent poly-
mers (SAP). Super absorbent polymers are polymers that can absorb and retain 
extremely large amounts of a liquid relative to its own mass.

Water absorbing polymers, sometimes referred to as hydrogels, absorb aqueous 
solutions through hydrogen bonding with the water. An SAP’s ability to absorb 
water is a factor of the ionic concentration of an aqueous solution. In deionized and 
distilled water, SAP may absorb 500 times its weight (from 30 to 60 times its own 
volume), but when put into a 0.9% saline solution, the absorbency drops to maybe 
50 times its weight. The presence of valent cations in the solution will impede the 
polymer’s ability to bond with the water molecule.

Superabsorbent polymers are now commonly made from the polymerization of 
acrylic acid blended with sodium hydroxide in the presence of an initiator to form a 
polyacrylic acid, sodium salt (sometimes referred to as cross-linked sodium poly-
acrylate). Some of the polymers include polyacrylamide copolymer, ethylene maleic 
anhydride copolymer, cross-linked carboxy-methyl-cellulose, polyvinyl alcohol 
copolymers, cross-linked polyethylene oxide, and starch grafted copolymer of poly-
acrylonitrile to name a few. The latter is one of the oldest SAP forms created.

Today, superabsorbent polymers are made using one of two primary methods; 
suspension polymerization or solution polymerizations. Both processes have their 
advantages over the other and both yield a consistent quality of product.
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Solution-based polymerization is the most common process used today for SAP 
manufacture. This process is efficient and generally has a lower capital cost base. 
The solution process uses a water-based monomer solution to produce a mass of 
reactant polymerized gel. The polymerization’s own reaction energy (exothermic) 
is used to drive much of the process, helping reduce manufacturing cost. The reac-
tant polymer gel is then chopped, dried, and ground to its final granule size. Any 
treatment to enhance performance characteristics of the SAP is usually accom-
plished after the final granule size is created.

The suspension process is practiced by only a few companies because it offers a 
higher degree of production control and product engineering during polymerization 
step. This process suspends the water-based reactant in a hydrocarbon-based solvent. 
The net result is that the suspension polymerization creates the primary polymer 
particle in the reactor rather than mechanically in postreactions stages. Performance 
enhancements can also be during or just after the reaction stage.

The total absorbency and swelling capacity are controlled by the type and degree 
of cross-linking to the polymer. Low density cross-linked SAP generally has a 
higher absorbent capacity and swells to a larger degree. These types of SAPs also 
have a softer and more cohesive gel formation. High cross-link density polymers 
exhibit lower absorbent capacity and swell. The gel strength is firmer and can main-
tain particle shape even under modest pressure.

The largest use of SAP is found in personal disposable hygiene products, such 
as baby diapers, adult protective underwear and feminine napkins. SAP was discon-
tinued from use in tampons due to the 1980s’ concern over a link to toxic shock 
syndrome. They are also used for blocking water penetration in underground poser 
or communications cable, horticultural water retention agents, control of spill and 
waste aqueous fluid, artificial snow for motion picture and stage production. The 
first commercial use was in 1978 for use in feminine napkins in Japan and dispos-
able bed liners for nursing home patients in the USA.

In the early 1960s, the United States Department of Agriculture (USDA) was 
conducting work on materials to improve water conservation in soils. They developed 
a resin based on the grafting of acrylonitrile polymer onto the backbone of starch 
molecules (i.e., starch-grafting). The hydrolyzed product of the hydrolysis of 
this starch-acrylonitrile copolymer gave water absorption greater than 400 times 
its weight. Also, the gel did not release liquid water the way that fiber-based absor-
bents do.

The SDA gave the technical expertise to several USA companies for further devel-
opment of the basic technology. A wide range of grating combinations was attempted 
including work with acrylic acid, acrylamide, and polyvinyl alcohol (PVA).

2.5.2  Copolymer Chemistry

Polyacrylate/polyacrylamide copolymers are originally designed for use in conditions 
with high electrolyte/mineral content, and there is a need for long-term stability 
including numerous wet/dry cycles. Uses include agricultural and horticultural. 
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With the added strength of the acrylamide monomer, used as medical spill control, 
wire & cable waterblocking.

2.5.3  Solution Polymers

Solution polymers offer the absorbency of a granular polymer supplied in solution 
form. Solutions can be diluted with water prior to application, and can coat most sub-
strates or can be used to saturate. After drying at a specific temperature of a specific 
time, the result is a coated substrate with superabsorbent functionality. For example, 
this chemistry can be applied directly onto wires & cables, though it is especially 
optimized for use on components such as rolled goods or sheeted substrates.

2.5.4  Super Absorbent Fibers

Besides granular super absorbent polymers, ARCO Chemical developed a super 
absorbent fiber technology in the early 1990s. This technology was eventually sold 
to Camelot Absorbents (Now bankrupt). Another fiber-spinning SAP technology 
was developed by Courtalds & Allied Colloids in the UK in the early 1990s. These 
acrylic-based products, while significantly more expensive than the granular poly-
mers, offer technical advantages in certain niche markets, including cable wrap, 
medical devices, and food packaging.

2.5.5  Uses

Wire & Cable Waterblocking•	
Filtration Applications•	
Spill Control•	
Hot & Cold Therapy Packs•	
Composites & Laminate•	
Medical Waste Solidification•	
Mortuary Pads•	
Motionless Waterbeds•	
Candles•	
Diapers and Incontinence Garments•	
Waste Stabilization & environmental Remediation•	
Fragrance Carrier•	
Wound Dressings•	
Fire Protection•	
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Surgical pads•	
Water Retention for Supplying Water to Plants•	
Controlled Release of Insecticides & Herbicides•	
Grow-In-Water Toys•	
Magic Tricks Such as the 3 Cup Water Monte•	

Sodium polyacrylate also named acrylic sodium salt polymer or simply ASAP 
(repeating unit: –CH

2
–CH(COONa)–) is a polymer widely used in consumer prod-

ucts. Acrylate polymers generally are considered to possess an anionic charge. 
While sodium neutralized acrylates are the most common form used in industry, 
there are also other salts available including potassium, lithium, and ammonium.

2.5.6  Applications

Acrylates and acrylic chemistry have a wide variety of industrial uses that 
include:

 1. Sequestering agents in detergents. (By binding hard water elements such as Ca 
and Mg, the surfactants in detergents work more efficiently.)

 2. Thickening agents.
 3. Coatings.
 4. Super absorbent polymers. These cross-linked acrylic polymers are used in baby 

diapers. Copolymer versions are used in agriculture and other specialty absor-
bent applications.

These cross-linked acrylic polymers are referred to as “Super Absorbents” and 
“Water Crystals”. The origins of super absorbent polymer chemistry trace back to 
the early 1960s when the US Department of Agriculture developed the first super 
absorbent polymer material. This chemical is featured in the Maximum Absorbency 
Garment used by NASA.

Sodium polyacrylate belongs to a family of water-loving or hydrophilic poly-
mers. It has the ability to absorb up to 800 times its weight in distilled water. 
Sodium polyacrylate is a powder that takes the form of a coiled chain (see 
Fig. 2.18). There are two important groups that are found on the polymer chains, 
carbonyl (COOH) and sodium (Na). These two groups are important to the overall 
absorption potential of the polymer. When the polymer is in the presence of a liq-
uid, the sodium dissociates from the carbonyl group creating two ions, carboxyl 
(COO−) and sodium cation (Na+). The carboxyl groups then begin to repel each 
other because they have the same negative charge. As a result of the repulsion 
between the like charges, the sodium polyacrylate chain uncoils or swells and forms 
a gel substance. The action of swelling allows more liquid to associate with the 
polymer chain. There are four major contributors to sodium polyacrylate’s ability 
to absorb liquids or swell. These contributors are hydrophilic chains, charge repul-
sion, osmosis, and cross-linked between chains. Ions in the polymer chain such as 
carboxyl groups (COO−) and sodium (Na+) attract water molecules, thus making the 



36 2 Barrier Dressings for Wounds

polymer hydrophilic. Charge repulsion between carboxyl groups allow the polymer 
to uncoil and interact with more water molecules (See Fig. 2.17).

When these dry coiled molecules (see Fig. 2.18) are placed in water, hydrogen 
bonding with the HOH surrounding them causes them to unfold and extend their 
chains as shown in Fig. 2.19.

When the molecules straighten out, they increase the viscosity of the surrounding 
liquid. That is why several types of acrylates are used as thickeners.

Super absorbent chemistry requires two things: The addition of small cross-
linking molecules between the polymer strands; and the partial neutralization of the 
carboxyl acid groups (–COOH) along the polymer backbone (–COO−Na+).

Water molecules are drawn into the network across a diffusion gradient which is 
formed by the sodium neutralization of the polymer backbone. The polymer chains 

Fig. 2.18 Acrylate polymers – in a dry coiled state

Fig. 2.19 Interaction of SAP with water

Fig. 2.17 Charge repulsion between carboxyl groups in cross-linked SAP
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want to straighten but are constrained due to the cross-linking. Thus, the particles 
expand as water moves into the network (Fig. 2.20).

The water is tightly held in the network by hydrogen-bonding. Many soluble metals 
will also ion-exchange with the sodium along the polymer backbone and be bound.

A view of a crosslinks in super absorbent molecules is shown in Fig. 2.21 and 
the more practical polymer network in Fig. 2.22.

Fig. 2.20 Expansion between polymer chains with interaction with water

Fig. 2.21 Cross-linked polymer chains

Fig. 2.22 View of superabsorbent polymer network with cross-linked sites (SAP)
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2.5.7  Preparation

A super-hydrophilic absorbing polymer was synthesized from acrylic monomers 
and chemically crosslinked during the polymerization reaction to optimize barrier-
dressing properties:

Blood and water absorption•	
Formation of a continuous barrier type film after absorbing fluids•	
Protection of wounds from microbial attack•	
Excellent adhesion to soft tissues•	
Capable of pulverization to form fine particulate consistency for application•	
Environmental stability and long shelf stability•	
Low weight–volume•	

2.5.8  Reactive Mechanism

The reactive mechanism consists of three simultaneously occurring phenomena:

 1. Absorbance of blood and infection from the wounded and hemorrhaging tissue,
 2. Controlled solubility and ionic diffusion of the antimicrobial agent, such as, 

chlorhexidine, to the microorganisms (see Figs. 2.23 and 2.24), and 
 3. Free draining of the wound fluids and infections.

Tremendous advantages are accomplished by this method of treating tissue:

 1. Environmental protection of wounded tissues,
 2. Protection from microbial infection, and
 3. Allows the body to heal itself.

Fig. 2.23 Solid powder mixture of moisture absorbable polymer and antimicrobial agent
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2.5.9  Dressing Preservative Agents

 1. Chlorhexidine diacetate is partially soluble in water, and the solubility increases 
with temperature, which provides a particulate form for application, and

 2. Chlorhexidine is most effective against microorganisms in the “solid” form com-
pared to a solution preparation.

The images in Fig. 2.25 demonstrate the moisture/blood absorption of the absorb-
able polymer, and a particulate size (50–200 mm) was chosen to visibly observe and 
photograph the growth in size of the particulate. However, a 5–15 mm size would 
better coat the nonlinear surface of tissue.

2.5.10  Results of Testing Barrier Dressing on Excised Rats

Rats were excised (dorsal skin) and a statistical test was initiated to determine 
the efficacy of the dressing. A contaminated, full thickness excision model was 

Wounded Skin

Antimicrobial Agent; Microorganisms; Blood 

                60 

Antimicrobial Agent; Destroyed Microorganisms;       Blood 

Drainage
Moisture and
Fluid 
Swollen 
Particulate

60 sec.

Powder Applicationa

b

Fig. 2.24 Application of particulate applied absorbable skin barrier dressing
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used where a 4 × 10 cm wound was treated with test dressings and challenged 
with approximately 107 CFU of Pseudomonas aeruginosa. Statistical compari-
son was made between experimental dressings and untreated controls. The 
dressing was sprinkled onto the excised rat tissue; it covered the entire excised 
area, absorbed fluids and bonded with the tissue to form a physical barrier as 
expected. The rats that were treated with the dressing and inoculated did not 
survive, and the reason was found to be that bacteria penetrated to the exposed 
tissue. The Spauge-Dawley rats in feeding bins are shown in Fig. 2.26. The 
exposed tissue after excision of a rat is shown in Fig. 2.27. The dry and wet 
individual particles of the barrier dressing are shown in Fig. 2.25. Excised rate 
skin is shown in Fig. 2.28 and in Fig. 2.29 having been sprinkled with the par-
ticulate dressing. The exposed rat tissue is shown in Fig. 2.30 having been cov-
ered with particulate dressing, some of the dressing is removed for inspection. 
A cross-sectional view from Fig. 2.30 is shown in Fig. 2.31, and a closer view 
is shown in Fig. 2.32.

Fig. 2.25 Moisture absorbing particulate barrier dressing in porcine blood to demonstrate 
significant increase in particle volume
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2.5.11  Reason for Failure to Provide Barrier Properties

Microscopic analysis of the dressing and necrotic rat tissue revealed that the par-
ticulate dressing was porous, consisted of 90% water and was vulnerable to micro-
bial attack. The import of material, and therefore dressing composition, is analyzed in 
Sect. 2.7. However, it is important to realize that any barrier dressing for a wound 

Fig. 2.26 Sprague–Dawley rats prior to excision

Fig. 2.27 Excision of rat
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Fig. 2.28 Excised rat tissue in Petri dish, subcutaneous tissue exposed

Fig. 2.29 Particulate dressing barrier applied to subcutaneous tissue in Fig. 2.28
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must be impervious to water, nutrients, salts, and microorganisms as demonstrated 
in Fig. 2.33. The four 24 ml vials in the figure are filled with a collagen–water 
mixture to produce a solid and colloid type “gel.” In addition, each vial A through 
D contains a decreasing amount of water, 95–50%. Two drops of FD&C Red Dye 
were placed over the surface of each gel, sealed, and allowed to stand for 48 h to 
observe the diffusion of dye through the thickness of the gel. It can be seen from 
this figure that the diffusion of the dye (3 cm/48 h) is not impeded by water con-
centration (and corresponding viscosity) through the gel. The dye components 
separate by rate of diffusion, and the yellow component is observed diffusing faster 

Fig. 2.31 Cross-sectional view of particulate dressing in Fig. 2.30 and demonstrating adhesion to 
tissue, ×10 magnification

Fig. 2.30 Topological view of subcutaneous rat tissue coated with particulate barrier dressing 
after 60 s application (cut section for inspection)
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than the reddish component, which demonstrates that some materials diffuse faster 
than others. Also, the decreasing water concentration corresponds to increasing 
viscosity and “firmness” of the gel, but the diffusion of dye is only slightly influ-
enced. Barrier dressings are only 50–150 µm in thickness and diffusion of nutrients 

Fig. 2.32 Cross-sectional view (×60 magnification) of the bond between the rat tissue and 
 particulate barrier dressing, red hue is due to reflections from blood

Fig. 2.33 Demonstration of the diffusion of FD&C Red Dye through increasing percent water in 
collagen gels over 48 h at 25°C: A – 95%, B – 85%, C – 75% and D – 65%
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through these thicknesses happens in less than an hour. For this reason, dressings 
that are composed of water are not acceptable due to a high permeability that results 
in contamination of the wounded tissue, infection, and mortality.

The rate of diffusion (see Fig. 2.33) is controlled by the difference in 
 concentration across the gel, or more conveniently, by the concentration gradient 
dc/dx where c is the concentration of the water in mass per unit volume of solution. 
The diffusion rate is found to be proportional to the cross-sectional area A. If the 
diffusion rate is written dw/dt and the mass of dye (w) transformed across the 
boundary per second (t), one has Fick’s law of diffusion (Barrow 1973),

dw/dt = −D dc/dx

The proportionality constant D is called the diffusion coefficient, and the negative 
sign is introduced so that D will have a positive value. The diffusion coefficient can 
be recognized as the amount of solute (dye) that diffuses across a unit area in 1 s 
under the influence of a unit concentration gradient. The diffusion coefficient is 
characteristic for a given solvent (water) at a given temperature, of the diffusing 
tendency of the solute (dye) as demonstrated in Fig. 2.34, the dye can be observed 
to be diffusing from the reservoir (bottom) to the top of the collagen gel.

The range of bacteria diameter is 0.5–2.0 µm (Black 2002) with different aspect 
ratios and shapes compared to a simple sphere. Also, the surface chemistry of bac-
teria varies with type and environment, but the smallest microbes (viruses ~20 nm) 
do not obey transport or diffusion laws (molecular size) if moving through other 
substances such as water. Rather, some bacteria are able to regulate locomotion in 
aqueous solutions, but only for short distances. Therefore, bacteria may “eat” their 
way through a barrier more easily than they can physically move it. However, they 
take advantage of “cracks” and “pinholes” that often form in dressings, all the more 
incentive to provide an impenetrable barrier dressing for wounds.

Fig. 2.34 Collagen placed in (90% water) placed in pool of water solution of FD&C Green Dye 
to observe the dye diffusing upward against gravity
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The influence of noncovalent interactions (Mathews et al. 2000) between mol-
ecules determines the rate of diffusion as discussed, and they are hydrogen bonding, 
van der Waals repulsion, dispersion, and charge-, dipole-types. Water provides 
hydrogen bonding from water molecules, and nutrients with salts present sites on 
molecules (e.g., –NH

2
 from collagen) for interaction with water (H+ and OH−). 

Gravity is not a consideration as demonstrated in Fig. 2.35 where the gel is placed 
in a pool of FD&C Green dye, and the dye diffuses upward to eventually reach a 
chemical equilibrium and a uniform color.

Proteus mirabilis bacteria was dispersed in agar before solidifying into a Petri 
dish, and colonization occurred which seems contradictory for an aerobic microor-
ganism, but is understandable considering the “gel” structure is permeable to air, 
water vapor, and nutrients. The previous observation is further reason not to construct 
a barrier dressing from an aqueous gel, hydrogel or other similar material containing 
more than about 20% water where protection from bacteria is a critical requirement.

Finally, the particulate barrier did serve to absorb pools of blood (~150×), 
adhered to the injured tissue and provide physical abrasion properties that may 
eventually be a compliment or pretreatment to a wound instead of an environmen-
tally protective barrier dressing. A demonstration of rapid blood absorption by the 
barrier dressing is shown in Figs. 2.35–2.38. Theoretically, only seconds would be 
required to absorb fluid from bleeding wounds and form a protective gelatinous 
layer over the wound.

The solidified porcine blood in Figs. 2.38 and 2.39 is the result of gelation of the 
blood using the barrier dressing material. The complete process required 30 s. Blood 
flow from a punctured vessel requires a pressure differential pressure (e.g., 
0–300 mm Hg) to initiate flow, but an applied pressure or barrier over a punctured 
blood vessel will prevent flow as in the relationship in the following equation,

V
2
 = V

1
(P

2
−P

1
)1/2

where V
1
 is the initial velocity of blood through a vessel, V

2
 is the final velocity, P

1
 

is the initial pressure, and P
2
 is the final pressure. The change due to a wound is 

Fig. 2.35 Standing porcine blood in glass tray to simulate a bleeding wound
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related to the square root of the pressure differential multiplied by the initial velocity. 
The rate of blood flow is related to the rate that is explained as,

Rate = A × V

where A is the cross-sectional area of the vessel and V is the velocity, and the rate 
is usually expressed in square centimeters per minute or other units.

The solid gel provides a “pressure barrier” to blood flow. The barrier dressing could 
be a valuable first step hemostatic agent under field conditions prior to advanced 
treatment.

Fig. 2.36 Sprinkling of particulate dressing on blood

Fig. 2.37 Demonstration of efficient absorbance of porcine blood after 30 s by holding the tray 
vertically showing a solid nonfluid mass that adheres to the glass tray
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Fig. 2.38 Demonstration of absorbed porcine blood after cutting with a spatula to show the solid 
state of the combined dressing and blood

Fig. 2.39 Measurement of contact angle between drop of liquid and solid substrate

2.6  Physical Properties of Barrier Dressing Materials

2.6.1  Results of Testing Barrier Dressings on Agar Plates

This study consisted of applying coating or films of dressing material on agar plates 
to determine the “applicability” of wounded tissue which is moist and very hydro-
philic, conditions that usually do not provide good properties for adhesive sub-
strates (i.e., adherent).
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2.6.2  Surface Energy

The importance of surface energy involves the wetting properties of a liquid when 
applied on a solid and, in this case, adhesives applied to tissue. The adhesive must 
spread on the surface to the very hydrophilic, irregular contoured and moist tissue 
in order to adhere to the tissue and provide a continuous barrier. A liquid must pos-
sess a surface energy less than that of the substrate to wet, spread, and adhere to the 
substrate, otherwise, it will “bead” and not form a bond with the substrate. For the 
reader’s information, secondary bonds are the forces between adhesives and sub-
strates including hydrogen.

A method of measuring surface energy is shown in Fig. 2.40 where a drop of a 
control liquid is placed on the surface of a test substrate and the contact angle is 
measured with a goniometer. A series of control liquids are applied to the substrate 
where each develops a contact angle corresponding to a surface energy. A plot of 
the percentage composition of water and ethanol mixtures versus surface energy at 
different temperatures is shown in Fig. 2.41. To determine the surface energy of any 
substrate, measure the contact angle of control liquids and plot the cosine of each 
contact angle versus surface energy and regress to cos q  = 1; the intercept on the 
surface energy axis is the surface energy of the substrate as shown in Fig. 2.42.

A pertinent application of surface energy is the test of a water-soluble FD&C 
Green Dye on porcine tissue to determine the permeability of the dye through the 
tissue. If the surface energy of the dye is less than the tissue, then the dye will 
spread across the surface of the tissue which occurs in Fig. 2.42. Also, the dye is 
hydrophilic as is the tissue and the dye permeates the tissue. In the case of barrier 
dressing, it is desirable to wet or spread the liquid dressing on the tissue followed 
by solidifying and forming a continuous barrier (25–40 mm thickness). It is further 
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desirable that the barrier possesses a low surface energy so that it will not be wetted 
by bacteria and/or be permeable. A list of dressing materials and corresponding 
surface energies are listed in Table 2.7.

A major problem with natural biocompatible materials (collegan, chitosa, etc.) 
used for tissue barriers is that they absorb water and are permeable to water soluble/

Fig. 2.42 Demonstration of the permeability of FD&C Green Dye through porcine skin (taken 
from shoulder)

Fig. 2.41 Surface energy versus cos q for the determination of surface energy of TeflonR
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dispersible contamination and organisms. Some synthetic biocompatible materials 
as polyethylene glycol have a similar problem when used as tissue barriers. Any 
mateial that is to be used as a tissue barrier must be impermeable to water solutions/
suspensions and organisms.

2.6.3  Water Vapor Transmission

The controlled rate of water loss from skin is important for wound healing and, there-
fore, any barrier dressing applied over injured skin or exposed tissue must not reduce 
the conditions for wound healing including the natural loss of water vapor and gases.

Visscher et al. (2001) reported the effects of semipermeable films and water 
vapor transport (WVT) on human skin following a standardized wound (81.8 g m−2 h−1 
WVT), induced by tape stripping, by measuring transepidermal water loss (TEWL), 
skin hydration, rate of moisture accumulations, and erythema. Wounds treated with 
semipermeable films (25.3–64.3 g m−2 h−1 WTV) underwent more rapid recovery 
than wounds or wounds under complete occlusion (0.0–0.5 g m−2 h−1). Barrier films 
that produced intermediate levels of skin hydration during recovery produced the 
highest barrier recovery and general healing. Sites exposed to highest levels of 
hydration showed the poorest recovery indicating that occlusion retards healing. 
The results supported the hypothesis that semipermeable wound dressings augment 
barrier repair and skin quality by providing an optimized water vapor gradient during 
the wound healing process. Mechanistically, superficial wounds can be considered 
in two groups: those in which the epidermis is penetrated or denuded, and those in 
which the epidermal barrier is damaged but not breached. In the former case, 
wound healing proceeds by epithelization with migration of cells from hair folli-
cles, sweat-glands, and from around the edges of the wound. In the latter case, 

Table 2.7 Surface energies (20°C) of barrier dressings

Material
Surface energy 
dyne cm−1

 
Contact angle (q) 100% H

2
O

Teflon 17.1 –
PVAC/P/C 22.0 80.5
DermabondR 23.0 89.5
PB/P/C 27.5 77.2
Polyethylene 31.0 –
Oleic acid 32.5 –
Water 72.8 –
Iron 1,650.0 –

Note 1: PVAC/P/C Polyvinyl acetate/plasticizer/chlorhexidine
Note 2: PB/P/C Polybutyral/plasticizer/chlorhexidine
Note 3: P Plasticizer (ethylene glycol dibenzoate)
Note 4: C Chlorhexidine diacetate
Note 5: DermabondR 2-Octyl-cyanoacrylate/plasticizer/preservative
Note 6: Teflon, polyethylene film, and water are included as a control surface(CRC Handbook, 52 ed.)
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repair is subtle and involves augmentation of epidermal DNA and lipid synthesis by 
mechanisms linked to the transepidermal water gradient. The ultimate result of both 
types of wound healing is the restoration of barrier integrity with formation of an 
intact stratum corneum epidermis. Since our evolution as aerobic organisms, we 
have become dependent on oxygen as a catalyst and energy source for many cel-
lular functions including maintenance, metabolism, and repair. Oxygen has a sig-
nificant role in wound healing, being essential to provide the additional energy 
source for the repairing process. Oxygen may, in fact, be the rate limiting step in 
early wound repair. Many other components, in addition to oxygen, are interrelated 
to provide the optimal environment for healing, including nutritional state, immune 
function, cardiopulmonary function, oxygen carrying capacity, blood flow, blood 
volume, temperature, and hormonal mediators. Tandara and Mustoe (2004) reported 
the interruption of blood flow leading to hypoxia immediately after damaging tis-
sue, and the importance of oxygen in the wounded tissue to promote healing. 
Christophersen et al. (1991) reported the free radical mechanisms involved during 
the utilization of oxygen in tissue. The measurement of water vapor transmission is 
also indicative of oxygen gas transmission through the same membrane and contact 
with the wounded tissue. However, oxygen is delivered from the blood supply when 
wounds must be covered to prevent infection.

A method of measuring WVT for barrier dressing is the water vapor transmis-
sion cup shown in Fig. 2.43a. A plain cellulose paper sheet was coated with the 
barrier dressing, allowed to cure or dry for 24 h, followed by preparing a 25 cm2 
disc and placing the coated disc between rubber gaskets in the cup as shown in 
Fig. 2.43b. The assembled cup was weighed and placed in a constant temperature 
oven (Fig. 2.44) at 37°C for 24 h, after which the cup was reweighed to determine 
the loss of water through the barrier dressing in this case. The results of the measure-
ments for different barrier materials are contained in Table 2.8.

clamp 

gasket

sample

water

Water
Vapor

a b

Fig. 2.43 (a) Water Vapor Transmission Cup (Perm Cup), ASTM D 1653-03, ISO 7783, and 
(b) Cross-sectional view of assembly comprising cup including water reservoir, clamp, and gasket
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2.6.4  Dynamic Mechanical Analysis

The physical properties of barrier dressings were evaluated using the Seiko Model 
DMS 210 Dynamic Mechanical Analyzer Instrument (see Fig. 2.45). Referring to 
Fig. 2.46, dynamic mechanical analysis consists of oscillating (1 Hz) tensile force of 
a material in an environmentally (37°C) controlled chamber (see Fig. 2.47) to measure 
loss modulus (E″) and stored modulus (E¢). Many materials including polymers and 
tissue are viscoelastic, meaning that they deform (stretch or pull) with applied force 
and return to their original shape with time. The effect is a function of the viscous 
property (E″) within the material that resists deformation and the elastic property (E¢) 

Fig. 2.44 Water vapor transmission cup in constant temperature oven, 37°C

Table 2.8 Water vapor transmission rate (WVTR) of barrier dressings at 37°C, ASTM D 1653-03

Dressing g h−1 WVTR (g m−2 h−1)

Blank paper only 0.425 170.0
Poly(vinyl alcohol) 0.343 137.2
Poly(vinyl acetate) 0.158  63.3
Emulsion 0.115  46.0
Poly(vinyl butyrate-co-vinyl 

acetate-co-alcohol)
0.027  10.8

2-Octylcyano-acrylate; 
(DermabondR)

0.026  10.4

Poly(ethylene) extruded film 8.33 × 10−4  0.3

Note 1: Porous cellulose paper was used as blank substrate = 25 cm2 = 2.5 × 10−3 m−2
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that allows the material to deform and return as shown in Fig. 2.48 for porcine skin. 
The relationship of modulus and pecent plasticizer in polyvinyl acetate is shown in 
Fig. 2.49 and the effect of percent plasticizer with glass transition temperature 
(brittleness) in Fig. 2.50. Plastizicers are useful for adjusting the viscoelastic proper-
ties to simulate those of skin. The number of rats that survived the innoculation with 
bacteria are shown in Fig. 2.51. The survivorship in all cases were improved with the 
treatment compared to no treatment. Porcine skin is more elastic than viscous because 
the tan q is less than 1.0. Taking a common example, common window caulking is 
viscoelastic putty because it deforms to any shape, but possesses enough elasticity to 
“spring-back” and compress against surfaces and omit water from entering around its 
edges like a rubber gasket.

Fig. 2.46 Illustration of the oscillating forces applied to a specimen during testing

1 Hz Frequency

Oscillating
Specimen

Holders/Grips

Fig. 2.45 Seiko model dynamic mechanical analyzer, the operator’s finger is touching the test 
specimen between grips
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Fig. 2.48 Stored (E¢) and loss (E″) modulus versus temperature of porcine skin, shoulder section

The data in Table 2.9 represents a composite list of pertinent thermal and vis-
coelastic properties for barrier dressing materials, and the following observations 
can be drawn these data. The tensile (pull) testing results of barrier dressing are 
listed in Table 2.10.

Immersion in water lowers tan •	 q (viscosity/elasticity) for smaller tan q » toughness
•	 T

g
 does not translate to embrittlement of the dressing, but a harder consistency

Values from films formed over dry substrates produced lower tan •	 q values 
because water plasticizes or weakens the structure (i.e., reduces Young’s modulus) 
of each material

Fig. 2.47 View of DMA specimen holder, red arrow indicates specimen and blue arrow indicates 
environmental chamber that closes over the specimen grips during testing
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GLASS TRANSITION (Tg)TEMPERATURE VS.
PERCENT PLASTICIZER
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Fig. 2.50 Glass transition temperature versus percent plasticizer

Porcine tissue possesses a tan •	 q of 0.20 or a ration of viscous/elastic property of 
1:5, representing good extension and elastic properties. A material that adheres 
to the tissue must have a similar tan q or it will not strain (stretch, pull, flex, etc.) 
with the tissue and crack until it loses adhesion and disbonds from the tissue, 
failing as a barrier dressing.
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Fig. 2.49 Modulus versus percent plasticizer (dioctyl phthalate) at 37°C
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Fig. 2.51 Rat survivorship, chi square analysis

Table 2.10 Results of tensile testing for barrier 
dressings

Material kPa

Cyanoacrylate dermabondR 408.8
PVAC/P/C 109.8
PB/P/C  87.6
Acrylate emulsion  20.1
GIT#19 Nonaqueous suspension  50.5

Table 2.9 Tan q of liquid dressing films formed over agar

Liquid dressing

Tan q (E″/E¢)

0°C 25°C 37°C T
g
°C

1. PVAC/P/C - 0.05 0.06 1.3 33
2. “ ” Immersed in water 48 h before testing 0.06 2.02 8.7 33
3. PB/P/C 0.17 0.55 0.43 31
4. (3) “ ” Immersed in water 48 h before testing 0.42 0.76 0.68 31
5. 2-Octyl cyanoacrylate (DermabondR) 0.06 0.05 0.07 24
6. (5) “ ” Immersed in water 48 h before testing 0.13 0.14 0.07 24
7. Liquid BandageR 0.24 0.26 0.35 ?
8. (7) Immersed in water 48 h in water
9. Porcine skin (kept moist in saline solution) – 0.19 0.20  0
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2.6.5  Adhesion to Tissue

The Standard Test Method for Strength Properties of Tissue Adhesive in T-Peel by 
Tension Loading, ASTM F 2256-03, was not employed for testing barrier dressings; 
only porcine tissue was available in 15 cm strips that possessed thick hair on the 
epidermis side and a thick fat layer on the underside that was not conducive to 
testing . Removal of the fat layer to isolate the dermis will be necessary before testing 
by the “T-Peel” method.

The barrier dressings were tested in tensile mode, adhered at ends, as discussed 
in Sect. 2.3. These tests provided good relative adhesive values (kPa) for comparing 
the barrier dressings for their ability to adhere to tissue.

The applicator in Fig. 2.52 is the liquid spray type that applies the liquid barrier 
to the wound without touching the tissue. The thickness of the barrier film can be 
adjusted by reapplication of the sprayed liquid barrier, and “drying to touch”occur 
with 15-20 seconds. Testing the barrier film on rats requires excision of the skin 
(dorsol section) that begins with mapping a section for excision in Fig. 2.53 and 
application, the exposed wet and soft tissue in shown Fig. 2.54 followed by spray-
ing the liquid barrier to the excised tissue, and the dried protective barrier film is 
firmly in place on the excised rate skin in Fig. 2.55. The application of the liquid 
barrier was successfully applied over a wet excised tissue.

2.6.6  Removability of Barrier Dressing from Wounds

The convenient removal of liquid or particulate applied dressing is desirable after a 
wound has healed sufficiently, a new application is required or other reason the clini-
cian may have. A convenient hand-held device was developed for this purpose con-
sisting of reverse-side pressure-sensitive adhesive tape applied on supply and take-up 

Fig. 2.52 Spray on applicators of barrier dressing
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Fig. 2.54 Mapping of dorsal excision pattern

Fig. 2.53 Excised tissue

spools shown in Fig. 2.56. The combination of adhesion and upward directed torque 
makes this device successful for removing all liquid-applied dressings.

In addition, the removed dressing is not reexposed to the tissue, but rolled-up on 
the take-up spool. Tissue can be precleaned and prepared for a dressing by using 
this device (see Fig. 2.56).
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The construction of the case is acrylic or other clear plastic material that will 
allow inspection of the remaining tape on the spool in order that the operator will 
know when to replace it.

2.7  Bacteria Permeability of Dressings

The liquid dressing (polymer/solvent) was designed to be placed over soft tissue, dried 
by solvent evaporation to form a coherent barrier film  as shown in Fig. 2.57. The rate 
of drying is dependent on the vapor pressure of the solvent as demonstrated in Fig. 2.58. 

Fig. 2.56 Demonstration of barrier dressing removal (blue) by reverse-side pressure-sensitive 
tape and roller; note that the dressing remains on the tape and protects the substrate from further 
exposure to the dressing after removal; the tape can be safely disposed after use

Fig. 2.55 Formation of flexible, adhesive, and durable barrier film
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Fig. 2.57 Mechanism of barrier application and solvent evaporation
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Fig. 2.58 Biocompatible solvents (Acetone, ethanol and water): vapor pressure and temperature
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The permeability of dressing materials to bacteria was of paramount interest  considering 
the primary objective of a barrier dressing is to prevent infection of wounds from expo-
sure to microorganisms. The study was designed to determine the growth or penetration 
of bacteria applied over plain agar (with nutrients) followed by topical application of 
bacteria and incubation at 37°C. Body temperature was chosen for the incubation condi-
tion to simulate the wounded tissue of a patient; and aerobic bacteria were selected for 
common and probable contact in natural environments (sand, dirt, water, etc.). 
Anaerobic bacteria were not tested because they were available for testing in this labora-
tory. However, the Staphylococcus genus is a facultative anaerobe that utilizes oxygen 
when it is present (aerobic) and become anaerobic when it is absent. Gerhardt et al. 
(2001) explained that aerobic bacteria colonize in a liquid (e.g., flask culture), if two 
criteria are met: (1) Gas exchange, oxygen and carbon dioxide, through the liquid and 
(2) the attainable liquid surface area available for oxygen transport.
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The barrier dressings materials were selected for biocompatibility and physical 
properties discussed in Sect. 2.6. Each dressing was formulated with additive materials  
to achieve desired properties rather than existing as a single chemical compound:

Acrylic emulsion – Acrylic monomers and hydrophobes polymerized via mini-•	
emulsion (miniEP) polymerization (Gooch 2002) in an aqueous medium.
Poly(vinyl acetate vinyl alcohol) – A water plasticized polyvinyl acetate with •	
minor hydrolysis to form vinyl alcohol sites to a molecular weight of ~50,000 g/
mole; plasticized with mono/diethylene glycol dibenzoate. This material was 
dissolved in ethanol for application purposes.
Poly(vinyl alcohol) – A water-soluble copolymer of ~150,000 g/mole polymer •	
from 99% hydrolysis of polyvinyl acetate.
Poly(butyral-•	 co-vinyl acetate-co-vinyl alcohol) – A terpolymer with greater 
water resistance than polyvinyl acetate, but good adhesion to tissue when 
applied in ethanol solution.
Polycyanoacrylate – Dermabond•	 R product consisting of 2-ocyl-cyanocrylate 
plasticized and stabilized for antimicrobial growth.
Agar – Plain growth medium with nutrients to support bacteria growth.•	

The above dressing materials were all-biocompatible, but comprised a range of 
physical properties that were observed for permeability and growth of bacteria. 
Agar is about 95% water and provided a hydrophilic substrate similar to tissue for 
barrier (coating or film type layer) compared to a dry or lipophilic substrate. 
A measured volume of each bacterium inoculum was placed over a dried barrier 
dressing in individual Petri dishes that contained agar growth medium followed by 
incubation at 37°C for 7 days. The results of these studies are listed in Table 2.11.

Acrylic emulsion – The emulsion consisted of suspended crosslinked (gel) •	
 particles that are not water-soluble and form a film upon evaporation of the aque-
ous phase. However, the water did not evaporate quickly enough to form a continu-
ous film on agar because agar is 95% water, and it continuously provided moisture 
that prevented film formation. The result was a porous barrier, but a continuous 
film was later obtained by dissolving dried emulsion solids in ethanol.
Polyvinyl acetate-vinyl alcohol – This plasticized polymer formulation is •	
insoluble in water and was dissolved in ethanol and quickly (~5 min) formed 

Table 2.11 Barrier dressing material and bacteria permeability

Dressing material
Pseudomonas 
aeruginosa

Proteus 
mirabilis

Escherichia 
coli

Staphylococcus 
aureus

Acrylic emulsion + + + +
Poly (vinyl acetate – vinyl 

alcohol)
− − − −

Poly (vinyl alcohol) + + + +
Polyvinyl butyral − − − −
Polycyanoacrylate − − − −
Agar gel + + + +

Note: (+) Bacteria growth was observed on surface of the barrier dressing material, and (−) 
 indicated no growth
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a  continuous film and impenetrable barrier, but is permeable to water 
vapor.
Polyvinyl alcohol – This polymer was dissolved in water and did not form a •	
continuous film, and the hydrophilic property prevented the formation of a 
 barrier film. This emulsion consists of emulsified particles that must fuse during 
evaporation of water and form a film, but cannot do so if the water phase remains 
which is what happened in this case.
Polyvinyl butyral – A nonvapor or liquid permeable plasticized polymer formu-•	
lation with additive materials that forms a continuous film from an ethanol solution 
(~5 min).
Polycyanocrylate – 2-Octyl-cyanoacrylate plasticized and self-stabilized is the •	
slower, but slightly more flexible (octyl- vs. ethyl-substituent group) ionically 
curing adhesive that is catalyzed by weak bases including water. The liquid and 
nonsolvated DermabondR product forms a continuous film in ~3–5 min that is 
continuous and very adherent to tissue.
Agar – The standard alginate (5%) in water formulation for filling Petri dishes. •	
This material is a “gel” or solid resin in water material to represent a nonpoly-
meric material through which nutrients diffuse to colonize bacteria.

From Table 2.11 and the discussion in Sect. 2.6, it is apparent that only moisture 
impenetrable materials are suitable for barrier dressings. In other words, nothing, 
except, water vapor, may be transmitted through the barrier dressing. Nutrients, it 
will be shown below (see Fig. 2.59), are included in this theory because they diffuse 
the barrier to nourish the bacteria (aerobic in this study) on the surface and  colonize. 
As observed from these experiments, advanced bacterial growth is eventually 
 continuous through the thicknesses of barrier and agar.

The example of Staphylococcus aureus on polyvinyl acetate and plain agar (see 
Fig. 2.60) best shows the efficacy of a barrier to resist or support bacteria growth.

The observations in Sect. 2.6.1 clearly apply to the barrier effects in Fig. 2.62 
especially with regard to the moisture or water vapor permeability. The permeability  
of water vapor for polyvinyl alcohol is unacceptable compared to acceptable levels 
in poly vinyl acetate, polybutyral and cyanoacrylate. A high level of moisture 

Fig. 2.59 Cross-sectional views of back-illuminated polyvinyl alcohol coated over agar showing 
growth of Staphylococcus aureus; the view in (a) (×10 magnification) shows the complete thick-
ness and view in (b) (×60 magnification) shows in the bacteria growth, polyvinyl alcohol and 
growth through the polyvinyl alcohol layer and into the agar
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Fig. 2.61 Cross-sectional views of a single drop of a water-dispersible red dye between sections 
of plain agar from Petri dishes to demonstrate the natural diffusion of nutrients through gels con-
taining major fractions of water

Fig. 2.60 Topological views of formulated polyvinyl acetate over agar (a) and plain agar (b) in 
Petri dishes after having been inoculated with Staphylococcus aureus and incubated for 7 days at 
37°C; note the original yellow drop of bacteria suspension in (a) and the prolific growth in (b) 
which demonstrates the barrier effect

 permeability results in a liquid-like medium that allows the diffusion of nutrients as 
if in liquid water.

Diffusion of water-dispersed nutrients in solid gels as agar or wound dressings is 
demonstrated in Fig. 2.61. A single drop of water dispersible FD&C Red Dye 
(McCormick Co.) was placed between two sections of plain agar and the rapid 
advance of dye via diffusion can be observed in the series of figures. The observa-
tions from Fig. 2.62 are that nutrients, same as the red dye, diffuse a “gel” that 
consists primarily of water. The forces involved in diffusion are well known including 
secondary molecular forces and osmotic pressure that tends to maintain a concentra-
tion equilibrium of dispersed (soluble-nonionic) particles. In other words, particles as 
nutrients or ions as salts tend to establish equilibrium throughout an aqueous 
medium, and when bacteria removes by digesting a fraction of those particles, the 
equilibrium is shifted toward the low concentration to reestablish equilibrium. More 
specifically, the nutrients and salts will travel to the low concentration as the bacteria 
removes nutrients and salts. Within the body and its tissues, the term “homeostatic” 
is more applicable for maintaining equilibrium for different chemical compositions.
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2.8  Preservative and Antimicrobial Agents

In a microorganism prone environment, it is preferable to protect a dressing with a 
preservative such as chlorhexidine to prevent the contamination of the dressing. It 
is necessary to consider the solubility of an agent in the liquid phase of the dressing 
during the selection of an antimicrobial agent. The formulated polyvinyl acetate 
and polybutyral materials were dissolved in ethanol that is also a solvent for 
 chlorhexidine diacetate. The information (Block, 2001) in Table 2.12 provides 
 solubilities of chlorhexidine compounds in different solvents.

From inspection of Table 2.12, it is apparent that only chlorhexidine diacetate is 
sufficiently soluble in ethanol, so the liquid applied barrier dressing consisting of 
polymers dissolved in ethanol must be preserved by chlorhexidine diacetate, 
because water is not an option. The concentration of this agent is another consider-
ation, but the range of options is clear from the above table.

The concentrations of chlorhexidine diacetate for antimicrobial growth and 
sporicidal activity are listed in Table 2.13. The levels of chlorhexidine concentra-
tion for bacteriostatic compared to bacteriocidal are about twofold and a similar 
relationship for spores. Chlorhexidine diacetate is an effective general topical 
antibacterial agent directed mainly toward gram-positive and gram-negative bacteria; 
it is inactive against bacterial spores except elevated temperatures, and acid 
 fast-bacilli are inhibited but not killed by aqueous solutions. The infectivity of some 
lipophilic viruses [e.g., influenza virus, herpes virus, human immunodeficiency 
virus (HIV)] is rapidly inactivated by chlorhexidine, although aqueous solutions are 
not active against the small protein-coat viruses.

Fig. 2.62 Chlorhexidine and its reaction with acetic acid to form chlorhexidine diacetate (com-
plex molecular structure), where the acetic acid and chlorhexidine base are in equilibrium (+ 
charge), when dissolved, they subsequently dissociate in water
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Yeasts (including Candida albicans) and dermatophytes are usually sensitive, 
although chlorhexidine fungicidal action is subject to species variation, as are other 
agents. The effective concentrations of chlorhexidine agents for bactericidal, bacte-
riostatic, sporicidal, and sporostatic organisms are listed in Table 2.13.

Chlorhexidine is 1,6-di(4-chlorophenyl-diguanido)hexane, molecular weight 
505.46 g/mole, a cationic bisbiguanide of the formula is shown in Fig. 2.62 and it 
becomes the diacetate when reacted with two-moles of acetic acid.

Chlorhexidine is a strong base (Lewis acid-base theory) because it reacts with 
acids to form salts of the RX

2
 type, and it is practically insoluble in water 

(<0.008% wt/vol at 20°C). The water solubility of the different salts varies widely 
as demonstrated in Table 2.13. Chlorhexidine is moderately surface-active (a net + chare 
over its surface) and forms micelles (molecular aggregates form colloidal particles) 
in solution; the critical micellar concentration of the acetate is 0.01% wt/vol at 
25°C (Heard and Ashworth 1969). Aqueous solutions of chlorhexidine are most 
stable within the pH range of 5–8, and above pH 8.0 chlorhexidine is precipitated 
because conditions for a base (>pH 7) reaction are present.

The positive charge is due to the formation of the guanidinum cation on the 
chlorhexidine molecule (Fig. 2.63) that is formed by tautomerism (Morrison and 
Boyd 1992) and shown Figs. 2.64 and 2.66.

The mechanism of antibacterial action was reviewed by Woodcock (1988). 
At relatively low concentrations, the action of chlorhexidine is bacteriostatic, and 
at higher concentrations, it is rapidly bacteriocidal, with actual levels varying 
 somewhat from species to species. The lethal process consists of a series of related 

Table 2.13 Bactericidal and sporicidal concentrations of disinfectants

Antibacterial agent Bactericidal Sporicidal (%wt/vol) Bacteriostatic Sporostatic

Chlorhexidine diacetate 0.0002 >0.05 0.0001 0.0001
Cetylpyridium chloride 0.002 >0.05 0.0005–0.01 0.00025
Phenol 0.05 >5 0.2 0.2

Source: Disinfection, sterilization, and preservation (2001)

Table 2.12 Solubility of chlorhexidine in solvents

Chlorhexidine 
compound Water Ethanol at

2-Propanone 
(20°C) Dichloromethane

Base  0.008 <0.001 <0.001 <0.001
d-Gluconate 20.2 <0.001 <0.001 <0.001
Diacetate  1.9  5.1 <0.001 <0.001
Dihydrochloride  0.06 <0.001 <0.001 <0.001
Dinitrate  0.03 <0.001 <0.001 <0.001
Carbonate  0.02 <0.001 <0.001 <0.001
Sulfate  0.01 <0.001 <0.001 <0.001
Hydroxide  0.001 <0.001 <0.001 <0.001

Sources: Principles and Practices of Disinfection, Preservation, and Sterilization, 
S. S. Block, ed., Blackwell Scientific Publications, St. Louis, 1982; Disinfection, 
Sterilization, and Preservation, S. S. Block, ed., 5th ed., Lippincott Williams & 
Wilkins, New York, 2001, pp. 321



Fig. 2.63 Three-dimensional molecular model of chlorhexidine, 1,6-di(4-chlorophenyl-diguanido)
hexane, molecule weight 505.46: gray – carbon, blue – hydrogen, dark blue – nitrogen, and green 
– chlorine

Fig. 2.64 Guanidinium cation as represented in chlorhexidine molecule, and one form of tautom-
erism (a total of ten tautomers) to form the cation in equilibrium with other tautomer arrangements 
(calculated total of 10)

Fig. 2.65 Chlorhexidine partial charges (J/mole) assigned to chemical units from extended Huckle 
molecular orbital theory (Rauck, 2001; Smith and March, 2001)
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cytologic and physiologic changes, some of which are reversible, that culminate in 
the death of the cell. The sequence is thought to be as follows:

 1. Rapid attraction toward the bacterial cell
 2. Specific and strong adsorption to certain phosphate-containing compounds on 

the bacterial surface
 3. Overcoming the bacterial cell wall exclusion mechanisms
 4. Attraction toward the cytoplasmic membrane
 5. Leakage of low-molecular weight cytoplasmic components, such as potassium 

ions, and inhibition of certain membrane-bond enzymes, such as adenosyl 
triphosphatase

 6. Precipitation of the cytoplasm by the formation of complexes with phosphated 
entities, such as adenosine triphosphate and nucleic acids

Chlorhexidine is 1,6-di(4-chlorophenyl-diguanido)hexane, molecular weight 
505.46 g/mole, a cationic bisbiguanide of the formula in shown in Fig. 2.64 and it 
becomes the diacetate when reacted with two-moles of acetic acid.

Characteristically, a bacterial cell is negatively charged, the nature of the 
 ionogenic groups varying with bacterial species. It has been shown that given 
 sufficient chlorhexidine, the surface charge of the bacterial cell is rapidly  neutralized 
and then reversed. The degree of charge reversal is proportional to the chlorhexidine 
concentration and reaches a stable equilibrium within 5 min. The rapid electrostatic 
attraction of the cationic chlorhexidine molecules and the negatively charged 
 bacterial cell undoubtedly contributes to the rapid rate of kill associated with 
 chlorhexidine, although surface charge reversal is secondary to cell death. Electron 
microscopy and assay for characteristic outer membrane  components, such as 
2-keto-3-deoxyoctonate (KDO), demonstrate that sublethal concentrations of chlor-
hexidine bring about changes in the outer membrane integrity of gram-negative 
cells. An efflux of divalent cations, especially calcium ions, occurs prior to or during 
such outer-membrane changes. Chlorhexidine molecules are thought to compete for 
the negative sites on the peptidoglycan, thereby displacing metallic cations.

Fig. 2.66 The mechanism of antibacterial activity of chlorhexidine diacetate on a bacteria cell: 
(a) Natural cell with surrounding negative surface charge (gray), (b) introduction of chlorhexidine 
diacetate, pH < 7, surrounding positive charge (red) and (c) disruption of cell membrane
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Local skin irritation reactions occasionally are reported with the use of chlor-
hexidine. Long-term experience demonstrated an extremely low incidence of sensitization 
reactions. There have been isolated reports of generation allergic reactions, and in 
the most severe cases shock has occurred (Kimura et a1. 1994).

Shelf stability of a product is of critical importance because it is affected by long-
term antimicrobial and antioxidizing activity enhanced by preservative agents com-
pared to only antimicrobial agents that are added to dressings for thwarting infection 
in a wound. Preferably, a preservative can be added to a product that possesses broad-
spectrum antimicrobial activity that will allow the product to maintain activity before 
reaching a planned expiration date, and prevent infection when applied to wounds.

2.9  Optimal Properties of Barrier Dressings

The properties of human tissue were studied before evaluating noninflammatory 
response of injured tissue to contact with barrier dressings to protect wounds, and 
pertinent physical properties are contained in Appendix A 2.6.1. The following 
properties are those deduced from the experiments and tests.

Impermeable to nutrients for supporting growth of aerobic microorganisms and •	
impenetrable to anaerobic microorganisms
Water vapor and gas semipermeable:•	
Permeability – g m•	 −2 h−1;
Water vapor transmission rate (WVTR) – g m•	 −2 per 24 h period, at 37°C
Standard water vapor transmission rate – g m•	 −2 h−1.
Flexible, modulus – tan •	 q:
Adhesion – Pa:•	
Shelf stability, months:•	
Low weight and cube:•	
Convenient application:•	
Fast set-up, curing and drying:•	
Low cost:•	
Nonflammable to low flammable:•	

Formulations of 2-octyl cyanoacrylate (Liquid BandageR), polyvinyl acetate, poly-
butryal were successful in rat studies, however, a spray-on bandage is recom-
mended for ease-of-use and, especially for one-hand application such as with a 
“pump-type spray” bottle. Aerosol cans are under pressure and may not be allowed 
to be carried on aircraft.

The following formulations are recommended for testing on excised rates:

Siloxane-based formulation:•	

Hexamethyldisiloxane (solvent) –
Polyphenylmetholsiloxane –
Preservative agent –
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Acrylate terpolymer:•	

Poly(methacrylate-isobutene-moniisopropylmaleate) –
Ethyl acrylate –
Pentane –

Both of these formulations can be applied to tissue by pouring or spraying on wounds. 
Both formulations are particularly conducive for pressure-spray or pump-spray 
applications. They both form continuous impermeable films over moist tissue, are 
water-proof after application, have long shelf stability, and are biocompatible. The 
siloxane-based material appears to have no “stinging” effect on excised tissue, and it 
does possess a very low surface energy that is difficult for environmental contamination 
and bacteria to attach. These materials are inexpensive compared to cyanoacrylates.
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