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Abstract: The prevalence for chronic, non-healing skin wounds in the general population, most no-

tably diabetic foot ulcers, venous leg ulcers and pressure ulcers, is approximately 2% and is expected 

to increase, driven mostly by an aging population and the steady rise in obesity and diabetes. Non-

healing wounds often become infected, increasing the risk of life-threatening complications, which 

poses a significant socioeconomic burden. Aiming at an improved management of infected wounds, 

a variety of wound dressings incorporating antimicrobials (AMDs), namely polyhexanide 

(poly(hexamethylene biguanide); PHMB), have been introduced in the wound care market. How-

ever, many wound care professionals agree that none shows comprehensive and optimal antimi-

crobial activity. This manuscript summarizes and discusses studies on novel PHMB-releasing mem-

branes (PRMs) for wound dressings, detailing their preparation, physical properties relevant in the 

context of AMDs, drug loading and release, antibacterial activity, biocompatibility, wound healing 

capacity, and clinical trials conducted. Some of these PRMs were able to improve wound healing in 

in vivo models, with no associated cytotoxicity, but significant differences in study design make it 

difficult to compare overall efficacies. It is hoped that this review, which includes, whenever avail-

able, international standards for testing AMDs, will provide a framework for future studies. 

Keywords: poly(hexamethylene biguanide); polyhexamethylene biguanide; polyhexanide; PHMB; 
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1. General introduction & aims 

Wounds can be viewed as a disruption of the normal anatomical structure and func-

tion of any bodily tissue or organ. They can occur following injury by physical, chemical 

or thermal means, or as the result of underlying pathological conditions. In open wounds, 

the protective body surface (skin or mucous membranes) is broken, allowing entry of for-

eign material into the tissues, including microorganisms. Wound healing, i.e., the process 

by which the normal structure and function of destroyed or damaged tissues is restored, 

is an extremely complex and dynamic biological process that can be divided into four 

sequential, yet overlapping, processes: (i) hemostasis, i.e., stoppage of bleeding; (ii) in-

flammation, a primary defense mechanism against the invasion of microorganisms; (iii) 

proliferation of keratinocytes, fibroblasts, macrophages and endothelial cells and migra-

tion from the wound edges into the gap in the dermal layers created by the wound, to 

restore skin continuity and function through the formation of new tissues and blood ves-

sels; (iv) remodeling of these new tissues, converting the initial fibrin-rich blood clot into 

a collagen-rich scar [1,2]. As a result of the inflammatory process, capillaries become more 

permeable, allowing entry into the wound bed of blood cells and fluid (the so-called exu-

date). 
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Attenuation or disruption of any of the cellular and molecular mechanisms underly-

ing the above-mentioned sequence of processes can compromise wound closure, with 

wound healing usually stalling in the inflammatory phase. Advanced age and diabetes 

are primary risk factors for developing chronic, non-healing wounds, but failure to 

achieve wound healing in a timely and orderly manner may also be due to several other 

factors, such as other pathological conditions (e.g., malignancies), repeated insults, poor 

primary treatment, necrosis and excessive levels of inflammatory cytokines and of exu-

date. Chronic wounds caused by pathological conditions, also known as ulcers, have a 

high prevalence worldwide, most notably venous leg ulcers and diabetic foot ulcers, for 

which the worldwide prevalence is 3% and 6.3% of adult population, respectively [3]. 

Chronic wounds are often severely colonized by bacteria and fungi and may become 

infected. The formation of biofilms in polymicrobial infections shields bacteria from anti-

microbial agents and from the immune response and is one of the causes of wound healing 

failure, which can result in widening of wounds, in the need for surgical intervention and 

in life-threatening events [4]. In the combat of wound infection, the most common ap-

proaches involve removal of dead, damaged and/or infected tissue from the wound 

(wound debridement) and their cleansing with topical antiseptics, such as the oxidizing 

agents hypochlorous acid and hydrogen peroxide, and the polymer-based povidone-io-

dine (PVP-I) and poly(hexamethylene biguanide), also known as polyhexanide and ab-

breviated to PHMB [5]. 

The simplest approach to replace the barrier function of intact skin is the application 

of a dressing, such as cotton gauze. Ideally, traditional wound dressings (WDs) should 

possess the following characteristics [6,7]: (i) stand as a temporary barrier against micro-

organisms; (ii) protect from trauma; (iii) possess mechanical stability; (iv) absorb excess 

exudate or provide hydration, depending on the wound characteristics; (v) allow for gas 

transmission; (vi) relieve pain; (vii) have low adherence to skin, causing minimal pain 

during application and removal; (viii) be non-toxic and non-irritant; and (ix) be sterile. 

Aiming at a more active role in wound healing, some WDs, known as medicated (or bio-

active) wound dressings, have a bioactive agent incorporated into their matrices, most 

commonly antimicrobials, but also analgesics, anesthetics, anti-inflammatory drugs and 

growth factors. WDs and medicated WDs have been in use since antiquity [8,9], with some 

of our early ancestors covering wounds with dressings made from locally available herbs 

and natural fibers, favoring those that accelerated healing. For instance, the Egyptians 

employed antimicrobial dressings (AMDs) in the form of plasters (adhesive bandages) 

made of honey, grease and lint and applied a malachite-containing “green paint” to 

wounds. It is now known that honey, which is still employed in commercial AMDs [10], 

has antimicrobial properties, due to the presence of hydrogen peroxide, polyphenols, phe-

nolic acids, and flavonoids. Grease has barrier properties, lint may have helped in exudate 

drainage and malachite is a mineral rich in copper, a metal known for its antimicrobial 

properties. With the Greeks, the importance of cleanliness was introduced and washing 

of the wounds with boiled water, vinegar and wine were common practice, the antiseptic 

action of vinegar and wine conferred by, respectively, acetic acid and ethanol. In the 20th 

century, the introduction of antibiotics significantly improved control of wound infection, 

but its widespread use led to the appearance of multidrug-resistant bacterial strains. The 

use of antiseptics is now favored, particularly of those with an unspecific mode of action, 

i.e., whose antimicrobial activity is due to the irreversible destruction of the cell membrane 

or of the bacterial cell itself, or to blockage of negative surface charges, as no resistance 

associated with their normal use has been reported [5,11,12]. In addition, the risks for con-

tact sensitization and systemic effects are lower. Nonetheless, it must be stressed that no 

wound dressing containing antiseptics should be used routinely, but only when signs of 

wound infection exist, with the exception of those patients for whom prophylactic use is 

advised, namely immune-compromised patients [13]. 

The WDs market is expected to represent $11.2 billion by 2025 [14], driven mostly by 

an aging population, the steady rise in diabetes and obesity, but also increasing numbers 

of road accidents and surgeries, including caesarian sections in older women, among 
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other factors. However, to this day, and in spite of intensive research efforts, the number 

of AMDs that reached the market has been limited, due to a combination of high produc-

tion costs, poor drug stability, demanding storage conditions [15] and difficulties in 

achieving a drug delivery system in which the full therapeutic effect of the loaded bioac-

tive agents is safeguarded [16]. Moreover, many wound care professionals agree that none 

of the commercially available AMDs shows optimal and comprehensive antimicrobial 

power [17]. 

Of the commercially available AMDs, more than a dozen contain the antiseptic 

PHMB. Among the advantages of using PHMB in AMDs are its high stability [18,19] and 

broad antibacterial spectrum. Among the antiseptics evaluated in a recent consensus re-

port on wound antisepsis, PHMB was considered as the first choice for burns and for crit-

ically colonized and infected chronic wounds and one of two first choices for the treatment 

of contaminated acute and chronic wounds [5]. Here, research on novel PHMB-releasing 

membranes (PRMs) designed and tested for application as AMDs will be reviewed for the 

first time. Besides describing their preparation and characterization, this manuscript also 

presents international standards that might be used as guidance in the analysis of their 

performance, as well as in the design and testing of novel studies and/or PRMs. For con-

textualization, the main discussion is preceded by a brief overview of the methods em-

ployed in the preparation of polymer membranes for WDs, of the main characteristics of 

PHMB and of the commercially available PHMB-releasing wound dressings (PRWDs). 

Antimicrobial membranes and WDs in which PHMB is covalently attached to the matrix 

and, as a consequence, not released (e.g. [20]) are beyond the scope of this review. 

2. Preparation of selective polymer membranes for wound dressings 

The matrices of commercially available WDs of known composition are all made of 

one or more natural polymers, modified natural polymers or synthetic polymers. These 

polymeric matrices, which commonly have the form of a sheet or pad, act as selective 

membranes, controlling mass transport of particular species across them. In particular, 

they prevent transport to the wound of microorganisms and other foreign agents present 

in the outside environment, while allowing transport of water vapor, oxygen and carbon 

dioxide to or from the outside environment. Membranes for WDs are most commonly 

produced by (Figure 1): (i) weaving or knitting, (ii) non-weaving and (iii) phase inversion. 

In weaving, a fabric-like structure is achieved by interlacing two distinct sets of fiber yarns 

at right angles, with the aid of a weaving machine; in knitting, the yarn interlacing pattern 

is more elaborate, achieved by yarn interlocking [21]. In non-weaving, fabrics are made 

directly from the polymer or from its fibers, without the need of a yarn. The methods most 

commonly employed in the production of nonwoven fabrics for WDs are hydroentangle-

ment (also known as spunlacing) and electrospinning. In hydroentanglement, fibers are 

entangled as a result of the action of a curtain of fine, high pressure water jets that pene-

trate fiber webs, hit a conveyor belt below the fiber webs, bouncing back through the fiber 

webs [22]). In electrospinning, a polymer solution or melt is forced through a narrow nee-

dle in a high-voltage electrical field created between the needle and a collector surface. 

This solution or melt is thus converted into a charged polymer jet that is accelerated to-

wards the collector by the electrical field. Solvent evaporation occurs and a nonwoven 

web composed of fibers with diameters in the nanometer range is deposited on the collec-

tor’s surface [23]. In addition, a natural nonwoven membrane of cellulose is produced by 

bacteria such as Acetobacter xylinum (A. xylinum) and designated bacterial cellulose [24]. 

Currently, nonwovens are favored in relation to wovens, since they are faster and more 

economical to produce [21,25]. In phase inversion methods, a polymer solution, composed 

of a solvent (continuous phase) and a polymer (non-continuous phase), is converted into 

a polymer membrane, commonly after casting on a surface [26,27]. In the resulting mem-

brane, the component phases are inverted with respect to the polymer solution, the poly-

mer becoming the continuous phase, and the solvent in the membrane’s pores, the non- 
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Figure 1. Methods commonly employed in the preparation of membranes for wound dressings. 

continuous phase. Phase inversion can be accomplished by several methods, including 

(Figure 1): 

i) Precipitation by immersion in a non-solvent, in which precipitation occurs due to the 

exchange of solvent in the polymer solution by a non-solvent miscible with the solvent, 

present in a coagulation bath; 

ii) Precipitation in non-solvent vapor, in which phase inversion occurs inside a closed 

chamber in which the non-solvent is in the vapor phase and causes precipitation of the 

polymer in the solution; 

iii) Solvent evaporation (also known as solution casting), in which the solvent of a polymer 

solution cast on a substrate is allowed to evaporate or is removed by heating the poly-

mer solution in an oven; 

iv) Thermally-induced phase separation, in which a solvent that dissolves the polymer at 

a given temperature loses that ability when the temperature is decreased, the solvent 

being subsequently removed by extraction, evaporation or lyophilization (freeze-dry-

ing); and 

v) Crosslinking, in which a polymer in solution is insolubilized by formation of chemical 

bonds or by physical interactions between its molecular chains. 

3. The antiseptic polyhexanide (PHMB) 

PHMB is a synthetic polydispersed mixture of polymers that has been widely em-

ployed as an antiseptic since the 1950s. In addition to its use in wound antisepsis [5], 

PHMB has found a wide range of other applications, including: (i) disinfection of medical 

utensils and trays, food and non-food contact surfaces, animal drinking water, recrea-

tional water, filters and toilets, (ii) preservative in contact lens solutions, cosmetics and 

personal care products, wet wipes, fabric softeners, and hand and mouth washes, (iii) 

preservation of hides and skins, (iv) anti-odor finishes in textiles and (v) antimicrobial 

high-pressure paper–phenol-formaldehyde resin laminates, [28-30]. It has also found 

other types of applications, such as in gene delivery [31], DNA capture for biological 

threat surveillance [32], antibiofouling filtration membranes [33], dental plaque control 

[34], cotton fabric dyeing [35], fuel cells [36], optoeletronics [37], CO2 capture and sensing 

[38], uranium extraction from seawater [39] and sewage dewatering [40]. As a preserva-

tive in cosmetic products, it has been considered by the European Commission’s Scientific 

Phase inversion
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Solvent evaporation
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Committee on Consumer Safety (SCCS) as safe for consumers up to a concentration of 

0.1% [28]. 

PHMB is effective against a wide spectrum of both Gram-positive and Gram-nega-

tive bacteria, including difficult to control bacterial strains, such as methicillin-resistant 

Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococci (VRE) [41], although 

a single polyhexanide decolonization course may not be sufficient to eradicate MRSA in 

clinical cases [42]. Of note, no PHMB-resistant MRSA could be isolated in clinical cases in 

which decolonization by PHMB was attempted [42]. On the contrary, decreased suscepti-

bility to PHMB could be artificially induced in vitro by repeated exposure to very low 

PHMB concentrations (0.1 – 1 µg/mL or 0.00001 – 0.0001%). This reduced susceptibility 

was associated with specific genomic alterations [43]. PHMB is also active against yeasts 

and other fungi [44], amoeboids such as Acanthamoeba spp [45], enveloped virus, such as 

Herpes simplex [46] and human immunodeficiency virus type I (HIV-I) [47], and non-en-

veloped virus [48]. 

PHMB’s minimum inhibitory concentration (MIC) and minimum bactericidal con-

centration (MBC) values against bacteria commonly found in wounds are presented in 

Table 1. As can be appreciated, all values are in the low µg/mL range, but there are some  

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) 

values of polyhexanide (PHMB) against bacterial species relevant to infected wounds. 

Bacteria MIC (µg/mL) MBC (µg/mL) Ref. 

S. aureus 
1 2 [49] 

0.5 1 [50] 

MRSA 2 2 [49] 

E. coli 
0.5 1 [50] 

2 2 [51] 

P. aeruginosa 
2 2 [50] 

8 8 [51] 

E. coli – Escherichia coli; MRSA – methicillin-resistant Staphylococcus aureus; P. aeruginosa – Pseudomonas aeruginosa; 

S. aureus – Staphylococcus aureus. 

significant discrepancies between values reported by different laboratories, which might 

be due, at least partially, to the use of different strains. Within a same study, the lowest 

values consistently corresponded to the Gram-negative bacteria Staphylococcus aureus (S. 

aureus) and Escherichia coli (E. coli), and the highest to the Gram-positive bacteria Pseudo-

monas aeruginosa (P. aeruginosa). MIC and MBC values may be higher when bacteria form 

biofilms, as suggested by the results of a study showing that the antimicrobial activity of 

a commercial PRWD was higher in a planktonic cell model than in an immobilized cell 

model used to mimic biofilms [52]. PHMB is well tolerated when administered topically 

to wounds, showing low cytotoxicity and poor skin penetration [28,44,53], and also pro-

motes wound healing, by favoring tissue granulation on the wound surface [5]. In hu-

mans, repeated lengthy exposure to PHMB at concentrations of 2% may cause sensitiza-

tion [54], most notably in patients with suspected allergic contact dermatitis [55]. How-

ever, this PHMB concentration is 4 times higher than the highest concentration employed 

in antisepsis. For instance, the wound irrigation/cleaning solution Serasept® (Serag-

Wiessner GmbH & Co. KG, Naila, Germany) contains PHMB at a concentration of 0.03% 

or 0.04%, and Prontosan®, in all its three formats (solution, gel or spray; B. Braun Mel-

sungen AG, Germany), contains 0.1% PHMB (in combination with a betaine antiseptic). 

In rats, acute skin toxicity was only observed for a concentration of 5% [44]. 

PHMB is commonly synthesized as a hydrochloride salt by polycondensation of 1,6-

hexanemethylenediamine and sodium dicyanamide, but can also be synthesized through 

other routes (Figure 2). The polycondensation process generates a mixture of oligomers, 

composed of a minimum of 2 and a maximum of 40 to 42 repeating units, with an average 

degree of polymerization of 12. The oligomer chains can have different terminal groups, 

including guanidino, cyanoguanidino, amino and cyanoamino groups (Figure 3) [56-58]. 
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Figure 2. Synthesis of poly(hexamethylene biguanide) hydrochloride (PHMB.HCl) via polyconden-

sation of 1,6-hexamethylenediamine and sodium dicyanamide. n = 2 – 42. 
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Figure 3. Terminal groups that may occur in poly(hexamethylene biguanide) (PHMB) chains. (a) 

Amino; (b) Cyanoguanidino; (c) Guanidino; and (d) Cyanoamino. 

Due to the occurrence of polymerization, depolymerization and repolymerization reac-

tions during its synthesis, a polydisperse polymer is obtained. Reported molecular weight 

(MW) values range from below 500 g/mol up to ca. 4200 g/mol [28], and MW theoretical 

estimates point to ca. 1400 g/mol for its number average MW and ca. 2600 g/mol for its 

weight average MW [58]. Of note, a positive correlation was observed between polymer 

chain length and antiseptic/antimicrobial activity [4]. PHMB is structurally related to chlor-

hexidine (CHX; Figure 4), another synthetic biguanide-based antiseptic that possesses two 

biguanide units linked by a hexamethylene chain, but having 4-chlorophenyl groups as 

terminal groups. 

 

NH

NH

NHNH

NH
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NH

NH

NH NH
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Figure 4. Chemical structure of chlorhexidine (CHX). 

PHMB is also structurally related to naturally occurring antimicrobial peptides 

(AMPs) [41], which similarly exhibit a broad spectrum of activity against bacteria, viruses 

and fungi. These peptides are part of the innate immune response, being produced by 

cells within wounds, such as keratinocytes and neutrophils [56]. Chemically, AMPs and 

PHMB can both be described as polycations, the former containing positively charged 

amino acids among a larger proportion of hydrophobic amino acids, the latter containing 

repeating biguanide units of high basicity (calculated pKa values above 13 [59]), attached 

to flexible hydrophobic hexamethylene chains (Figure 2). The mechanisms of action of 

PHMB and AMPs are also related, both relying upon their binding to the negatively 

charged bacterial cell membranes and walls, ultimately inducing cell lysis through dis-

ruption of membrane integrity. In Gram-positive bacteria, this negative electrical charge 

is due to the presence of anionic phospholipids, teichoic acids and polysaccharides, 

whereas it is due to lipopolysaccharides in Gram-negative bacteria. In PHMB, the posi-

tively charged biguanide units are able to displace Ca2+ ions that stabilize the lipid bilayer 

and its hydrophobic hexamethylene portion is able to sink into the cell membrane, result-

ing in increased membrane permeability and, ultimately, membrane disruption 

[11,56,60,61]. Complexation with negatively charged phospholipids also impairs the func-

tion of ion pumps, receptors and enzymes in the cell membrane [56]. In addition, PHMB 

is able to enter the bacterial cell and arrest cell division by binding and condensing bacte-

rial chromosomes [12]. The specificity of PHMB to bacterial cells can be partially explained 

by the relatively neutral surface of eukaryotic cells, due to the presence of phosphatidyl-

choline-based phospholipids and other zwitterionic lipids, as well as cholesterol. PHMB 
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is still able to enter the eukaryotic cell, but no damage to the cell membrane occurs. Addi-

tionally, it does not penetrate the nucleus, being trapped within endosomes, which are 

absent in bacteria [12]. 

In terms of physical and chemical properties, PHMB exhibits good thermal and hy-

drolytic stability [18,19]. It is highly soluble in water and methanol (ca. 40%), but only 

sparingly soluble in ethanol (ca. 0.5%) and in some other organic solvents, such as acetone, 

acetonitrile, dichloromethane and toluene [28]. In water, but not in ethanol [58], the alter-

nating sequence of hydrophilic (biguanide) and hydrophobic (hexamethylene) segments 

may give rise to polymeric micelles of the core/shell type, in which the hydrophobic seg-

ments point towards the center of a sphere (core), while the hydrophilic groups point out-

wards (shell). However, at the concentrations normally employed in wound antisepsis 

and in commercial PRWDs (0.01 – 0.5% [62]), micelle formation is not expected, as PHMB’s 

critical micellar concentration (CMC) is considerably higher (0.02 – 0.05 M in water [58], 

equivalent to ca. 50 – 130 mg/mL or 5 – 13%). On the other hand, in water and at concen-

trations below its CMC, PHMB may form aggregates larger than the above-mentioned 

micelles, with particle dimensions in the micrometer range [58]. When in aqueous solu-

tions of monovalent counterions, molecular dynamics simulation studies suggested that 

PHMB can self-assemble in a compact, ordered hairpin-like structure [63], of the type oc-

curring in biological polyelectrolytes, such as RNA [64]. With increasing salt concentra-

tion, these hairpin-like structures can collapse further into three- or five-folded structures. 

Neither ions nor water molecules mediate this self-assembly, which, counterintuitively, is 

driven by like-charge pairing of free biguanidinium ions [65]. 

4. Commercially available PHMB-releasing wound dressings (PRWDs) 

A first proposal for the medical use of a PHMB-releasing membrane can be found in 

a 1984 patent filed by Johnson & Johnson [66] for the invention of a nonwoven, cellulose-

based PHMB-containing fabric to be used in surgical procedures as a means to isolate the 

surgical area from the rest of the body and other sources of contamination. This surgical 

drape was prepared by spraying the nonwoven fabric with PHMB dissolved in a solution 

of a fabric binder. Approximately two decades later, PHMB was successfully introduced 

into wound management in the form of AMD. This success was due, at least partially, to 

PHMB’s high stability and broad antimicrobial spectrum [18,19]. In commercial PHMB-

containing WDs, PHMB is either in its free form, being released over time into the wound 

and periwound tissues, or chemically bound to the wound dressing matrix. As mentioned 

at the end of the General introduction & aims section, the latter type will not be discussed 

in the present review. 

Table 2 summarizes some of the characteristics of commercially available PRWDs. 

As can be appreciated, their matrices were made from a wide variety of polymers, either 

of natural origin (cotton, viscose, rayon, bacterial cellulose and extracellular matrix bi-

opolymers) or synthetic (polyesters and polyurethanes (PUR)). Whenever this infor-

mation was disclosed, PHMB loading was always by impregnation, employing PHMB 

solutions of concentrations ranging from 0.1% to 0.5%, and antibacterial activity lasted for 

up to 3 – 7 days. The biological properties of some of PRWDs were assessed in reported 

studies. A full discussion of all of these studies is out of the scope of the present review. 

Instead, a very brief overview of the results obtained for the most studied commercial 

PRWDs will be presented, in the order of their appearance in Table 2. Indirect reference 

to some of their properties will also be made in section 5, when discussing studies of novel 

PRMs in which commercial PRWDs were also tested for comparison purposes. Starting 

with ActivHeal® PHMB, its employment in 32 patients with hard-to-heal wounds (such as 

postoperative surgical wounds and leg, diabetic and pressure ulcers) reduced bacterial 

load and pain and resulted in an effective management of exudate levels [67]. CelluDress-

PHMB, a more recent addition to the market, was associated with good outcomes in the  

Table 2. Commercially available PHMB-releasing wound dressings (PRWDs), in alphabetical order. 
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Commercial name Format Material 
PHMB loading 

mode/[PHMB] 

Duration of 

antimicrobial 

activity 

Sources 

ActivHeal® PHMB Foam, pad Polyurethane Impregnation/nd 7 days 
Advanced Medical Solutions, 

Ltd, UK; [69] 

CelluDress-PHMB Pad Polyester + viscose nd 1 nd 
Medicareplus International 

Ltd, UK; [68] 

CurityTM AMD 

Antimicrobial Woven 

Sponges 

Sponge, strip Cotton Impregnation/0.2% Up to 3 days Cardinal Health, USA; [70] 

DracoFoam PHMB Foam Polyurethane nd Up to 7 days 
Dr. Ausbüttel & Co. GmbH, 

Germany; [71] 

ExcilonTM AMD Sponge, gauze Polyester + rayon Impregnation/0.2% Up to 3 days Cardinal Health, USA; [70] 

Fitostimoline® Plus 

Gauze 
Gauze nd nd 2 nd 

Farmaceutici Damor S.p.A., 

Italy 

Gemcore360°TM PHMB 

Foam Border Dressing 

Foam nd Impregnation/nd Up to 7 days GEMCO Medical, USA; [70] 
Gemcore360°TM PHMB 

Non-Adhesive Foam 

Dressing 

Kendall™ AMD Foam, disc Polyurethane Impregnation/0.5% Up to 7 days 
Cardinal Health, USA; [70] 

Kerlix™ AMD Gauze, sponge Cotton Impregnation/0.2% Up to 3 days 

McKesson PHMB 

Hydrophilic Foam 

Dressing 

Foam Polyurethane Impregnation/0.8 – 1% Up to 7 days 
McKesson Medical-Surgical, 

USA; [70] 

PuraPly® AM Sheet, disc Crosslinked ECM nd nd Organogenesis Inc., USA; [72] 

Sterilux® AMD 

Antimicrobial Gauze 
Gauze, sponge Cotton 

nd/0.1% PHMB (+ 

0.02% BKC) 
Up to 7 days 

Hartmann USA, Inc., USA; 

[70] 

Suprasorb® X + PHMB Sheet Bacterial cellulose nd/0.3% 
nd 

Lohmann & Rauscher GmbH 

& Co. KG, Germany; [73] Suprasorb® P + PHMB Foam Polyurethane nd 

Telfa™ AMD Pad, island Cotton Impregnation/0.2% Up to 3 days Cardinal Health, USA; [70] 

TielleTM PHMB Foam Polyurethane Impregnation/nd nd 3M/KCI, USA 

nd – Not disclosed by the manufacturer. 
1 Contains PHMB complexed with an undisclosed surfactant. 2 Contains PHMB and an aqueous extract of 

Triticum vulgare. BKC – benzalkonium chloride; ECM – extracellular matrix. 

treatment of non-healing venous leg ulcers [68]. In clinical cases, ExcilonTM AMD drain 

sponge extended the number of days during which tracheostomy sites remained free of 

pathogens, compared to a non-AMD dressing, while normal flora remained unaffected 

[74]. Kendall™ AMD foam dressing resisted in vitro MRSA colonization within the WD 

more efficiently than an equivalent, non-impregnated WD [75]. In vivo, this PRWD per-

formed well in a small-scale (25 subjects), retrospective uncontrolled environment study, 

with improvement in all wounds [76], and its employment in a multicenter, prospective, 

double-blind, pilot, randomized controlled clinical trial involving 45 patients with chronic 

wounds resulted in higher reductions in bacterial burden, pain and wound size than the 

employment of a similar, non-AMD, PUR-based WD (Kendall™ foam dressing) [77]. 

Kerlix™ AMD inhibited the in vitro proliferation, both within and underneath the WD, of 

Gram-negative and Gram-positive bacteria [78], including antibiotic-resistant bacterial 

strains, such as VRE [79] and MRSA [78,80]. In humans with difficult to heal wounds and 

in a wound healing porcine model (section 5.2.5), it decreased the bacterial burden, com-

pared to a similar WD without PHMB, while sparing the normal skin flora (only assessed 

in the porcine model) [81,82]. In the same porcine model, no adverse effects on the wound 
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epithelization rate were observed [83]. However, in another study also employing a por-

cine model, enhancement or lengthening of the wound inflammatory response occurred, 

resulting in bleeding when changing the WD [84]. Suprasorb® X + PHMB was assessed in 

case studies of patients with traumatic and surgical wounds, pressure and leg ulcers, and 

burns, where it reduced infection, exudate levels and pain, while increasing granulation 

tissue and epithelialization and improved necrotic tissue debridement [85]. In a co-culture 

of S. aureus and keratinocytes, Suprasorb® X + PHMB protected keratinocytes from damage 

by reducing the number of viable bacterial cells [86]. In a prospective, randomized, con-

trolled single center study designed to compare its clinical efficacy with that of a silver-

sulfadiazine cream and dressing in 60 patients with partial-thickness burns (i.e., second-

degree burns), no difference in healing times was found, but Suprasorb® X + PHMB showed 

a better and faster pain reduction and the need for fewer WD changes [87]. Additionally, 

in a prospective, randomized, controlled, multicenter trial with 25 patients per treatment 

group, it was found that Suprasorb® X + PHMB and a silver-containing WD were both 

effective in reducing pain and bacterial burden in the treatment of critically colonized and 

locally infected wounds, but Suprasorb® X + PHMB exhibited superior antimicrobial prop-

erties [88]. Finally, Telfa™ AMD was assessed in a prospective, randomized controlled 

study comprising 32 patients treated for skin burns with skin grafts. In this study, patients 

treated with this AMD exhibited shorter re-epithelialization times and lower pain levels 

than patients treated with Bactigras®, a commercial AMD with the antiseptic CHX [89].  

5. Novel PHMB-releasing membranes (PRMs) for antimicrobial dressings (AMDs) 

The first publications reporting the preparation and assessment of novel PRMs for 

AMDs date back to the early 2010’s. Since then, a total of 28 novel PRMs have been de-

scribed in the literature (Table 3). In the following sections, the composition and methods 

employed in their preparation will be detailed, followed by a discussion of their physical 

and biological properties. Table 4 summarizes the characterization studies carried out 

with each novel PRM. 

5.1. Composition and preparation methods 

A variety of polymers and polymer mixtures were employed in the preparation of 

the 28 novel PRMs. Some of these polymers, such as cotton, bacterial cellulose and poly-

urethanes (PURs), are also employed in the preparation of commercial PRWDs (Table 2), 

while others are unique to these novel PRMs, such as the natural origin polymers chitosan, 

alginate, pectin, cellulose acetate (CA), wool, gelatin, silk sericin (SS), silk fibroin (SF) and 

fibrin, and the synthetic polymers poly(lactic acid) (PLA), poly(vinyl alcohol) (PVA), pol-

yamide (PAm), polydimethylsiloxane (PDMS) and a poly(N-isopropylacrylamide)/N-tert-

butylacrylamide/acryloyl-lysine (PNIPAAm/NtBAAm/A-Lys) copolymer. The latter case 

explores the thermally-induced contraction of a PNIPAAm-based hydrogel to favor drug 

release at human body temperatures. This type of stimuli-reacting system is sometimes 

described as “smart”. Another interesting strategy involved the inclusion of a protease in 

a gelatin-based matrix to decrease the membrane’s crosslinking degree over time. 

5.1.1. Preparation of the polymer membrane 

Some of the polymer membranes of the novel PRMs were nonwoven bacterial cellu-

lose membranes produced by bacteria. The remaining membranes were prepared using a 

variety of methods (Table 3), mostly by phase-inversion, non-weaving and weaving or 

knitting. Phase inversion membranes were prepared by solvent evaporation, thermally-

induced phase separation by freeze-drying or by freeze-drying after freeze/thaw cycling, 

and by crosslinking. Nonwoven membranes were prepared by electrospinning and, when 

the preparation method was mentioned, woven membranes were prepared by weaving. 

A different approach was preparation of the polymer membrane from monomers, em-

ploying free-radical polymerization. 
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Table 3. Composition and methods employed in the preparation of the novel PRMs developed for 

antimicrobial dressings (AMDs). 

ID 
Matrix 

composition 
Membrane preparation 

Drug loading method and 

drug loading yield 
Ref. 

PRM1 

PNIPAAm-

based 

copolymer 1 

Free radical polymerization. 

– Soaking, overnight, RT. [PHMB]: 0.1 and 

1% w/v. Agitation not mentioned. 

– Yield: nd. 

[90] 

PRM2a 

PEsUR/CA 

Non-weaving: electrospinning of a PEsUR/CA/PHMB 

solution in DMF/THF. 
– Addition. [PHMB]: 1 wt% relative to poly-

mer mass. 

– Yield: nd. 

[91] 

PRM2b 
Non-weaving: co-electrospinning of CA/PHMB and 

PEsUR/PHMB solutions in DMF/THF. 

PRM3 Chitosan/PEO 

Non-weaving: electrospinning of a chitosan/PEO/PHMB 

solution in acetic acid followed by crosslinking with 

glutaraldehyde in vapor phase. 

– Addition. [PHMB]: 0.15 and 0.3% w/v rela-

tive to solution volume. 2 

– Yield: nd. 

[92] 

PRM4 
Bacterial 

cellulose 

Non-weaving: bacterial cellulose produced by G. xylinus 3 

in PHMB-containing growth medium. 

– Bacteria grown in culture medium supple-

mented with [PHMB] = 0.2 – 0.4 wt% rela-

tive to solution mass. 

– Yield: nd. 

[93] 

PRM5 PLA 
Non-weaving: electrospinning of a PLA/PHMB solution in 

chloroform/acetone/formic acid. 

– Addition. [PHMB]: 0.02 – 0.25% w/v rela-

tive to solution volume. 

– Yield: nd. 

[94] 

PRM6 

Bacterial 

cellulose 

Non-weaving: bacterial cellulose produced by A. xylinum. 3 

– Impregnation. [PHMB]: 0.3% w/v. Also im-

pregnated with SS 1%. No further condi-

tions mentioned. 

– Yield: nd. 

[95] 

[96] 

PRM7 Non-weaving: bacterial cellulose produced by K. xylinus. 

– Soaking for 48 h, 20 °C, with shaking. 

[PHMB]: 1% w/v. 

– Yield: 8.9 µg/mg of sample. 

[97] 

PRM8 SS/PVA/Gly 

Phase inversion, thermally-induced phase separation: 

freeze-drying of a SS/PVA/Gly solution, followed by 

immersion in a Gly solution and drying. 

– Soaking for 20 min. [PHMB]: 0.2% w/v. No 

further conditions mentioned. 

– Terminal sterilization by gamma radiation. 

– Yield: nd. 

[98] 

PRM9 PRF/silicone 
Weaving or non-weaving: 4 silicone gauze spray coated 

with a PRF/PHMB/trypsin solution.  

– Addition. [PHMB]: nd. 

– Yield: nd. 
[99] 

PRM10 
Chitosan/ 

alginate 

Phase inversion: solvent evaporation of a 

chitosan/alginate/PHMB/Pluronic F68 solution followed 

by crosslinking with CaCl2. 

– Addition. [PHMB]: 1% and 10 wt% relative 

to polymer mass. 

– Yield: 7 – 73 µg PHMB/mg of sample). 

[100] 

PRM11a 

Gelatin 

Phase inversion, crosslinking: transglutaminase-induced 

crosslinking of gelatin solutions with PHMB and EDTA. – Addition. [PHMB]: 0.4% w/v relative to so-

lution volume. 

– Yield: nd. 

[101] 

PRM11b 

Phase inversion, crosslinking: temporary 

transglutaminase-induced crosslinking of gelatin solutions 

containing PHMB, EDTA and a protease. 

PRM12 

Bacterial 

cellulose 

Non-weaving: commercial bacterial cellulose WD. 

– Impregnation, 2 h, RT. [PHMB]: 0.04 and 

1% w/v PHMB (+ 0.1% UDAPB). 

– Yield: 0.024% (0.04% PHMB sample); 

0.076% (0.1% PHMB sample). 

[102] 

PRM13 Non-weaving: commercial bacterial cellulose. 

– Soaking for 24 h. [PHMB]: 0.1 – 0.5% w/v 

(contained PEG). No further conditions 

mentioned. 

– Yield: nd. 

[103] 

PRM14 PEtUR 
Non-weaving: electrospinning of a solution of a 

commercial PEtUR in TFE containing PHMB. 

– Addition. [PHMB]: 5 – 35% wt% relative to 

polymer mass. 

– Yield: 0.12 – 0.81 mg of PHMB. 

[104] 

PRM15 Gelatin 

Phase inversion, crosslinking: gelatin solution crosslinked 

with glutaraldehyde, followed by addition of Gly and 

solvent evaporation. Crosslinked gelatin membrane placed 

on a collagen layer and covered with a silicone layer. 

– Soaking for 48 h. [PHMB]: 0.25 – 2% w/v. 

No further conditions mentioned. 

– Yield: nd. 

[105] 

PRM16 Reg-SF 
Phase inversion, thermally-induced phase separation: 

freeze-drying of a reg-SF/Gly/PHMB aqueous solution. 

– Addition. [PHMB]: 0.5 – 10 wt% relative to 

polymer mass. 

– Terminal sterilization by gamma radiation. 

– Yield: nd. 

[106] 
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Table 3. Cont. 

ID 
Matrix 

composition 
Membrane preparation 

Drug loading method and 

drug loading yield 
Ref. 

PRM17 PVA/chitosan 

Phase inversion, thermally-induced phase separation: 

freeze-drying after freeze-thaw cycling of PVA/chitosan 

aqueous solutions. 

– Soaking for 24 h, at 36 °C, with shaking. 

[PHMB]: 0.5% w/v. 

– Sterilization by autoclaving before drug 

loading. 

– Yield: 13 – 23 µg PHMB/mg of dry sample. 

[107] 

PRM18 
PAm/alginate/ 

AgNP 

Weaving: commercial woven PAm treated with an oxygen 

plasma and dip coated with an alginate solution 

containing AgNPs and PHMB, followed by crosslinking 

with CaCl2 . 
– Addition. [PHMB]: 0.04 – 0,2% w/v. 

– Yield: nd. 
[108] 

PRM19 
Cotton/alginate/ 

AgNP 

Weaving or non-weaving: 4 commercial cotton gauze dip 

coated with an alginate solution containing AgNPs and 

PHMB, followed by crosslinking with CaCl2 .  

PRM20 
Bacterial 

cellulose 
Non-weaving: bacterial cellulose produced by A. xylinum. 4 

– Impregnation, overnight, 4 °C. [PHMB]: 

0.1% w/v (+ 0.1% UDAPB). 

– Yield: nd. 

[109] 

PRM21 
PDMS-based 

elastomer 

Phase inversion, crosslinking: reaction between 

polysiloxane oligomers with and without vinyl groups. 

– Addition. [PHMB]: 0.1 – 0.5 wt% relative to 

solution mass. 

– Yield: nd. 

[110] 

PRM22a 

Wool 
Weaving: commercial woven wool fabric treated with a 

nonionic surfactant and a protease. 

– Soaking overnight, 70 °C. [PHMB]: 0.2 – 

5% w/v. Agitation not mentioned. 

– Yield: nd. 

[111] 

PRM22b 

– Soaking overnight, 70 °C. [PHMB]: 0.2 – 

5% w/v, encapsulated in cationic nanolipo-

somes. Agitation not mentioned. 

– Yield: nd. 

PRM23a 

Bacterial 

cellulose/ 

alginate 

Non-weaving: commercial bacterial cellulose/alginate/PEG 

solution crosslinked with CaCl2 followed by freeze-drying. 

– Soaking, 24 h. [PHMB]: nc. No further con-

ditions mentioned. 

– Yield: ca. 100% of PHMB in the soaking so-

lution. 

[112] 
PRM23b 

Bacterial 

cellulose/pectin 

Non-weaving: commercial bacterial cellulose/pectin/PEG 

solution crosslinked with CaCl2 followed by freeze-drying. 
– Soaking, 24 h. [PHMB]: nc. No further con-

ditions mentioned. 

– Yield: 98% of PHMB in the soaking solu-

tion. 
PRM23c 

Bacterial 

cellulose/ 

alginate/pectin 

Nonweaving: commercial bacterial 

cellulose/alginate/pectin/PEG solution crosslinked with 

CaCl2 followed by freeze-drying. 
1 PNIPAAm/NtBAAm/A-Lys copolymer crosslinked with PEG-DA; 2 A weight-average MW of 2600 g/mol was 

employed to convert molarity into % w/v [58]; 3 A. xylinum and G. xylinus were renamed to K. xylinus; 4 Not clear 

whether a woven or nonwoven gauze was employed. 5 Not clear which drug loading method was employed. 

nc – Not clear; nd – Not determined or not disclosed. 

AgNP – Silver nanoparticles; A-Lys – Acryloyl-lysine; A. xylinum – Acetobacter xylinum; CA – Cellulose acetate; 

DMF – Dimethylformamide; EDTA – Ethylenediaminetetraacetic acid; Gly – Glycerol; G. xylinus – 

Gluconacetobacter xylinus; K. xylinus – Komagataeibacter xylinus; NtBAAm – N-tert-butylacrylamide; PAm – 

Polyamide; PDMS – Polydimethylsiloxane; PEG – Poly(ethylene glycol); PEG-DA – Poly(ethylene glycol) 

diacrylate; PEO – Poly(ethylene oxide); PEsUR – Poly(ester urethane); PEtUR – Poly(ether urethane); PLA – 

Poly(lactic acid); PNIPAAm – Poly(N-isopropylacrylamide); PRF – Platelet-rich fibrin; PVA – Poly(vinyl alcohol); 

Reg-SF – Regenerated silk fibroin; RT – Room temperature; SS – Silk sericin; TFE – 2,2,2-Trifluoroethanol; THF 

– Tetrahydrofuran; UDAPB – Undecylenamidopropyl betaine; WD – Wound dressing. 

 

5.1.2. PHMB loading 

There are three main approaches for loading a drug into a membrane (Figure 5): (i) 

soaking, in which the membrane to be loaded is immersed in a drug solution for a certain 

period of time under agitation, (ii) impregnation, in which a drug solution is added to the 

membrane, and (iii) addition, in which the drug is added to the formulation used to pre-

pare the membrane. PHMB is amenable to all of these three membrane loading ap-

proaches, due to its good hydrolytic, thermal and photo stabilities [18,19,97], solubility in 

water and ability to be dissolved in some organic solvents [28,91,94,104]. 
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Table 4. Overview of the studies carried out with novel PRMs developed for antimicrobial dressings 

(AMDs). Membrane IDs and corresponding bibliographic references are the same as in Table 3. 

 Physical Characterization  Biological Characterization 

      Biocompatibility  

ID 
Absorptive 

capacity 
MVTR 

Air or 
oxygen 

permeabi-
lity 

Drug 
release 

Antibacteri-
al activity 

Antifungal 
activity 

Cytotoxi-
city 

Other 
biological 

effects 

Wound 
healing 

PRM1    1      

PRM2a          

PRM2b          

PRM3          

PRM4          

PRM5          

PRM6          

PRM7          

PRM8          

PRM9          

PRM10          

PRM11a          

PRM11b          

PRM12          

PRM13      2    

PRM14          

PRM15    3      

PRM16          

PRM17          

PRM18          

PRM19          

PRM20          

PRM21          

PRM22a          

PRM22b          

PRM23a          

PRM23b          

PRM23c          

Red – Not determined; Green – Determined. MVTR – Moisture vapor transmission rate. 
1 Unusual drug release study, carried out by determination of the antibacterial activity of aliquots from a drug 

release assay. 2 Study concerned only about fungal growth during storage. 3 Unusual drug release study, carried 

out by quantification of residual PHMB in samples that were employed in a drug release assay.  

Contrary to all of the PRWDs for which this information was disclosed, which were 

consistently loaded by impregnation (Table 2), all of the above-mentioned approaches 

were employed in the preparation of the novel PRMs (Table 3). Interestingly, impregna-

tion was only employed to load PHMB into bacterial cellulose-based membranes, whereas 

soaking and addition were employed to load PHMB into a variety of membranes, bacterial 

cellulose-based membranes included. In the case of loading by impregnation, the concen-

tration of the PHMB solutions mostly employed ranged between 0.1 and 1%, values that 

are within the range employed in the case of commercial PRWDs for which this infor-

mation is available (0.1 – 1%; Table 2). The range mostly employed in loading by soaking 

also varied between 0.1 and 1%. Exceptions were observed in the case of the bacterial cel-

lulose PRM12 membrane loaded by impregnation, that employed a 0.04% PHMB solution, 

and in the case of drug loading by soaking, concentrations of 2 and 5% were employed to 

load the gelatin-based PRM15 membrane and the wool-based PRM22a/PRM22b mem-

branes, respectively. In the case of the PRM15 membranes, lower concentrations of 0.1 and 

0.5% were evaluated, but much less PHMB was released and the release duration was 

lower than when loaded with 1 and 2% PHMB. In the case of PRM22a/PRM22b mem-

branes, the authors have not shown drug release curves when loaded with PHMB con-

centrations below 5%, although these membranes exhibited high antibacterial activity for 
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(b) 

 

 
(c) 

Figure 5. Schematic representation of methods employed for loading a drug into a membrane. (a) 

Drug loading by soaking, in which the membrane to be loaded is immersed for a certain period in 

a drug solution, usually under agitation. It is the most straightforward method, but the loading yield 

can be low, as drug entry into the membrane occurs by diffusion across a concentration gradient. 

As such, some of the drug present in the solution will not be loaded. Loading yields depend not 

only on drug concentration, but also on other loading conditions (such as, solvent, temperature, pH, 

ionic strength and time), as well as on drug/membrane interactions, molecular size of the drug, sur-

face area, porosity and pore size of the membrane. (b) Drug loading by impregnation, in which the 

drug solution is added to the surface of the membrane to be loaded, being fully absorbed. (c) Drug 

loading by addition, in which the drug is added to the formulation employed to prepare the mem-

brane. The drug must stand the conditions employed in membrane preparation and, usually, it has 

to dissolve in the formulation. With this method, non-toxic materials and reagents have to be em-

ployed, since extensive drug loss would occur if the final drug-loaded membrane was washed to 

extract cytotoxic leachables. 

PHMB concentrations below 5%, although these membranes exhibited high antibacterial 

activity for PHMB concentrations of 0.5% (PRM22a) and 1% (PRM22b). At this stage, it is 

not possible to establish any correlations between matrix characteristics and loading yield 

by impregnation or soaking because few studies reported loading yields. 
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Loading by addition was employed with the novel PRMs prepared by electrospin-

ning and by phase inversion. A comparison of employed PHMB concentrations is not pos-

sible since, in these studies, the PHMB concentrations in the solutions employed in mem-

brane preparation were expressed using different concentration units that cannot be in-

terconverted (Table 3): (i) wt% in relation to the mass of solution, (ii) wt% in relation to 

the mass of polymers in the solution, and (iii) % in relation to the volume of the solution 

(% w/v).  

In cases that employed woven membranes in which PHMB was not loaded by soak-

ing, PHMB was added to a solution that was applied as a coating on the membrane, by 

either spray or dip coating (membrane immersed in a drug-containing solution for a short 

period). An additional approach was addition of PHMB at concentrations ranging from 

0.2 to 0.4 wt% to the growth medium employed in the production of a bacterial cellulose 

membrane by Gluconacetobacter xylinus (G. xylinus; PRM4), that resulted in a bacterial cel-

lulose/PHMB composite.  

5.1.3. Sterilization 

Commercial WDs are either manufactured from sterile raw materials in a sterile en-

vironment (aseptic processing), as in the case of, for instance, Suprasorb® C, or are sterilized 

in the last step in their manufacture (terminal sterilization) by gamma radiation (e.g., Pu-

raPly® AM), ethylene oxide (e.g., Telfa™ AMD), steam (autoclaving) or dry heat (e.g. Exci-

lonTM AMD), among other possible sterilization methods. Regarding the novel PRMs, none 

was prepared employing aseptic processing and only two (PRM8 and PRM16) underwent 

terminal sterilization (Table 3). Sterilization was also employed in the case of PRM17, but 

occurred just after preparation of the membrane, i.e., before drug loading. In all other 

cases, only those samples used in biological testing were sterilized. It must be noted that 

sterilization may alter the characteristics of polymers and/or drugs [113] and, ultimately, 

affect drug release kinetics [114]. In fact, autoclaving altered the mechanical properties of 

the above-mentioned PRM17 membrane, possibly due to crosslinking/densification of the 

material [107]. Regarding PHMB, it was reported that it can withstand autoclaving when 

in aqueous solution [97], in accordance with its good thermal and hydrolytic stability 

[18,19]. However, the effects of sterilization on PHMB when loaded into membranes have 

not been investigated. In conclusion, drug release results obtained with the novel PRMs 

that were not sterilized before the drug release study or were sterilized before drug load-

ing, must be analyzed with care. In future studies, it would be important to compare the 

effects of the different types of sterilization on properties relevant in the context of medi-

cated WDs, including PHMB release kinetics.  

5.2. Characterization 

The extent of the characterization of the novel PRMs varied considerably, as can be 

appreciated in Table 4. As will be discussed in the following sections, the tests employed 

in this characterization also varied considerably. Due to these variations, direct compari-

sons between the different PRMs, namely in terms of their potential for AMDs, would 

necessarily be flawed and were not attempted. 

5.2.1. Physical properties 

As can be seen in Table 4, more than half of the novel PRMRs did not undergo a 

physical characterization relevant for their application as WDs. For most other PMRs, this 

characterization fell short of what might be regarded as an essential physical characteri-

zation of WDs [115]. It must be noted that international standards for the physical charac-

terization of AMDs are lacking. However, the European Committee for Standardization 

(CEN) developed a European Standard (EN 13726) for the physical characterization of 

primary WDs, i.e., dressings that contact the wound bed directly, as opposed to secondary 

WDs, which are employed to secure in place or to absorb leakage from primary WDs. 

Although not specifically developed for AMDs, the different parts of this standard (Table 

5) can be used for guidance. In fact, both the SMTL (Surgical Materials Testing Laboratory, 
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Table 5. European Standards (EN) applicable to the physical characterization of primary wound 
dressings. 

Standard Title Comment Ref. 

EN 13726-1:2002 
Test methods for primary wound dressings. 

Part 1: Aspects of absorbency 

Provides information concerning the evaluation of the quantity 

of fluid a wound dressing can absorb and retain when 

compressed. 

[116] 

EN 13726-2:2002 

Test methods for primary wound dressings. 

Part 2: Moisture vapor transmission rate of 

permeable film dressings 

Provides information concerning the evaluation of fluid 

handling properties of the wound dressing, which determine 

the degree of hydration of the wound and surrounding tissues. 

[117] 

EN 13726-3:2003 
Test methods for primary wound dressings. 

Part 3: Waterproofness 

Provides information concerning the evaluation of the ability to 

prevent strike-through of blood or other fluids. 
[118] 

EN 13726-4:2003 
Test methods for primary wound dressings. 

Part 4: Conformability 

Provides information concerning how comfortable is a wound 

dressing, measuring resistance to stretching and ability to 

return to its original shape after stress. 

[119] 

EN 13726-5:2000 1 
Test methods for primary wound dressings. 

Part 5: Bacterial barrier properties 

Provides information concerning the evaluation of the 

antimicrobial properties of wound dressings. 
[120] 

EN 13726-6:2003 
Test methods for primary wound dressings. 

Part 6: Odor control 

Provides information concerning the evaluation of the efficacy 

in absorbing odor. 
[121] 

1 Withdrawn in 2012, due to inter-laboratory variability and leakage issues with the test device. 

Bridgend, UK) and MET (Medical Engineering Technologies, Ltd, Dover, UK), two Euro-

pean laboratories reputed for WD performance testing, follow most parts of this standard 

[122-124]. The International Organization for Standardization (ISO) has not developed a 

standard for any WDs, despite having included WDs in general in the ICS (International 

Classification of Standards) technical standards classification system (ICS code 11.120.20 

– “Wound dressings and compresses”). 

Of the physical properties covered by the various parts of EN 13726, only absorbency 

(i.e., the capacity to absorb liquid) and MVTR (moisture vapor transmission rate) were 

included in the characterization of at least some of the novel PRMs (Table 6). It must be 

added that absorbency was tested without strict adherence to the standard’s specifications 

and MVTR was not tested according to this standard, but rather according to the ASTM 

E96-90 standard, an American Society for Testing and Materials (ASTM) standard devel-

oped for measuring water vapor transmission of materials in general. Once again, testing 

did not adhere strictly to the standard’s specifications. The EN and ASTM standards differ 

in several specifications, namely in terms of the permeability cells employed (Figure 6). In 

both standards, the permeability cells can be used in the upright and inverted orientations. 

One important difference between these two variations is that the sample contacts water 

vapor when the cup is in the upright orientation, whereas it contacts water when the cup 

is in the inverted orientation. Thus, the latter variant might be regarded as more physio-

logically relevant, as WDs are in direct contact with the wound exudate. Importantly, 

when a set of commercial WDs were assayed according to the EN 13726 standard, statis-

tically significant differences were observed between the values obtained with these two 

variants for some of the tested WDs [125]. 

In EN 13726-1:2002, absorptive capacity is expressed as average mass of test solution 

A (a NaCl/CaCl2 solution containing 42 mM Na+ and 2.5 mM Ca2+) retained per 100 cm2 of 

sample or, in the case of wound cavity filling WDs, per gram of sample. This standard 

also specifies the conditions for preconditioning the samples (21 °C and 60 ± 15% relative 

humidity (RH)) before the assay, the temperature of test solution A during immersion (37 

°C) and the duration of the immersion (30 min) [116]. In the case of the novel PRMs (Table 

6), solution A was never employed, being replaced, in most cases, by phosphate-buffered 

saline (PBS), and immersion lasted until equilibrium was attained, rather than for 30 min 

only. Absorptive capacity was also expressed in different forms, mostly as percent mass 

increase in relation to dry mass, but also, in one instance (PRM17), as percent mass in-

crease in relation to swollen mass and, in another instance (PRM1), as swollen to dry mass 

ratio. Moreover, different terms were employed to designate the same form of expressing  
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Table 6. Summary of the physical characterization of the novel PRMs developed for antimicrobial 

dressings (AMDs). Membrane IDs and corresponding bibliographic references are the same as in 

Table 3. 1 

ID Physical properties 2 Ref. 

PRM1 • Swelling ratio (PBS): 104 at 25 °C; 6.4 at 50 °C. [90] 

PRM2a 

• Water uptake capacity (PBS): ca. 900 – 1200% at 20 °C. 

• MVTR (ASTM E96-90, Procedure D – Water Method): ca. 204 g/m2/24 h for all 

formulations. 

• Air permeability (ASTM D737-04): 2.5 – 4 cm3/cm2/s (best: 2:1 blend). 
[91] 

PRM2b 

• Water uptake capacity (PBS): ca. 1200 – 1800% at 20 °C. 

• MVTR (ASTM E96-90, Procedure D – Water Method): ca. 204 g/m2/24 h for all 

formulations. 

• Air permeability (ASTM D737-04): ca. 0.5 cm3/cm2/s. 

PRM13 

• Water uptake capacity (SBF): 250% at RT. 

• MVTR (ASTM E96-90, Procedure A – Desiccant Method: ca. 2500 g/m2/24 h. 

• Oxygen transmission rate (GB/T 19789-2005): 48 cm3/m2/12 h. 

[103] 

PRM15 • Water uptake capacity (saline): 233% (temperature not mentioned). [105] 

PRM17 

• Water uptake capacity (PBS): 2028%; 1379% after sterilization. 

• Equilibrium water content (water): 95% (temperature not mentioned); 93% after 

sterilization. 

[107] 

PRM18 • Water uptake capacity (PBS): 639% at 37 °C. 
[108] 

PRM19 • Water uptake capacity (PBS): 1051% at 37 °C. 

PRM23a • Water uptake capacity (PBS): 407% at RT. 

[112] PRM23b • Water uptake capacity (PBS): 348% at RT. 

PRM23c • Water uptake capacity (PBS): 353% at RT. 
1 PRMs for which the physical characterization was not reported were excluded from this table. 2 In the original 

publications, absorptive capacity was expressed in three different forms and each form was designated in more 

than one way. For consistency purposes and to facilitate comparisons, the terms water uptake capacity, equilibrium 

water content and swelling ratio were used whenever absorptive capacity was expressed in, respectively, percent 

mass increase in relation to dry mass (100% × (swollen sample mass – dry sample mass)/(dry sample mass)), 

percent mass increase in relation to swollen mass (100% × (swollen sample mass – dry sample mass)/(swollen 

sample mass)) and swollen to dry mass ratio. 

MVTR – Moisture vapor transmission rate; PBS – Phosphate-buffered saline; RT – Room temperature; SBF – 

Simulated body fluid (composition not provided). 

absorptive capacity. To facilitate comparisons, the terms water uptake capacity, equilib-

rium water content and swelling ratio were used throughout the text and in Table 6 when-

ever absorptive capacity was expressed as, respectively, percent mass increase in relation 

to dry mass, percent mass increase in relation to swollen mass and swollen to dry mass 

ratio. Values of water uptake capacity in PBS varied between 233%, for the crosslinked 

gelatin-based PRM15 membrane, and 2000%, for the PVA/chitosan-based PRM17 mem-

brane prepared by freeze-thaw cycling and freeze-drying. Straightforward comparisons 

can only be made between PRMs tested by the same group employing the same test con-

ditions, i.e., between PRM2a/PRM2b, and between PRM23a/PRM23b/PRM23c. PRM2a 

and PRM2b were both prepared by electrospinning of the same polymers, but employing 

two different approaches (Table 3). PRM2a was prepared by electrospinning of a poly(es-

ther urethane)/CA/PHMB solution (PEsUR/CA/PHMB), which resulted in a membrane 

composed of fibers with uniform diameters. PRM2b was prepared by co-electrospinning 

of PEsUR/PHMB and CA/PHMB solutions, which resulted in a mixture of fine and thick 

fibers. The higher absorptive capacity of PRM2b was attributed to a higher surface area 

due to the heterogeneity in fiber diameters [91]. Regarding the set of PRM23 membranes, 

their absorptive capacities were similar, suggesting that absorbency of bacterial cellulose 

was not much affected by the added polysaccharide (alginate, pectin or both). It is of note 

that sterilization by autoclaving decreased the absorbency of PRM17, which was at-

tributed to an accompanying decrease in pore size and porosity [107]. The range of ab-

sorptive capacities of the novel PRMs assessed compares well with the range of known  
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 (a) (b) 

Figure 6. Schematic representation of permeability cells specified for the measurement of moisture 

vapor transmission rate (MVTR) by standards (a) ASTM E96-90 (Payne permeability cup) and (b) 

EN 13726:2 (Paddington permeability cup). Both cups are depicted in the upright (left) and inverted 

(right) orientations. In the ASTM E96-90 standard, water evaporation through a test membrane is 

measured gravimetrically employing a Payne permeability cup located in a chamber at 23 °C or 32.2 

°C and at 50 ± 2% relative humidity (RH). The Payne permeability cup contains water and its mouth 

is sealed with the test membrane, leaving a 19 ± 6 mm gap between water surface and membrane. 

When the Payne permeability cup is placed in an upright orientation, this assay is designated “Pro-

cedure B – Water method” or “Procedure D – Water Method”, depending on whether it is carried 

out at 23 or 32.2 °C, respectively. When in the inverted orientation, it is designated “Procedure BW 

– Inverted water method” and is carried out at 23 °C only. This assay can also be carried out similarly 

but employing anhydrous CaCl2 as a desiccant inside the upright Payne permeability cup, instead 

of water, leaving a 6 mm gap between sample and desiccant. In this case, the assays are designated 

Procedures A, C or E – Desiccant Method, depending on the temperature at which it is carried out 

(23 °C, 32.2 °C or 37.8 °C, respectively). In the EN 13726-2 standard, the assay is similar to the ASTM 

assay, the main differences lying in the use of a larger permeability cell (Paddington permeability 

cup), a smaller air gap between water surface and sample (5 mm), a different temperature (37 °C) 

and RH (< 20%), the use of samples preconditioned at 20 ± 2 °C and 60 ± 15% RH and the absence of 

a method employing a desiccant. 

values for a set of eleven commercial WDs (205 – 1766% [126]). Once again, results must 

be interpreted with care, because all but one of these commercial WDs were non-medi-

cated WDs and also because the experimental conditions employed in the determination 

of this parameter varied. MVTR values were only determined in three of the novel PRMs. 

The electrospun PEsUR/CA-based PRM2a and PRM2b were evaluated according to the 

ASTM E96-90 standard “Procedure D – Water Method” (Figure 6a), although employing 

a different relative humidity (43%), without explicit mention of the temperature. Despite 

their different morphologies, fiber diameters and porosities, a similar MVTR value of ca. 

204 g/m2/24 h was obtained for these two PRMs, which is comparable to the lower MVTR 

values obtained for a set of commercial WDs studied under this standard, which ranged 

from 50 to 9360 g/m2/24 h [127,128]. With the bacterial cellulose-based PRM13 membrane, 

a much higher MVTR value of 2500 g/m2/24 h was obtained. However, a different assay 

method was employed, still within the ASTM standard. In this method, designated “Pro-

cedure A – Desiccant Method” (Figure 6a), anhydrous calcium chloride located inside the 

Payne permeability cup is employed as the driving force for water vapor transmission 

across the test membrane [129]. As such, this assay method is not physiologically relevant. 

Air and oxygen permeabilities were also determined for three of the novel PMRs. 

Absorbency, MVTR and air permeability can all affect the PRMs’ ability to control exudate 

levels. To prevent excessive exudate in the wound bed, which can result in tissue macer-

ation [130], WDs must be able to both absorb exudate and allow its evaporation through 

exchange of water vapor with the ambient air, to avoid saturation of the WDs matrices 

[122]. On the other hand, very high evaporation rates should be avoided, as they may 

cause wound dehydration and delay healing. Oxygen and air permeabilities determine 

oxygen levels in wounds, ultimately affecting cell and bacterial proliferation. While low 
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oxygen levels stimulate angiogenesis [131], a high oxygen permeability might be desirable 

[132,133], as high oxygen levels may favor epithelialization and reduce proliferation of 

aerobic bacteria [134,135]. On the other hand, an increased gas permeability may decrease 

the resistance of the WD’s outer layer to water penetration [136]. 

For the bacterial cellulose-based PRM13, an oxygen transmission rate of 48 cm3/m2/12 

h (or 0.001 cm3/cm2/s) was obtained following the Chinese GB/T 19789-2005 standard 

[137], at 37 °C and 0% RH. This standard is similar to the ISO 15105-2:2003 standard [138], 

which was developed for measuring gas transmission rates of plastics in film form. Values 

of oxygen transmission rates of commercial WDs measured employing either of these 

standards could not be found in the literature. In the case of the PRM2a/PRM2b mem-

branes, air permeability was measured according to the ASTM D737-04 standard [139], 

which was developed for measuring air permeability of textile fabrics. PRM2a had a 

higher air permeability than PRM2b (2.5 – 4 cm3/cm2/s and 0.5 cm3/cm2/s, respectively, at 

a 125 Pa pressure differential), which might be due to the already mentioned differences 

in morphology, fiber diameter and porosity. The values obtained in both cases were 

within the range of values obtained with a set of commercial WDs assayed by the same 

method – from below 0.02 to above 78 cm3/cm2/s, the minimum and maximum values for 

the employed instrument –, albeit at a slightly lower (100 Pa) pressure differential [136]. 

As such, these PRM2a/PRM2b membranes have an air permeability that might be ade-

quate for an application as WDs. 

5.2.2. Drug release 

Upon application of a medicated WD to an open wound, the bioactive agent is re-

leased to the wound exudate. Thus, results of in vitro PHMB release studies can be used 

to predict the validity of the novel PRMs. Drug release kinetics are affected by character-

istics of the release medium, such as pH [140], viscosity [141-143] and temperature. The 

pH affects the degree of ionization of functional groups in both the drug and the matrix, 

ultimately affecting drug solubility, matrix swelling and drug-matrix interactions. Viscos-

ity affects mass transport and drug dissolution rates, and temperature affects both mass 

transport and solubility. Thus, the validity of these initial predictions can be improved 

using assay conditions similar to those of the in vivo wound environment. While it may 

not be possible to replicate the complexity and dynamics of this environment and may be 

difficult to replicate conditions such as fluid composition, volume and turnover rate, other 

conditions, such as temperature, pH and ionic strength, can usually be closely replicated. 

Also, the fact that only one side of the WDs contact the wound should also be taken into 

consideration, as drug release kinetics may depend on whether a drug is released from a 

single side or from both sides of a membrane [140]. It must be stressed that it may be 

possible to obtain a valid prediction employing assay conditions that differ significantly 

from the corresponding in vivo conditions, providing that a mathematical correlation be-

tween PHMB-release in vitro and antibacterial action and/or wound healing capacity (i.e., 

an in vivo-in vitro correlation or IVIVC) is established. The U.S. Food and Drug Admin-

istration (FDA) has issued a guidance document for industry devoted to the development, 

evaluation and application of IVIVC for extended release oral dosage forms [144], but no 

equivalent guidelines are available for other types of extended release dosage forms, in-

cluding AMDs or other types of medicated WDs [145,146]. 

The exact composition of exudate varies with wound origin, type, size and location, 

as well as with the phase of the wound healing process [147]. It is mostly similar to that of 

blood plasma [148], being rich in proteins and containing also electrolytes, saccharides, 

lipids, inflammatory mediators, inflammatory cells (such as lymphocytes, macrophages 

and polymorphonuclear leukocytes) and platelets. It also contains microorganisms, even 

in non-infected wounds [147,149]. pH values in the range 5–10 have been reported [150-

152] for wounds, varying with wound type, wound healing phase and presence or absence 

of infection (natural skin is acidic, becoming alkaline upon infection [153]) and reported 

temperatures lie in the 31–35 °C range [154-158]. In terms of viscosity, exudate can be a 

“viscous, sticky” fluid in non-healing wounds [159]. In the literature, various exudate 
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models have been reported and the need for standardization of clinically relevant models 

has been recognized [148]. As can be appreciated in Table 7, various release media were 

employed as exudate models in the in vitro drug release studies of the novel PRMs, spe-

cifically: 

i) Distilled water; 

ii) A salt solution composed of NaCl 8.6 g/L, KCl 0.3 g/L and CaCl2.2H2O 0.33 g/L; 

iii) A 50 mM tris(hydroxymethyl)aminomethane (TRIS) solution at pH 7.4; 

iv) PBS. The exact composition varies slightly according to laboratory; a common compo-

sition is 140 mM NaCl, 10 mM phosphate buffer, and 3 mM KCl, with a pH of 7.4 at 25 

°C [160]; 

v) “Simulated body fluid”, whose composition was not provided. 

Water can hardly classify as an exudate model, as it differs radically from exudate, 

namely in terms of electrolyte composition, ionic strength, osmolality, pH and buffering 

capacity, to name a few parameters. The salt solution contained the major ions present in 

exudate, but has no buffering capacity. In turn, the TRIS solution was buffered by a non-

biological molecule, but lacked the major ions present in exudate. PBS, which was em-

ployed in half of the drug release studies of the novel PRMs, had ion concentrations, os-

molarities and pH values (not always explicitly stated) within the ranges reported for ex-

udate. However, PBS differs significantly from exudate, namely in terms of viscosity, 

which was much lower (as was the case for water and the other two solutions). The com-

position of the “simulated body fluid” was not detailed. More complex exudate models 

containing proteins, lipids and saccharides besides salts, were proposed [109,161-164]. 

Some of these models were employed in the characterization of the antimicrobial activity 

of the novel PRMs and of commercial AMDs (section 5.2.3). However, it must be acknowl-

edged that it might prove challenging to use these more physiologically relevant exudate 

models in drug release assays, since some of their components might interfere with the 

assays’ readouts, requiring more complex quantification methods. 

In most studies with novel PRMs (Table 7), the pH of the drug release medium was 

not explicitly stated. All reported values (most often 7.4) were within the range of pub-

lished values for wounds. Concerning temperature, the most common reported value was 

37 °C. This temperature is higher than the above-mentioned range of wound tempera-

tures, which might translate into faster releases than in the in vivo situations. 

The main driving force for drug release in non-erodible, drug-loaded membranes, 

such as those employed as medicated WDs, is a drug concentration gradient between the 

drug-containing matrix and the release medium, which is affected by swelling and relax-

ation of the membrane matrix. The maximum drug release rate will occur under condi-

tions in which the accumulation of drug in the release medium is considered negligible 

and, as such, it will not affect the dissolution of further drug molecules that are released. 

These conditions are designated infinite sink conditions (or just sink conditions). In phar-

maceutical science studies, it is considered that infinite sink conditions normally occur 

when the volume of the release medium is, at least, 3 to 10 times the saturation volume 

for the drug under study [165]. When these conditions are not attained, finite sink condi-

tions (also designated non-sink conditions) will prevail, and drug release will be slowed 

down by drug accumulating in the release medium. Therefore, the presence or absence of 

sink conditions has a large effect in the drug release kinetics. In general, drug release stud-

ies tend to be performed under sink conditions, mainly for the reason that these conditions 

can be easily established and checked, and because they allow a comparison of results 

from different studies [166]. However, sink conditions may not always occur in in vivo 

locations where drug release dosage forms are employed. In wounds, given the low exu-

date volume and its low turnover rate and, in particular, given that the drug-releasing 

WD also absorbs exudate, sink conditions may not occur [167]. This aspect has been very 

little considered in the literature of drug-releasing WDs. However, in vitro wound models 
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Table 7. Summary of the drug release studies of the novel PHMB-releasing membranes (PRMs) 

developed for antimicrobials dressings (AMDs). Membrane IDs and corresponding bibliographic 

references are the same as in Table 3. 1 

ID 
Drug release assay conditions 

(Assay, release medium and sampling mode) 
Type of release and duration 

[PHMB]max 

released 

PRM2a – Batch assay. 

– Distilled water (40 mL), 37 °C, with shaking. 

– Sampling not detailed.  

– Initial burst release. 

– ca. 1 h. 
np 

PRM2b 

PRM3 

– Batch assay. 

– Distilled water (10 mL), 37 °C, with shaking (30 rpm). 

– 2 mL aliquots; replenishment with new medium. 

– Initial burst release. 

– ca. 24 h (for loading with 0.3% 

PHMB). 

np 

PRM5 

– Batch assay. 

– 50 mL PBS, 37 °C, with shaking (200 rpm). 

– Aliquots of undisclosed volume; replenishment with new me-

dium. 

– Initial burst release. 

– 0.5 h (for loading with 0.25% PHMB). 
np 

PRM6 

– Batch assay. 

– PBS (3 mL), pH 7.4, at 37 °C; no agitation mentioned. 

– Sampling not detailed. 

– Initial burst release. 

– ca. 12 h.  

– Membrane also released SS. 

ca. 0.016% w/v 

PRM7 

– Batch assay. 

–Salt solution 2 (20 mL), pH 6.6, 32 °C, with shaking (70 rpm). 

– 0.5 mL aliquots; no replenishment. 

– Sustained release. 

– ca. 24 h. 
np 

PRM8 

– Batch assay. 

– PBS (volume not mentioned), pH 7.4, 37 °C, with stirring. 

– Sampling: 1.5 mL; replenishment with new medium. 

– Bimodal release: 1st burst release for 

ca. 3 h; 2nd release after 24 h, for 48 h. 

– Membrane also released SS. 

np 

PRM10 

– Batch assay. 

– PBS (60 mL), pH 7.4, 37 °C, with shaking (100 rpm). 

– 1 mL aliquots; replenishment with new medium. 

– Initial burst release. 

– 4 h (for loading with 1% PHMB) to 11 

h (for loading with 10% PHMB). 

ca. 0.1 – 5 µg 

PHMB/mg of 

sample  

PRM11a 
– Single-face release in a cuvette. 3 

– 50 mM TRIS (2 mL), pH 7.4, 37 °C, with unspecified agitation. 

– Sampling not clear. 

– Initial burst release. 

– ca. 5 h.  
ca. 0.002% w/v 

PRM11b 

– Bimodal release: 1st burst release for 

ca. 15 h; 2nd release after ca. 30 h for 

ca. 20 h.  

ca. 0.04% w/v 

PRM13 

– Batch assay. 

– SBF. No further conditions mentioned. 

– Sampling not detailed. 

– Bimodal release: 1st slow release for 

ca. 15 h; 2nd release for an extra 20 h 

(for loading with 0.1% PHMB) or 45 h 

(for loading with 0.2% PHMB) 

– Highest duration: ca. 60 h (for loading 

with 0.2% PHMB). 

ca. 0.009 (0.1% 

sample); ca. 

0.017% (0.2% 

sample) 

 

PRM14 

– Batch assay. 

– PBS, RT. No agitation. No other conditions mentioned. 

– Sampling not detailed. 

– Initial burst release followed by sus-

tained release. 

– ca. 5 days (for loading with 5 and 15 

wt% PHMB); 48 h for loading with 25 

wt% PHMB); 1 h for loading with 35 

wt% PHMB.  

From 0.02 to 0.2 

mg of PHMB 

PRM16 

– Batch assay. 

– PBS (10 mL), pH 7.4, 37 °C, shaking (60 rpm). 

– 2 mL aliquots; replenishment with new medium. 

– Initial burst release, followed by sus-

tained release. 

– ca. 1 day for loading with 1 %wt 

PHMB; ca. 4 days, for loading with 5 

wt% PHMB; ca. 20 days for loading 

with 10 wt% PHMB. 

np 

PRM17 

– Franz diffusion cell assay. 

– PBS (volume not mentioned), 34 °C, with stirring. 

– 0.2 mL aliquots; replenishment with new medium. 

– Sustained release. 

– 48 h. 

4 – 5 µg 

PHMB/mg dry 

sample. 

PRM21 

– Batch assay. 

– SBF (1 mL). No further conditions mentioned. 

– Sampling: 0.3 mL sample; no further details. 

– Burst release for loading with 0.3% 

PHMB; duration: ca. 24 h. 

– Bimodal release for loading with 0.1 

and 0.5 wt% PHMB: 1st release for ca. 

24 h; 2nd release after 24 h, for an-

other 24 h. 

ca. 0.02% – 0.05% 

w/v 
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Table 7. Cont. 

ID 
Drug release assay conditions 

(Assay, release medium and sampling mode) 
Type of release and duration 

[PHMB]max 

released 

PRM22a 

– Batch assay. 

– PBS. No further details. 

– Sampling: not mentioned. 

– Initial burst release. 

– Duration: ca. 48 h (for loading with 

5% PHMB). 

np 

PRM22b 

– Small initial burst release, followed by 

sustained release. 

– Duration: ca. 5 days (for loading with 

5% PHMB in cationic nanoliposomes). 

PRM23a 

– Batch assay. 

– PBS (50 mL), pH 7.4, 37 °C, with stirring (50 rpm). 

– 5 mL aliquots; replenishment with new medium. 

– Initial burst release. 

– Duration: 4 h. 
np 

1 PRMs not studied or for which a plot of released drug versus time was not in the published report were excluded 

from this table. 2 NaCl 8.6 g/L, KCl 0.3 g/L and CaCl2.2H2O 0.33 g/L. 3 Sample prepared at the bottom of a cuvette. 

np – Not provided. 

Max – Maximum; PBS – Phosphate-buffered saline; RT – Room temperature; SBF – Simulated body fluid (com-

position not provided); SS – Silk sericin; TRIS – Tris(hydroxymethyl)aminomethane. 

of low and high levels of exudate have already been proposed, so that the effect of differ-

ent levels of exudate in drug release can be taken into account [167]. When the low exudate 

level model was employed, drug release was considerably slowed down and extended in 

comparison to the model with unlimited sample access to the release medium. None of 

the studies with the novel PRMs has indicated the type of sink conditions employed in 

the drug release assays (Table 7). 

Fluid leaking out of blood vessels is naturally drained and recirculated. However, in 

wounds, additional fluid leakage and consequent exudate accumulation occur, due to the 

inflammatory response that is taking place, which is characterized by increased capillary 

permeability. Even though there is no internationally accepted standard to measure exu-

date production, no accepted reference “normal” rate of exudate production, and as 

wound exudate production varies with the wound healing phase and wound origin, type, 

size and location, as well as with local and systemic factors [147,148], reported values for 

the exudate turnover rate in different types of wounds range from 1.7 to 28.0 mL/10 

cm2/day [148,168], taking 1.026 g/mL as the density of exudate for units conversion pur-

pose [169]. The SMTL WD testing laboratory mentioned in section 5.2.1, although recog-

nizing that heavily exuding wounds produce around 5 mL/10 cm2/day, and that this value 

can double in the presence of infection [170], employs a higher flow rate of 1 mL/h to 

evaluate the fluid handling properties of 10 cm × 10 cm WD samples (equivalent to 24 

mL/10 cm2/day), as a compromise between physiological relevance and assay duration 

[170], that could serve as a guidance in selecting release medium turnover rates. The drug 

release studies with the novel PRMs have not considered medium turnover. However, in 

drug release studies where the release medium is sampled and replenished with new re-

lease medium, release medium renewal occurs; depending on the sample’s area and on 

the aliquot’s volume, it may approach the physiological range of exudate turnover with 

planned sampling protocols. 

Many studies with the novel PRMs did not mention the medium volume employed. 

Within those that mentioned it, only three studies have employed low volumes between 

1 and 3 mL (PRM6, PRM11a and PRM21), the remaining ranging from 10 to 60 mL (Table 

7). Additionally, nearly all drug release studies were carried out in batch mode, i.e., with 

samples fully immersed in the release medium. As such, given that most of these volumes 

will be much higher than the exudate volume in contact with a WD, the drug release ki-

netics in vivo may be different and, as recognized by others [171], more relevant models 

should be employed. 

Franz diffusion cells [172] are a type of vertical diffusion cell known mostly for its 

use in pharmacopoeial testing of drug permeation from topical and transdermal pharma-

ceutical formulations [173]. They are well-suited to be used in the study of drug release 
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from a single face of a drug-loaded membrane and have been employed in drug release 

studies with membranes for WDs (e.g., [174]). In this type of application, the membrane 

usually employed in permeation studies as a skin model is replaced by the drug-loaded 

membrane, and an empty donor chamber is used (Figure 7). Although release volumes 

 

Figure 7. Schematic representation of a Franz diffusion cell as employed in the study of drug release 

from a single face of drug-loaded membranes. 

are still larger than typical exudate volumes, conditions of limited access to the release 

medium (non-sink conditions) that occur in vivo in wounds with exudate-absorbing WDs, 

can be mimicked. For that, a low level exudate model can be established by placing an 

hydrogel layer in contact with both the WD to be tested and the release medium, so that 

access of release medium to the sample is limited [167]. As mentioned earlier in this sec-

tion, it may be possible to reproduce the in vivo exudate turnover rate with planned sam-

pling protocols. Instead, flow-through Franz diffusion cells can be employed [175]. With 

the novel PRMs, only a single study employed a Franz diffusion cell (PRM17, Table 7), 

although with unlimited access to the release medium and without mentioning its vol-

ume. Additional alternative low volume models that might be considered are flow-

through devices, such as the dynamic biofilm models employed in antibacterial activity 

assays presented in section 5.2.3 (the flat bed perfusion [176], the colony drip-flow [177] 

and the Duckworth biofilm [178] devices) and the “WRAP rig” [170,179], a device devel-

oped by the SMTL laboratory to evaluate the fluid handling properties of WDs, named 

after the Woundcare Research for Appropriate Products project. By setting the test cham-

ber temperature and volume to the relevant in vivo values, as well as the flow rate of an 

adequate exudate model, and analyzing the exudate model leaving the chamber for re-

leased drug, the WRAP rig could also be employed in drug release studies of drug-releas-

ing WDs. However, none of the mentioned devices can take into account the effects of 

several other relevant physiological factors affecting a WD, such as sweat and skin oils, 

loose surface skin cells, movement, friction, pressure, shear, and varying environmental 

conditions. To take into account these factors, an artificial wound model placed on the 

skin of healthy voluntaries and intermittently infused with an exudate model was pro-

posed [161]. Although this model was developed to study the fluid handling capacity and 

wear time of WDs, a modification that allows for sampling the model exudate could allow 

drug release studies to be conducted.  

Most drug release kinetic curves obtained with the novel PRMs showed an initial 

burst release, where most PHMB was released, followed by a plateau (Table 7). This burst 

release may be favorable, since it allows a powerful attack to the bacterial population 

thriving in the wound, but it should be followed by a sustained release. Release curves 

showing a gradual, sustained release were obtained with the PRM7, PRM16 and PRM17 

membranes (Table 7). These membranes were composed of polymers with different elec-

trical charges and were prepared and loaded employing different methods (Table 3 and 

Table 7): (i) soaking, in the case of the bacterial cellulose-based membrane PRM7 and of 

the PVA/chitosan-based PRM17 membrane prepared by freeze-thaw cycling and freeze-
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drying, and (ii) addition, in the case of the PRM16 SF-based membrane prepared by 

freeze-drying. As such, no correlation between either polymer type, preparation method 

or drug loading method and achievement of a sustained drug release can be established. 

Another type of release curves obtained showed two release phases (bimodal re-

lease). They were obtained with PRM8, PRM11b, PRM13 and PRM21 (Table 7). With the 

exception of the crosslinked PDMS-based PRM21 membrane, for which no explanation 

was advanced by the authors and the reason for the occurrence of a bimodal release curve 

is not clear, the bimodal release curves of the remaining membranes could be explained. 

With PRM8, although an explanation was not advanced by the authors, considering that 

this PRM was a dual drug release system, releasing PHMB and SS (a healing-promoting 

polypeptide, stimulating collagen production [180]), and that SS was also a component of 

the membrane matrix, the bimodal release could be related to the release of SS: when the 

second PHMB release started (after 24 h), 90% of SS that was released when equilibrium 

was attained had already been released. PRM11b is a temporarily-crosslinked gelatin 

membrane (PRM11b), in which the crosslinked gelatin is hydrolyzed by a protease present 

in the membrane formulation, taking ca. 24 h for this hydrolysis to produce a noticeable 

effect in the drug release kinetics. Finally, the behavior of the PRM13 bacterial cellulose-

based membrane loaded with a PHMB/PEG was attributed to strong interactions occur-

ring between PHMB, bacterial cellulose and PEG, holding PHMB in the early stages of the 

release, followed by a later expansion of the polymer network due to water penetration. 

In a drug release system, the drug release duration, i.e., the time it takes the cumula-

tive released drug concentration to become constant, and the concentration of released 

active drug determine the duration of the therapeutic activity of the system and, in the 

case of medicated WD, they may affect WD changing frequency. A longer therapeutic 

activity is favorable, since it offers a lower frequency of WD change that, in turn, lowers 

wound exposure and favors wound stabilization, improving patient well-being and low-

ering costs [181,182]. To be effective, the cumulative concentration of released drug must 

be within the drug’s therapeutic window, the range of drug concentrations that provide 

therapeutic effects with minimal adverse effects. However, as discussed earlier in this sec-

tion, as the drug release conditions in in vitro assays are very different from the in vivo 

conditions, drug release duration and concentration of released drug obtained in in vitro 

studies cannot be directly translated to in vivo duration/concentration. 

PHMB release durations of novel PRMs varied from a minimum of 0.5 h to a maxi-

mum of 20 days, with the most common duration in the range 1 – 24 h (Table 7). As dif-

ferent conditions were employed in the drug release studies and as it was not mentioned 

whether sink conditions were present, it is not possible to compare the drug release dura-

tions. The highest release durations were obtained with PRMs prepared and loaded by 

different methods: a wool-based membrane loaded by soaking with nanoliposome-encap-

sulated PHMB (5 days; PRM22b), an electrospun poly(ether urethane)-based membrane 

loaded by addition (5 days; PRM14) and a membrane prepared by freeze-drying of 

SF/PHMB solutions (20 days; PRM16). When the same PRM was loaded with different 

PHMB concentrations, increased PHMB concentrations in the soaking solution or added 

to the formulation resulted in increased drug release durations in some PRMs (PRM10, 

PRM13, PRM16) but not in others (PRM14 and PRM21).  

Concerning the concentration of released PHMB, the maximum released concentra-

tion ([PHMB]max), i.e., the cumulative concentration of drug released when equilibrium 

between drug inside the membrane and the outside milieu was attained, that corresponds 

to the plateau of the drug release curve, as the release medium volumes employed were 

much larger than exudate volumes (as seen in section 5.2.2), these concentrations cannot 

be used to assess the validity of the PRMs through a comparison with the MIC for partic-

ular bacterial species or with the PHMB therapeutic window. For studies that have indi-

cated the concentration of released PHMB, no correlation can be established between the 

PHMB concentration employed in loading and the maximum released PHMB concentra-

tion since, as mentioned in section 5.1.2, different modes of expressing PHMB concentra-
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tions employed in drug loading were used. When the same PRM was loaded with differ-

ent PHMB concentrations, an increase in the PHMB concentration added to the formula-

tion did not always result in an increase in [PHMB]max: although this was true for PRM10, 

it was not for the highest PHMB concentrations employed in loading PRM14 and PRM21 

(Table 7). In the case of PRM14, it cannot be attributed to different loading yields, since an 

increase in the PHMB concentration added to the formulation resulted always in in-

creased PHMB loading (in the case of PRM21, loading yields were not determined). Thus, 

no correlations could be established between drug release duration or [PHMB]max and 

membrane preparation or drug loading method, or PHMB loading yield.  

5.2.3. Biological evaluation: antimicrobial activity 

A large number of bacterial species can be found in infected wounds, most frequently 

S. aureus, P. aeruginosa, Proteus mirabilis (P. mirabilis) and E. coli [183,184]. Polymicrobial 

infections are common, with S. aureus and P. aeruginosa the most common association 

[183]. Fungi also colonize wounds, in particular Candida albicans (C. albicans) [183,185]. 

With the exception of PMR25b and PRM23c, whose characterization was discontinued for 

exhibiting lower mechanical properties and absorptive capacity than the similar PRM23a, 

and of PRM4, all other 25 novel PRMs were evaluated for antimicrobial activity, i.e., their 

ability to inhibit the growth or produce a reduction in the number of viable bacteria and/or 

yeast cells (Table 8). Most of these studies employed, at least, one Gram-negative and one 

Gram-positive bacterial species, although a few studies employed only one bacterial spe-

cies. E. coli and P. aeruginosa were the most employed bacteria in the Gram-negative group 

while, in the Gram-positive group, S. aureus was the most employed. P. mirabilis, which is 

also commonly found in infected wounds, was never employed. 

Several types of assays have been developed to evaluate or screen the in vitro antimi-

crobial activity of a substance [186]. The approaches used to assess antimicrobial activity 

differed significantly across the various studies and a detailed presentation of these ap-

proaches is out of the scope of the present review. It must be noted that, at the time these 

evaluations were performed, no ISO, EN or ASTM standards for evaluating the antimi-

crobial activity of AMDs had been issued, although standards for the evaluation of the 

antimicrobial activity of other types of products, such as textiles, existed (e.g., ASTM 

E2922-15 [187]) and were employed in some studies. Since then, more specifically in July 

2022, an EN standard (EN 17854:2022) was issued [188]. In this EN 17854:2022 standard, 

antimicrobial activity is assayed by inoculating calculated volumes of test suspensions of 

the Gram-negative bacteria P. aeruginosa, the Gram-positive S. aureus and the yeast C. al-

bicans into separate samples of the AMD under evaluation. These test suspensions are 

prepared in a solution containing heat inactivated fetal calf serum (FCS), peptone and 

NaCl, used to simulate wound exudate. After a contact time of 24 h at 30 – 34 °C, the 

antimicrobial activity is stopped by addition of a neutralizing solution and the number of 

bacteria or yeast recovered from the AMD is determined and compared to that of a nega-

tive control. 

To evaluate the antimicrobial activity of the novel PRMs, the most commonly em-

ployed assays were the agar disc diffusion assay and the inoculation assay (Table 8). In 

the agar disc diffusion assay, the PRMs were placed directly on agar plates onto which 

the bacterial strain was seeded, followed by incubation overnight or for 24 h at 37 °C. Long 

incubation times of 7 and 9 days, with daily change of agar plate, were also employed. 

When antibacterial activity is present, clear areas appear around the samples. These areas, 

that are designated inhibition zones, are areas in which bacteria do not grow; the bacterial 

Table 8. In vitro antimicrobial activity evaluation of the novel PHMB-releasing membranes (PRMs) 

for antimicrobial dressings (AMDs). Membrane IDs and corresponding bibliographic references are 

the same as in Table 3. 1 

ID PHMB loading 
Antimicrobial activity evaluation 

(Test organism, assay and results) 
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PRM1 

Soaking. 

[PHMB]: 0.1 or 

1% w/v 

– E. coli 

– Test bacteria inoculated into aliquots collected from a PBS solution 1, 2, 3, 4, 5 and 6 h after the immersion of the 

membrane, followed by overnight incubation at 37 °C. 

▪ Very significant reduction of bacterial numbers at all times tested, peaking at 2 h. 

Note: This PRM was also assayed for infection control, employing a rat full thickness excisional wound model 

infected with P. aeruginosa, at days 4, 8 and 12 post-surgery. Decreases in surface bacterial population significantly 

more pronounced for the treated groups (unloaded and loaded membranes) than for the untreated control for 

samples collected at days 8 and 12. No differences in deep tissue bacterial population between treated and 

untreated groups for all time points. 

PRM2a 

Addition. 

[PHMB]: 1 wt% 

– E. coli 

– Test bacteria inoculated into PRM , followed by a 5-hour incubation at 37 °C. 

▪ High antibacterial activity: almost complete bacterial elimination. 

PRM2b 

– E. coli 

– Test bacteria inoculated into PRM , followed by a 5-hour incubation at 37 °C. 

▪ High antibacterial activity: almost complete bacterial elimination. 

PRM3 

Addition. 

[PHMB]: 0.15 or 

0.3% w/v 

– S. aureus and E. coli 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 24-h incubation at 36 °C. 

▪ High, [PHMB]-dependent antibacterial activity for both test bacteria. 

PRM5 

Addition. 

[PHMB]: 0.02, 

0.075, 0.15 or 

0.25% w/v 

– E. coli and M. luteus 

– Test bacteria inoculated into PRM, followed by a 48-h incubation at 37 °C. 

▪ Total growth inhibition of both bacteria for PRMs loaded with [PHMB] ≥ 0.15%. PRMs loaded with 0.02 and 

0.075% w/v PHMB did not kill bacteria, even after 45 h. 

PRM6 
Impregnation. 

[PHMB]: 0.3% w/v 

– B. subtilis, S. aureus, MRSA, E. coli, A. baumannii, and P. aeruginosa 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 24-h incubation at 37 °C. 

– Test bacteria inoculated into PRM, followed by a 24-h incubation at 37 °C. 

▪ High antibacterial activity against all bacteria in both assays. 

▪ Agar disc diffusion assay: Antibacterial activity superior to a commercial CHX-based AMD (Bactigras®); 

comparable to a commercial silver-based AMD (Acticoat®) for Gram-negative bacteria, but inferior against P. 

aeruginosa; comparable to a commercial PRWD (Suprasorb® X + PHMB), but inferior against B. subtilis. 

PRM7 
Soaking. 

[PHMB]: 1% w/v 

– S. aureus 

– Test bacteria inoculated into PRM and into PRM extracts prepared in CB medium (0.02 – 20 mg membrane/mL 

DMEM; 24 h at 37 °C), followed by a 24-h incubation at 37 °C. 

▪ High antibacterial activity observed for PRM and for extraction ratios > 0.02 mg membrane/mL medium. 

PRM8 
Soaking. 

[PHMB]: 0.2% w/v 

– E. coli, A. baumannii , P. aeruginosa, B. subtilis, S. aureus and MRSA 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 24-h incubation at 37 °C. 

▪ Active against all bacteria, except P. aeruginosa. Activity comparable to that of an equivalent membrane loaded 

with PVP-I. 

▪ Activity against E. coli, A. baumannii , B. subtilis and S. aureus, but not against MRSA, lost upon storage of PRM at 

30 °C for 1 – 6 months. A commercial WD (Allevyn®) maintained its antibacterial activity for 6 months of storage. 

PRM9 
Addition. 

[PHMB]: np 

– MSSA, P. aeruginosa and K. pneumoniae 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by repeated 24-h incubations 

for 7 days (temperature not mentioned).  

▪ Antibacterial activity lasted for 24 h only. 

PRM10 

Addition. 

[PHMB]: 1 or 10 

wt% 

– S. aureus and P. aeruginosa 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 48-h incubation at 35 °C. 

– Test bacteria inoculated into PRM on an agar plate, followed by a 48-h incubation at 35 °C. 

▪ Antibacterial activity only for [PHMB] = 10 wt% PHMB. No activity against P. aeruginosa. Bacterial permeation 

through the PRM occurred. No bacterial growth on the PRM surface. 

PRM11a 

Addition. 

[PHMB]: 0.4% 

w/v 

– P. aeruginosa and S. aureus as colonies on agar plates and as single species biofilms 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 48-h incubation at 37 °C. 

– PRM contacted with single species biofilms on glass coverslips, followed by a 24-h incubation at 37 °C. 

▪ Agar disc diffusion assay: high antibacterial activity observed; not due to PHMB but to another PRM component 

(EDTA). 

▪ Biofilm assay: high reduction in the number of viable bacteria after 24 h. Lower activity against S. aureus. 

Table 8. Cont. 

ID PHMB loading 
Antimicrobial activity evaluation 

(Test organism, assay and results) 

PRM11b Addition. – P. aeruginosa e S. aureus as colonies on agar plates and as single- and as multi-species biofilms 
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[PHMB]: 0.4% 

w/v 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 48-h incubation at 37 °C. 

– PRM contacted with biofilms on glass coverslips, followed by a 24-h incubation at 37 °C. 

▪ Agar disc diffusion assay: high antibacterial activity observed; not due to PHMB but to another PRM component 

(EDTA). 

▪ Biofilm assay: reduction in the number of viable bacteria in single- and multi-species biofilms, after 24 h; less 

active against single-species biofilms of S. aureus. Total elimination of of all single- and mixed-species biofilms 

after 48 h. 

PRM12 

Impregnation. 

[PHMB]: 0.04% 

or 0.1% (+ 0.1% 

UDAPB) 

– S. aureus 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by overnight incubation at 37 

°C. 

▪ Antibacterial activity comparable to that of a commercial PRWD (Suprasorb® X + PHMB) for PRMs loaded with 

both [PHMB], although loaded with [PHMB] 7.5 or 3× lower, respectively. 

PRM13 

Soaking. 

[PHMB]: 0.1 or 

0.2% w/v 

– S. aureus and E. coli 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 24-h incubation at 37 °C. 

– Test bacteria inoculated into PRM, followed by a 24-h incubation at 37 °C. 

– Fungal growth assay: sample storage in a humid environment. 

▪ Agar disc diffusion assay: high activity against both bacteria; higher activity for loading with 0.2% w/v PHMB. 

▪ Inoculation assay: almost no bacteria survived on the PRM’s surface. 

▪ Fungal growth asay: no fungal growth for, at least, 6 weeks. 

PRM14 

Addition. 

[PHMB]: 5, 15, 25 

or 35% wt% 

relative to 

polymer mass 

– S. aureus 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by overnigh incubation at 37 

°C. 

– Test bacteria inoculated into PRM, followed by overnight incubation at 37 °C. 

▪ Agar disc diffusion assay: antibacterial activity increased with [PHMB], with highest activities for [PHMB] ≥ 

15%. Superior to a commercial silver-based AMD (Actisorb® Silver 220), that did not show antibacterial activity. 

▪ Inoculation assay: no surviving bacteria after 24 h for [PHMB] ≥ 15%. Superior to Actisorb® Silver 220, that 

showed little antibacterial activity. 

PRM15 

Soaking. 

[PHMB]: 0.1, 0.5, 

1 or 2% w/v 

– K. pneumoniae, A. baumannii, and S. aureus 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by repeated 24-h incubations 

for 9 days at 35 °C. 

▪ Antibacterial activity up to 3 – 5 days for PRMs loaded with 0.1 and 0.5% PHMB and up to 7 – 8 days for PRMs 

loaded with 1 and 2% PHMB. 

Note: This PRM ([PHMB]: 1% w/v) was also assayed for infection control in a rat full thickness excisional wound 

model infected with A. baumannii., at days 3, 7, 14 and 21 post-surgery. A decrease in wound infection was 

observed during the earlier treatment stage. After 21 days, bacteria were still present but in significantly lower 

numbers than in the control group (unloaded membrane) but 3 out of 10 animals still showed infection symptoms. 

PRM16 

Addition. 

[PHMB]: 0.5, 1, 2, 

5, 10 wt% 

relative to 

polymer mass 

– S. aureus and E. coli 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 24-h incubation at 37 °C. 

▪ Antibacterial activity for PRMs loaded with [PHMB] ≥ 2 wt%, with high activity for [PHMB] of 5 and 10 wt%. 

PRM17 
Soaking. 

[PHMB]: 0.5% w/v 

– S. aureus and S. epidermidis 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 24-h incubation at 37 °C.  

▪ Antibacterial activity against both bacteria. 

PRM18 Addition. 

[PHMB]: 0.04, 

0.08, 0.12, 0.16 or 

0.2% w/v 

– S. aureus 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 24-h incubation at 36 °C. 

▪ Antibacterial activity for all [PHMB]. Antibacterial activity also due to AgNPs. Optimal [PHMB]: 0.12% w/v.  

▪ PRM19 with higher antibacterial activity than PRM18. PRM19 

 

Table 8. Cont. 

ID PHMB loading 
Antimicrobial activity evaluation 

(Test organism, assay and results) 

PRM20 Impregnation. 
– S. aureus, S. epidermidis, E. faecium, E. coli, K. pneumoniae, E. cloacae, P. aeruginosa, A. baumannii, and the fungal 

species C. albicans as biofilm cultures 
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[PHMB]: 0.1% 

w/v (+ 0.1% w/v 

UDAPB) 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by overnight incubation at 37 

°C. 

– PRM contacted with a biofilm on agar discs, followed by a 24-h incubation at 37 °C. 

▪ Agar disc diffusion assay: inhibition of growth of all bacterial strains, contrarily to a commercial silver-based 

AMD (Aquacel® Ag). Less effective for most bacterial strains than equivalent membranes loaded with PVP-I 

(7.5%) and CHX (0.5%). 

▪ Contact with biofilms assay: reduced bacterial growth of all tested bacterial strains in AE and TSB media, with 

the exception of a single strain of E. epidermidis in TSB. Better performance than Aquacel® Ag but slightly inferior 

performance than equivalent membranes loaded with OCT and PVP-I. Activity depended on the growth 

medium employed, being higher in the AE medium. 

PRM21 

Addition. 

[PHMB]: 0.1, 0.3 

or 0.5 wt% 

– P. aeruginosa, A. baumannii, S. aureus, S. epidermidis, S. pyogenes, B. subtilis and C. albicans 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by a 18-h incubation at 37 °C. 

– Test bacteria inoculated into PRM, followed by a 24-h incubation at 36 °C. 

▪ Agar disc diffusion assay: antibacterial activity with almost all [PHMB] against almost all species. The 

exceptions were absence of activity against P. aeruginosa and A. baumannii for all [PHMB] and against B. subtilis 

for 0.1 and 0.5 wt% PHMB. 

▪ Inoculation assay: inhibition of biofilm formation of all bacterial species increased with [PHMB], being higher 

for PRMs loaded with 0.5 wt% PHMB, except B. subtilis, that was not inhibited. 

PRM22a 

Soaking. 

[PHMB]: 0.2, 0.5, 

1, 2, 3 or 5% w/v 

– E. coli, S. aureus 

– Test bacteria inoculated into PRM, followed by a 1 or 3-h incubation (temperature not mentioned). 

▪ High antibacterial activity for PRMs loaded with [PHMB] ≥ 0.5%. 

PRM22b 

Soaking. 

[PHMB]: 0.2, 0.5, 

1, 2, 3 or 5% w/v 

(in NLs) 

– E. coli, S. aureus 

– Test bacteria inoculated into PRM, followed by a 1 or 3-h incubation (temperature not mentioned). 

▪ High antibacterial activity for PRMs loaded with [PHMB] ≥ 0.5%. 

PRM23a 
Soaking. 

[PHMB]: nc 

– S. aureus and P. aeruginosa 

– PRM applied to an agar plate with test bacteria (agar disc diffusion assay), followed by overnight incubation at 37 

°C. 

▪ High antibacterial activity against both bacteria.  
1 PRMs not evaluated were excluded from this table. 

AE – Artificial exudate (1% of mucin, 1% of bovine serum albumin, 10% of fetal bovine serum and 88% of RPMI); 

A. baumannii – Acinetobacter baumannii; AgNP – Silver nanoparticles; AMD – Antimicrobial dressing; B. subtilis – 

Bacillus subtilis; C. albicans – Candida albicans; CB – Caso-Bouillon; CHX – Chlorhexidine; DMEM – Dulbecco’s 

Modified Eagle Medium; E. cloacae – Enterobacter cloacae; E. coli – Escherichia coli; EDTA – Ethylenediaminetet-

raacetic acid; E. faecium – Enterococcus faecium; K. pneumoniae – Klebsiella pneumoniae; M. luteus – Micrococcus luteus; 

MRSA – Methicillin-resistant S. aureus; MSSA – Methicillin-sensitive S. aureus; NL – Nanoliposome; OCT – Oc-

tenidine; P. aeruginosa – Pseudomonas aeruginosa; PBS – Phosphate-buffered saline; PRWD – PHMB-releasing 

wound dressing; PVP-I – Povidone-iodine; S. aureus – Staphylococcus aureus; S. epidermidis – Staphylococcus epider-

midis, S. pyogenes – Streptococcus pyogenes; TSB – Tryptic soy broth; UDAPB – Undecylenamidopropyl betaine. 

susceptibility to the antibacterial agent is proportional to the diameter of the inhibition 

zone. In the inoculation assays, the PRMs or PRMs extracts were inoculated with the test 

bacteria, followed by bacterial quantification after incubation at 37 °C for 1 to 48 h. Bacte-

rial quantification was carried out through optical density (OD) measurements at 620 or 

650 nm, nephelometry, colony counting after spreading on agar plates, determination of 

viable bacterial cells employing redox dyes, or employing microscopy.  

It is not possible to establish a correlation between antibacterial activity and the 

amount of PHMB loaded per unit mass of the novel PRM samples, since very few studies 

determined the drug loading yield (Table 7). Additionally, to relate the PHMB concentra-

tions employed in the preparation of the novel PRMs to the presence or absence of anti-

bacterial activity, care has to be taken since, in loading by soaking and impregnation, the 

concentrations refer to the concentration of PHMB in the soaking solution while, in load-

ing by addition, they refer to concentration in the solution employed to prepare the mem-

brane (Table 7 and Table 8). 

Nearly all the novel PRMs whose antibacterial activity was assayed were active 

against the tested bacterial species (Table 8). The exceptions were (i) the PRM8 membrane 

loaded by soaking in a 0.2% PHMB solution and the PRM10 membrane loaded by addition 

of 10 wt% PHMB to the formulation employed to prepare the membrane that was not 

active against P. aeruginosa, although active against other bacteria; (ii) the PRM20 mem-
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brane loaded by impregnation with 0.1% PHMB that, although active against several bac-

terial species and strains in a biofilm assay, did not show activity against a particular 

Staphylococcus epidermidis (S. epidermidis) strain, and (iii) the PRM21 membrane loaded by 

addition of PHMB in the range 0.1 – 0.5 wt%, for which no activity was detected against 

P. aeruginosa, Acinetobacter baumannii (A. baumannii) and against Bacillus subtilis (B. subtilis) 

biofilms. In these cases, P. aeruginosa was the bacterial species that most often resisted 

antibacterial activity. This bacterial species is known for its remarkable resistance to anti-

biotics [189]. 

In loading by soaking or impregnation, the lowest PHMB concentration that resulted 

in PRMs with antibacterial activity was 0.04% (PRM12, PRM18 and PRM19 membranes). 

Most of the remaining active PRMs were loaded with PHMB concentrations in the range 

0.1 – 1% (Table 8). In loading by addition, as discussed in section 5.1.2, the PHMB concen-

tration was expressed in different modes. For the most used mode, the minimum PHMB 

concentration added to the formulation for which antibacterial activity was observed was 

0.02% w/v (PRM5), with the remaining active PRMs loaded by adding PHMB concentra-

tions in the range 0.04 – 0.4% w/v. When wt% was used, the minimum PHMB concentra-

tion that resulted in antibacterial activity was 0.1 wt% for the PRM21 membrane. How-

ever, for the PRM10 membrane, antibacterial activity was only observed for a PHMB con-

centration of 10 wt%. This PRM corresponds to a membrane composed of chitosan and 

PLA. As carboxylic groups in PLA have a pKa value below 7, PLA will be negatively 

charged at physiological pH and the positively charged PHMB (and chitosan) will interact 

and bind to PLA. As such, this PRM may require loading with higher PHMB concentra-

tions to exhibit antibacterial activity. However, other PRMs containing negatively charged 

polymers such as, e.g., PRM5 (PLA) or PRM18/PRM19 (alginate), did not require high 

PHMB concentrations, suggesting that the presence of negatively charged polymers in the 

membrane may not be the only factor justifying the use of high PHMB concentrations. 

Most antibacterial assays were short-term assays, with 24 h being the most employed 

contact time. Two studies employed long contact times of 7 and 9 days, with daily renewal 

of the agar plate with the test bacteria, that will simulate exudate turnover in the wound. 

In one of these long-term studies, the antibacterial activity of PRM9 lasted for just 1 day, 

although evaluated for 7 days. In the other long-term study, it was possible to achieve 

long-term antibacterial activity: for the lowest PHMB concentration employed (0.1%), an-

tibacterial activity against S. aureus, A. baumannii, and Klebsiella pneumoniae (K. pneumoniae) 

lasted for 3 – 4 days, while for the two highest PHMB concentrations (1 and 2%), lasted 

for 7 – 8 days. 

In a few cases where the activity of the novel PRMs was compared to that of com-

mercial AMDs (Table 8), in general, they possessed comparable or superior antibacterial 

activity. The antibacterial activity of PRM6 was (i) superior to that of a CHX-based AMD 

(Bactigras® ) against Gram-positive and Gram-negative bacteria, (ii) comparable to that of 

a silver-based AMD (Acticoat® ) for Gram-negative bacteria, but inferior against P. aeru-

ginosa, and (iii) comparable to that of a commercial PRWD loaded by impregnation with 

the same PHMB concentration (Suprasorb®  X + PHMB) for Gram-positive bacteria, with 

the exception of B. subtilis, to which it was inferior, and for Gram-negative bacteria, with 

the exception of P. aeruginosa, to which it was also inferior. PRM12 also had antibacterial 

activity comparable to that of Suprasorb®  X + PHMB that contained a PHMB concentration 

3 or 7.5 × higher, and PRM14 was superior to a commercial silver-based WD (Actisorb® 

Silver 220) when loaded with PHMB concentrations in the range 5 – 35 wt%. In a large-

scale study that employed a large number of bacterial species and strains, PRM20 loaded 

with 0.1% PHMB exhibited antibacterial activity superior to a commercial silver-based 

AMD (Aquacel®  Ag) but slightly inferior to equivalent membranes loaded with the anti-

septics octinidine (OCT) and PVP-I, although these were loaded with much higher anti-

septic concentrations (7.5 and 0.5%, respectively). 

A different type of study looked at the storage stability of the antibacterial activity, 

which is an important aspect when developing AMDs for commercial use. In the only 

study of this type, the PRM8 membrane (Table 8) maintained its antibacterial activity 
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against MRSA after storage for up to 6 months at 30 °C, but lost its antibacterial activity 

against E. coli, P. aeruginosa, B. subtilis and S. aureus for storage periods in the range 1 – 6 

months. For A. baumannii, although it was not active after storage for 1, 2 and 3 months, it 

was active after 6 months storage. A commercial AMD that was assayed in parallel main-

tained its antibacterial activity for up to 6 months of storage. 

Although wounds can be colonized by both bacteria and fungi, both contributing to 

delayed wound healing [185], the antifungal activity was only evaluated in three novel 

PRMs. The PRM20 membrane reduced a biofilm of C. albicans, although weakly, and its 

antifungal activity depended on the culture medium employed, being higher in an exu-

date model. The growth of the same fungus was also inhibited by the PRM21 membrane. 

The remaining study was concerned about fungal growth during storage of the PRM13 

membrane in a humid environment. No fungal growth was seen for 6 weeks, contrarily 

to equivalent samples not loaded with PHMB. 

Almost all reported in vitro antibacterial activity assays with the novel PRMs em-

ployed single bacterial cultures in planktonic form or as colonies on agar (Table 8). As, in 

chronic wounds, bacteria are present as mixed-species biofilms [190] and as PHMB is less 

effective when bacteria are present in biofilm form [52], these are not the most relevant 

type of bacterial cultures to model bacteria in chronic wounds. Additionally, the effect of 

exudate has to be considered, since commercial AMDs, including PRWDs, have shown 

reduced antimicrobial activity when evaluated in vitro in the presence of human wound 

exudate [71]. In the evaluation of antibacterial activity of the novel PRMs (Table 8), four 

studies employed bacterial biofilms, although they were static biofilm models, without 

growth medium renewal. PRM11a and PRM11b were able to reduce the number of viable 

bacteria in single species biofilms of P. aeruginosa and S. aureus, being less active against 

S. aureus. For mixed-species biofilms, PRM11b was able to completely eradicate the bio-

film but only after 48 h of contact. In a large-scale study employing the PRM20 membrane, 

antimicrobial activity with partial eradication of the biofilm was observed after 24 h for 

the tested bacterial strains, with the exception of a single strain of E. epidermidis grown in 

TSB (tryptic soy broth). The antimicrobial activity depended on the medium employed, 

being higher in the artificial exudate medium employed than in TSB, highlighting the im-

portance of the wound exudate model selected. This PRM exhibited better performance 

than a silver-based commercial AMD (Aquacel® Ag) but slightly inferior performance than 

equivalent membranes loaded with OCT and PVP-I, although containing much higher 

concentrations. 

Dynamic biofilm models have been developed for the study of the antibiofilm activ-

ity of antimicrobial substances. Although not employed to study the novel PRMs, this 

type of models have already been employed to evaluate the antibacterial activity of com-

mercial AMDs. In an evaluation of Inadine®, a PVP-I-based AMD, and of Acticoat®, a silver-

based AMD, the flat bed perfusion biofilm device (Figure 8a) containing single species 

biofilms of S. aureus or P. aeruginosa and FCS as exudate model, was employed [176]. In-

adine® AMD showed an initial strong antibacterial effect that faded away with time, al-

lowing bacterial population recovery, while ActiCoat®  showed a gradual antibacterial ef-

fect, lasting more than 24 h. A commercial PRWD (ExcilonTM AMD) was studied in the 

colony drip-flow biofilm model (Figure 8b) with biofilms of MRSA or P. aeruginosa, em-

ploying TSB as the exudate model and compared to a silver-based AMD (Silvercel® ) and 

to WDs without antibacterial agents [177]. After treatment for 72 h, no AMD was able to  
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(a) 

 

  
 

 (b) (c) 

Figure 8. Schematic representation of in vitro dynamic biofilm models employed in the evaluation 

of the antibacterial activity of AMDs. (a) The flat bed perfusion biofilm model is composed of a 

cellulose matrix containing a biofilm that is held on an inclined glass slide. Growth media is per-

fused through the cellulose matrix and collected for bacterial quantification. (b) The colony drip-

flow biofilm model is composed of a semipermeable polycarbonate membrane in which biofilms 

are grown, that is placed on an absorbent pad sitting on an inclined glass slide. Growth medium is 

dripped the microscope slide perfusing the absorbent pad. (c) The Duckworth biofilm device is a 

flow device containing wells that have an agar disk fed with flowing growth medium from beneath, 

on top of which semipermeable cellulose-based disks can be placed and inoculated for biofilm 

growth. AMDs are assayed by direct application on the biofilm. 

completely eradicate the bacterial population, to prevent biofilm formation or even de-

crease the initial bacterial population. However, the bacterial load was significantly lower 

than treatment with the WDs without antibacterial agents. The Duckworth biofilm device 

(Figure 8c) was employed in an evaluation of undisclosed commercial AMDs, with a 

mixed biofilm model of P. aeruginosa and S. aureus [191]. The AMDs were studied after 24, 

48 and 72 h of contact with established biofilms, at 33 °C, employing an undisclosed 

growth medium. A negligible reduction in bacterial counts was obtained. 

Several in vivo infected wound models have been proposed for the study of antimi-

crobial compounds [192], which are mostly in vivo wound healing models (presented in 

section 5.2.5) colonized with bacteria. The evaluation of the antibacterial activity occurs 

by bacterial quantification and histology. In the evaluation of the novel PRMs, two studies 

employed in vivo wound models (Table 8). In the first study, in which PRM1 was evalu-

ated with a rat full thickness excisional wound model (section 5.2.5) infected with P. aeru-

ginosa [90], surface antibacterial activity could be detected after 8 days, being maximal 

after 12 days. The lack of antibacterial activity in the early stage was attributed to water 

donated to the wound by the hydrated PNIPAAm-based hydrogel employed, that fa-

vored bacterial growth [90]. In the case of deep tissue infection, no significant difference 

in bacterial counts occurred when compared to the negative control. This was expected, 

given that PHMB has poor skin penetration [28]. In another rat infected full thickness ex-

cisional wound model study, A. baumannii was employed to evaluate the PRM15 mem-

brane. When this PRM was assayed in vitro (Table 8), it showed antibacterial activity 

against both Gram-negative and Gram-positive bacteria that lasted for, at least, 7 days. In 

the in vivo assay, a decrease in infection was observed, in particular, in the early stage of 

treatment, probably due to the higher concentration of released PHMB. After 21 days, 

bacteria were still present, although in significantly lower numbers than in the case of the 

control group (unloaded membrane), and some animals still showed infection symptoms. 

To conclude, there is the need for evaluating the in vitro antibacterial activity of the 

novel PRMs employing dynamic, multi-species biofilm models, since antibacterial activi-

ties obtained with AMDs assayed with dynamic biofilm models were lower than when 

assayed with static biofilm models. In in vivo evaluations employing infected wound mod-
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els, although antibacterial activity lasted much longer than in the in vitro assay, no com-

plete resolution of the wound infection occurred, highlighting the need for care in the 

interpretation of results obtained with these two model types. 

5.2.4. Biological evaluation: biocompatibility 

As is the case with all medical devices, the novel PRMs must be evaluated for bio-

compatibility, i.e., for potential biological risks arising from their intended use. A set of 

test methods for the evaluation of the biocompatibility of medical devices contacting 

breached or compromised surfaces is provided by ISO 10993. According to part 1 of this 

standard (ISO 10993-1:2018) [193], AMDs intended for prolonged used (i.e., < 24 hours to 

30 days for the sum of single, multiple of repeated duration of the contact) must address 

the following endpoints: cytotoxicity, irritation or intracutaneous reactivity, material me-

diated pyrogenicity, acute systemic toxicity, subacute toxicity and implantation effects. 

Only twelve of the novel PRMs were tested for biocompatibility (Table 9). Excepting 

two cases, the only endpoint assessed was in vitro cytotoxicity, taken as an indirect meas-

ure of the damage that the PRMs may cause to cells present in the wound bed and its 

surroundings. A straightforward comparison of the results is, once again, precluded due 

to significant variations in the methodologies employed, namely in terms of cell models, 

material tested (the membrane itself or a membrane extract), mode and duration of the 

contact between the cells and the endpoint/assay. ISO 10993-5:2009, which describes a 

scheme for assessing the cytotoxicity of medical devices [194], classifies as cytotoxic ma-

terials producing a reduction of the parameter assessed (e.g., number of cells, amount of 

protein or reduction of a vital dye) by more than 30%, after a 24-h incubation. In the case 

of the novel PRMs assayed, incubations lasted from 3 to 21 days, but mostly 24 h. 

In PHMB loading by soaking, a dependence of the result of the cytotoxicity evalua-

tion on the conditions employed in the preparation of sample extracts was found in a 

study with the PRM7 membrane. In this study, the result obtained depended on the sam-

ple/liquid ratio employed in the preparation of the test extract and on the duration of the 

cell incubation with the extract, with higher ratios and longer incubation times resulting 

in cytotoxicity [97]. Improvement in cell toxicity was obtained by encapsulating PHMB at 

a concentration of 1 and 5% that, when not encapsulated, was cytotoxic (PRM23 and 

PRM22b; Table 9). PHMB concentrations of 1% employed in soaking resulted in non-cy-

totoxic PRMs. However, for this concentration, PRM22a was cytotoxic, although its cyto-

toxicity was due to a cationic nanoliposome employed. 

In the case of loading by addition of PHMB to the formulation, in which different 

forms of expressing the PHMB concentration in the solution were used (see section 5.1.2), 

precluding a global comparison, cytotoxicity did not occur with membranes prepared em-

ploying formulations containing concentrations of PHMB of 0.25% w/v in relation to the 

formulation volume, up to 5 wt%, when expressed in relation to the polymer mass in the 

formulation, and up to 0.3 wt% in relation to the solution mass (Table 9). 

Among the novel PRMs, two studies have evaluated other categories of biological 

effects covered by the ISO 10993 standard, in addition to cytotoxicity (Table 11). The most 

complete study was carried out with PRM15. It evaluated irritation/sensitization and sub-

cutaneous implantation effects, in addition to cytotoxicity. This PRM had favorable re-

sults, with the exception of showing minimal intradermal stimulation. The effects of  

Table 9. Cytotoxicity evaluation of the novel PRMs developed for antimicrobial dressings (AMDs). 

Membrane IDs and corresponding bibliographic references are the same as in Table 3. 1 

ID PHMB loading 
Cytotoxicity evaluation 

(Sample tested, cell model, contact type, contact duration, endpoint, assay and results) 

PRM2b 

Addition. 

[PHMB]: 1 wt% 

relative to polymer 

mass 

– Membrane. 

– Rat skin fibroblasts. 

– Cells seeded on membrane, followed by a 3-day incubation. 

– Percentage of live cells (to total number of cells) and cell morphology (microscopy). 

▪ No cytoxicity. 

▪ No cytotoxicity for unloaded membrane. 
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PRM5 

Addition. 

[PHMB]: 0.02, 0.075, 

0.15 and 0.25% 

(PHMB weight to 

formulation volume) 

– Membrane. 

– MDCK epithelial canine kidney cells and MRC-5 human embryo lung fibroblasts. 

– Cells seeded on membrane, followed by a 4-day incubation (cell viability). 

– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ Cytotoxicity for 0.25% w/v PHMB against both cell lines. 

▪ No cytotoxicity for unloaded membrane. 

PRM6 
Impregnation. 

[PHMB]: 0.3% w/v 

– Membrane extracts prepared in cell culture medium (1 cm2 membrane/3 mL DMEM; 24 h). 

– L929 mouse subcutaneous fibroblasts. 

– Extracts added to cells, followed by a 24-hour incubation. 

– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ No cytoxicity. 

▪ No cytotoxicity for Bactigras®, a commercial CHX-based AMD, tested under the same conditions. 

PRM7 
Soaking. 

[PHMB]: 1% w/v 

– Membrane extracts prepared in cell culture medium (0.02 – 20 mg membrane/mL DMEM; 24 h at 37 °C). 

– HaCaT human epidermal keratinocytes. 

– Extracts added to cells, followed by 1-, 24- and 48-hour incubations. 

– Cell proliferation, as assessed by ATP levels (ATPLiteTM-M assay). 

▪ Incubation time- and extraction ratio-dependent effects. Cytotoxicity at 24 h for extraction ratios ≥ 2 mg 

membrane/mL DMEM. 

▪ No cytotoxicity for unloaded membrane. 

PRM14 

Addition. 

[PHMB]: 5, 15, 25 

and 35 wt% relative 

to polymer mass 

– Membrane. 

– HaCaT human epidermal keratinocytes. 

– Membrane place on / Direct contact with the cell monolayer, followed by 24- and 48-hour incubations. 

– Cell viability, as assessed by oxidoreductase activity (Alamar Blue assay). 

▪ Cytotoxicity for 15, 25 and 35 wt% PHMB for both time points. 

▪ No cytotoxicity for unloaded membrane. 

▪ Cytotoxicity for Actisorb®, a commercial silver-based AMD, tested under the same conditions. 

PRM15 
Soaking. 

[PHMB]: 1% w/v 

– Membrane. 

– Human skin fibroblasts (CI 0159) and human vascular endothelial cells (CI 0478). 

– Cells seeded on membrane, followed by 3-, 7-, 14- and 21-day incubations. 

– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ No cytotoxicity. 

▪ No cytotoxicity for unloaded membrane. 

PRM17 
Soaking. 

[PHMB]: 0.5% w/v 

– Membrane. 

– NIH 3T3 mouse embryo fibroblasts. 

– Membrane placed on hanging inserts above cells (indirect contact), followed by a 24-hour incubation. 

– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ No cytotoxicity. 

PRM21 

Addition. 

[PHMB]: 0.1, 0.3 or 

0.5 wt% relative to 

solution mass 

– Membrane extracts prepared in cell culture medium (4 cm2 membrane/2 mL DMEM; 24 h at 37 °C). 

– L929 mouse subcutaneous fibroblasts and HaCaT human epidermal keratinocytes. 

– Extracts added to cells, followed by a 3-day incubation. 

– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ [PHMB]-dependent decreases in cell viability for both cell lines. Cytotoxicity for 0.5 wt% PHMB, but only 

against HaCaT cells. 

▪ No cytotoxicity for unloaded membrane extract. 

PRM22a 

Soaking. 

[PHMB]: 1 or 5% 

w/v 

– Membrane extracts prepared in cell culture medium (6.5 cm2 membrane/2 mL DMEM; 24 h). 

– Primary human skin fibroblasts. 

– Extracts added to cells, followed by a 24-hour incubation. 

– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ Mild cytotoxicity for both PHMB concentrations. 

▪ No cytotoxicity for unloaded membrane extract. 

 

Table 10. Cont. 

ID PHMB loading 
Cytotoxicity evaluation 

(Sample tested, cell model, contact type, contact duration, endpoint, assay and results) 

PRM22b 

Soaking. 

[PHMB]: 1 or 5% 

w/v, encapsulated in 

nanoliposomes 

– Membrane extracts prepared in cell culture medium (6.5 cm2 membrane/2 mL DMEM; 24 h). 

– Primary human skin fibroblasts. 

– Extracts added to cells, followed by a 24-hour incubation. 

– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ Subcytotoxicity (cell viabilities of ca. 70% for both PHMB concentrations). 

▪ No cytotoxicity for unloaded membrane extract. 

PRM23a 
Soaking. 

[PHMB]: nc 

– Membrane extracts prepared in cell culture medium (2 × 2 × 2 mm3 in DMEM; 48 h). 

– HaCaT human epidermal keratinocytes. 

– Extracts added to cells, followed by a 24-h incubation. 
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– Cell viability, as assessed by oxidoreductase activity (MTT assay). 

▪ No cytotoxicity. 

▪ No cytotoxicity for unloaded membrane extract. 
1 PRMs not evaluated were excluded from this table. 

nc – Not clear. 

ATP – Adenosine triphosphate; CHX – Chlorhexidine; DMEM – Dulbecco's Modified Eagle Medium; MTT – 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 

 

Table 11. Additional biological effects evaluated with the novel PRMs developed for AMDs. Mem-

brane IDs and corresponding bibliographic references are the same as in Table 3. 

ID Other biological studies 

 PRM6 

– Subcutaneous implantation in rats, followed for 28 days. 

▪ Lower inflammatory response than with a CHX-based commercial AMD. 

– Sensitization evaluation in healthy volunteers, by a patch test, with 3 patches applied 

consecutively for 9 days. 

▪ Non-sensitizing. 

 PRM15 

– Intradermal stimulation in rabbits, by injection of aliquots from the drug release study. 

Observed for 72 h. 

▪ Minimal intradermal stimulation. 

– Sensitization in guinea pigs, by a patch test, for 21 days. 

▪ No sensitization. 

– Subcutaneous implantation in rats, for 21 days. 

▪ Good healing. No infection. No necrosis.  

 PRM17 
– HET-CAM irritation test. 5 min contact. 

▪ No irritation. 

 PRM18 

– Hemostatic capacity qualitatively evaluated through visual inspection of blood added to the 

WDs. 

▪ Alginate increased blood clotting rate. 

AMD – Antimicrobial dressing; CHX – Chlorhexidine; HET-CAM: Hen's egg test - chorioallantoic membrane; 
WD – Wound dressing. 

subcutaneous implantation in rats and of sensitization in healthy human voluntaries were 

also evaluated with the PRM6 membrane. Lower inflammatory responses than with a 

CHX-based commercial dressing (Bactigras®) were observed in the subcutaneous evalua-

tion and no sensitization was detected in the study with human voluntaries. The irritation 

potential of the PRM17 membrane was evaluated employing an assay that is out of the 

scope of the ISO 10993-23:2021 standard, dedicated to the evaluation of irritation effects 

of substances [195]: the hen’s egg chorioallantoic membrane test (HET-CAM test) [196]. 

Upon application of PRM samples on the CAM for 5 min, no hemorrhage, coagulation or 

lysis occurred in the blood vessels of the CAM, indicating absence of irritation. 

Although it could be advantageous if WDs possessed hemostatic capacity, evaluation 

of the hemostatic capacity of the novel PRMs was reported in a single case. The PAm-

based PRM18 woven membrane coated with alginate containing silver nanoparticles 

(AgNPs) and PHMB accelerated blood clotting when evaluated with a qualitative blood 

clotting assay, in which fresh, non-anticoagulated human blood was applied to the mem-

brane and clot formation was visually evaluated. 

5.2.5. Biological evaluation: wound healing 

Antimicrobial activity and absence of cytotoxicity do not necessarily equate with im-

proved wound healing. It is also critical that the novel PMRs do not adversely affect the 

healing process. Thus, wound healing testing should be regarded as a fundamental com-

ponent of the characterization of AMDs. The evaluation of wound healing capacity is 

largely carried out in vivo, using animal models. The most frequently employed laboratory 

animals are mice, rats, pigs and rabbits [197]. Pig wound models have several major 

unique advantages, namely having a skin that is anatomically and physiologically more 

similar to human skin than the skin of laboratory animals [198]. Yet, pigs are rarely used, 

due to their cost and difficulty of handling, to name a few factors. In vitro models have 

also been developed, employing cultured mammalian cells and tissues. They offer more 
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controlled and affordable studies than in vivo models, can produce results more rapidly 

and involve less ethical considerations. However, they cannot reproduce the biological 

mechanisms involved in wound healing, restricting the evaluation to a single aspect of 

wound healing, i.e., cell migration [199]. 

As can be appreciated in Table 12, of the 28 novel PMRs, only seven were evaluated 

for wound healing capacity, five in rat models (PRM1, PRM2b, PRM6, PRM13 and 

PRM15) and two in case studies (PRM4 and PRM17). One of the PRMs evaluated in a rat 

model was also evaluated in an in vitro mammalian cell model (PRM6). It was evaluated 

in terms of cell migration, employing L929 mouse fibroblasts in both the wound-scratch 

[200] and the Boyden’s chamber [201] assays to test sample extracts in cell culture me-

dium. In the wound-scratch assay (Figure 9a), cell migration into a linear cell-free gap in 

a cell monolayer was monitored by microphotography after addition of the sample extract 

to the monolayer. In the Boyden’s chamber assay (Figure 9b), cells were seeded into a cell 

culture hanging insert located inside a well containing cell culture medium. The sample 

extract was added to the well and cells migrating into the well were fixed and stained for 

cell counting. In both assays, cell migration in the assay of PRM6 was comparable to that 

of the negative control (cell culture medium) and to that of a commercial CHX-based 

AMD (Bactigras® ). 

These two in vitro wound healing assays are not the most representative models of a 

wound. In the Boyden’s chamber assay, cell-cell and cell-matrix interactions are not re-

produced, as cells are added as suspensions; in the wound-scratch assay, as it is a two-

dimensional model, it does not represent adequately the complexity of a wound. Other 

models that approach more closely a wound are three-dimensional (3D) models in which 

cell-free 3D zones are created in 3D cell cultures in collagen matrices [202]. These cell free 

zones are created by punching out collagen cylinders and filling the cylindrical voids with 

cell-free collagen. Cell migration into these voids can be monitored by microphotography 

after staining. In addition to the assay of test sample extracts, WDs can be assayed in both 

the wound-scratch and in the 3D model by direct application to a monolayer with a scratch 

[203] or to a 3D collagen matrix [204]. 

 In the case of the novel PMRs, rats were consistently used and wounds were induced 

either by heat or surgically (Table 12). These types of animal wound models are classified 

as, respectively, (i) burn wound models, in which a burn is created on the shaved skin of 

an animal with the aid of steam, wax or a heated metal plate, and (ii) incisional wound 

models, which are sutured surgical incisions, or (iii) excisional full-thickness cutaneous 

wound models, in which all skin layers (epidermis, dermis and subcutaneous fat) are sur-

gically removed [205]. The rat full thickness excisional wound model was employed in an 

evaluation of wound size evolution after application of PRMs on the wound and com-

pared to untreated wounds, to wounds treated with an equivalent, unloaded membrane 

or with a commercial AMD. Wound closure was always faster for wounds treated with 

PRMs. It was achieved in 12 days for the PRM1 membrane, while wounds treated with 

the PRM6 membrane required more than 21 days to fully close, yet still performing better 

than a commercial CHX-releasing AMD (Bactigras®). With this wound  

Table 12. In vitro and in vivo evaluation of wound healing capacity of the novel PRMs developed for 

antimicrobials dressings (AMDs). Membrane IDs and corresponding bibliographic references are 

the same as in Table 3. 1 

ID 
Wound healing evaluation 

(Model, controls, duration, parameter evaluated and results) 

PRM1 

– Model: rat full thickness excisional wound model. 

– Controls: untreated wound and wound treated with unloaded membrane. 

– Assay duration: 12 days. 

– Parameter evaluated: wound size. 

– Results: only the sample loaded with 0.1% PHMB was evaluted. Decreased wound size for treatment and unloaded membrane 

groups relative to the untreated control for all time points studied. After 12 days, most wounds were closed. 
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PRM2b 

– Model: rat burn wound model. 

– Controls: untreated wound and wound treated with unloaded membrane. 

– Assay duration: 28 days. 

– Parameter evaluated: observation of the wound and histological evaluation. 

– Results: the best formulation showed an epidermal layer almost regenerated, while control groups showed an ongoing 

inflammatory response.  

PRM4 
– Case study: two human diabetic toe amputation wounds. 

– Results: complete wound healing in 4 and in 60 days. 

PRM6 

– Model: rat full thickness excisional wound model. 

– Controls: wound treated with a CHX-based AMD. 

– Assay duration: 21 days. 

– Parameters evaluated: wound size and area covered by collagen, after staining. 

– Results: after 14 days, higher reduction in wound size and higher collagen formation than with a commercial CHX-based AMD. 

After 21 days, wound almost fully closed, contrarily to wound treated with the CXH-based AMD treatment. 

– In vitro evaluation: wound-scratch assay 

▪ Assay: Wound-scratch 

▪ Model: L929 mouse fibroblasts. 

▪ Sample: extracts in cell culture medium (DMEM). 

▪ Controls: extract of commercial CHX-based AMD and DMEM. 

▪ Assay duration: 72 h. 

▪ Result: Cell migration comparable to the DMEM control and to the commercial CHX-based AMD. 

– In vitro evaluation: Boyden’s chamber assay 

▪ Assay: Boyden’s chamber. 

▪ Model: L929 mouse fibroblasts. 

▪ Sample: extracts in DMEM. 

▪ Controls: extract of commercial CHX-based AMD in DMEM and DMEM. 

▪ Assay duration: 24 h. 

▪ Results: Cell migration comparable to the DMEM control and to the commercial CHX-based AMD. 

PRM13 

– Model: rat incisional wound model 

– Controls: untreated wound and wound treated with 2 commercial WDs (not AMDs). 

– Assay duration: 4 weeks, with weekly change. 

– Parameter evaluated: wound area. 

– Results: only the sample loaded with 0.2% PHMB was evaluated. Faster decrease in wound size for treatment with the PRM 

compared to the untreated group and to the 2 groups treated with the 2 commercial WDs, being the only that showed a fully closed 

wound after 4 weeks. 

PRM15 

– Model: rat full thickness excisional wound model, with sample sutured to the wound. 

– Controls: treatment with unloaded membrane. 

– Assay duration: over a 21 days period. 

– Parameters evaluated: angiogenesis and inflammatory indicators. 

– Results: only the 1% PHMB sample was evaluated. No effect in angiogenesis and in inflammatory indicators. No effect in 

neovascularization and wound repair capacity. 

PRM17 
– Case study: dog with contact ulcers in rear limbs. 

– Results: complete healing after 3 weeks of treatment, contrarily to wound treated with a non-medicated commercial WD. 
1 PRMs for which a wound healing evaluation was not reported were excluded from this table. 

AMD – Antimicrobial wound dressing; CHX – Chlorhexidine; DMEM – Dulbecco's Modified Eagle Medium; 

WD – Wound dressing.  
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Figure 9. Schematic representation of the in vitro assays employed in the evaluation of the wound 

healing capacity of PRM6. (a) Wound-scratch assay, in which a linear gap is created in a cell mono-

layer by scratching the monolayer with the tip of a sterile pipette tip. The WD is assayed by applying 

extracts in cell culture medium to the cell monolayer. (b) Boyden’s chamber assay (also known as 

transwell migration assay or chemotaxis assay), in which a cell suspension is contained in hanging 

inserts with a porous membrane that are immersed in cell culture medium. The WD is assayed by 

applying extracts in cell culture medium to well. After incubation, cells that migrate into the well are 

counted. 

 

healing model, in addition to wound size or area, other parameters that were taken as 

indicators of wound healing were the area of the wound covered by collagen [96], the 

occurrence of neovascularization and the intensity of the inflammatory response [105] 

(Table 12). For treatment for 14 days with the already mentioned PRM6 membrane, colla-

gen formation was higher when compared to treatment with Bactigras® and the PRM15 

membrane showed no effect on the neovascularization capacity and on the levels of in-

flammatory factors when compared to the unloaded membrane. 

In the evaluation of the PRM13 employing the rat incisional wound model, complete 

wound closure occurred after 28 days of treatment, contrarily to what succeed with treat-

ment with two commercial non-AMDs, that did not show full wound closure within this 

time period. Finally, the rat burn skin model was employed to study the wound healing 

capacity of the PRM2b membrane. After 16 days of treatment, an almost regenerated epi-

dermal layer was found, containing new capillaries, sebaceous glands and hair follicles. 

In contrast, an ongoing inflammatory response was still present in the untreated group 

and in the group treated with unloaded membrane. 

Concerning the reported case studies (Table 12), a dog with infected contact ulcers in 

the rear limbs to which the PRM17 membrane was applied to the wound and changed 

daily in the first week and every other day during the following 3 weeks, resulted in a 

completely healed wound after that time, while a contralateral wound treated with a com-

mercial non-medicated WD, did not heal completely. In a human case study of which very 

few details were provided, two different diabetic toe amputation wounds healed com-

pletely after 4 and 60 days of treatment with the bacterial cellulose/PHMB composite 

membrane PRM4. 

In summary, no novel PRMs tested for in vivo wound healing capacity affected the 

wound healing process, resulting in complete wound healing. They show promise for an 

application as AMDs. 

5.2.6. Clinical trials and patents 

 A search carried out on 20/11/2022 in the European [206], American [207], Japa-

nese [208] and Chinese [209] clinical trials registries, as well as in the International Clinical 

Trials Registry Platform [210], found eleven studies with PRWDs. These studies were 

started between 2005 and 2022, with four of them in the last three years. The eleven clinical 

trials included PRWDs with commercial tradenames that are present in Table 2 (Dra-

coFoam, Fitostimoline®, KerlixTM and PuraPly®), a PRWD that appears to have been discon-

tinued (COPA® AMD), and three PRWDs without a tradename. Two of these clinical trials 

with PRWDs without a tradename – registry nos. NCT02652169 and NCT02643680 of the 

American clinical trials registry database [207] – employed PRWDs whose composition 

and principal investigators are common to PRM9 (a PRF-based PRM) and to PRM6 (a 

bacterial cellulose/SS-based PRM), respectively (Table 3), suggesting that these novel 

PRMs were further developed and have reached the clinical trials stage. 

A search in the Google Patents search engine [211] carried out on 22/11/2022 with the 

search string “wound* AND dressing* AND ("poly(hexamethylene biguanide)" OR "pol-

yhexamethylene biguanide" OR polyhexanide OR PHMB) AND (control* OR delay* OR 

sustain* OR retard* OR release* OR deliver* OR elut*) after:priority:20180101” resulted in 

628 published patents in the last five years, highlighting high recent patenting activity 

related to wound dressings based on the release of PHMB. 
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6. Concluding remarks 

Research on novel PRMs for an application as AMDs has resulted in a number of 

membranes that were characterized to different extents. The drug release studies carried 

out employed in vitro models and conditions that were far from approaching the physio-

logical conditions and, in many cases, information concerning the conditions under which 

the studies were carried out was incomplete or missing. With very few exceptions, the 

effect of sterilization was not considered. As the type of sink conditions employed was 

not mentioned, as it is likely that non-sink conditions will prevail in wounds covered with 

a WD, and as sterilization may alter the drug release kinetics, the obtained drug release 

results are unlikely to have physiological significance. Thus, a full account of the condi-

tions employed in drug release assays with PRMs is desired, as well as the use of in vitro 

models for drug release studies that better simulate physiological conditions. 

The physical characterization of the novel PRMs fell short of an essential physical 

characterization of WDs and different assays and assay conditions were employed to eval-

uate the same property, precluding a comparison of results. In general, the novel PRMs 

showed antibacterial activity against the several bacterial species and strains tested, 

mostly employing single bacterial cultures in planktonic form, in colonies on agar or as 

static biofilms. Since the most representative models of the infected wound bed are multi-

species biofilms under dynamic conditions, an evaluation of the antibacterial activity of 

the novel PRMs employing this more realistic in vitro model or in vivo models is missing. 

In a few cases in which the antibacterial activity was compared to that of commercial 

PRWDs or to other types of AMDs, usually it was comparable or superior. In general, no 

cytotoxicity was detected and, when detected, it occurred for PRMs that were loaded em-

ploying the highest PHMB concentrations. Some PRMs were evaluated for wound healing 

capacity, mostly employing in vivo rodent wound healing models, with two case studies 

with human and animal patients. All PRMs that were evaluated for wound healing capac-

ity resulted in successful outcomes and performed better than selected non-medicated 

WDs or commercial AMDs, showing faster wound closure. As such, they show promise 

for further development. In fact, two AMDs that are likely to be based in two of the novel 

PRMs are undergoing clinical trials. 

The next generation of PRMs may well be the application of PHMB to some novel 

types of WDs. Among them, is the use of PHMB associated with nanocarriers, on WDs 

prepared by additive manufacturing and on smart electronic WD platforms. With the ex-

ception of electrospun membranes and of a recent PRM (PRM19) that employed PHMB 

encapsulated in nanoliposomes, the use of nanocarriers in combination with PHMB has 

been little explored; a small number of studies with PHMB involving nanocarriers exist 

[212-216], but the resulting nanosystems are yet to be included in membranes. WDs pre-

pared by 3D printing offer on-demand manufacture of WDs with shapes conforming to a 

particular body location in a particular patient [217-219]. Antibacterial agents have al-

ready been included in WDs prepared by 3D printing [219], although systems employing 

PHMB have not appeared yet. Smart electronic WD platforms have appeared recently 

[220]. They act as WDs, containing different types of (bio)sensors for real-time monitoring 

of the wound and active drug delivery systems that can deliver drugs for wound treat-

ment as needed. Given its stability and performance, PHMB is an excellent candidate for 

inclusion as an antimicrobial agent in 3D printed WDs and in the active drug release sys-

tem of smart electronic WD platforms. 

Supplementary Materials: Not applicable. 

Author Contributions: Conceptualization, A.J.G. and A.M.U.; methodology, A.J.G.; investigation, 

A.J.G.; writing—original draft preparation, A.J.G.; writing—review and editing, A.J.G. and A.M.U.; 

visualization, A.J.G. All authors have read and agreed to the published version of the manuscript.” 

Funding: Grant POCI-01-0145-FEDER-006910 and grants UIDB/00070/2020 and UIDP/00070/2020, 

from Fundação para a Ciência e a Tecnologia (FCT) to CIEPQPF and to QFM-UC, respectively. 

Grants 10/22 and 11/22 from CIMAGO to A.M.U. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 December 2022                   doi:10.20944/preprints202212.0048.v1

https://doi.org/10.20944/preprints202212.0048.v1


 

 

Institutional Review Board Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Rodrigues, M.; Kosaric, N.; Bonham, C.A.; Gurtner, G.C. Wound healing: A cellular perspective. Physiol. Rev. 2019, 99, 665-706. 

2. Wilkinson, H.N.; Hardman, M.J. Wound healing: Cellular mechanisms and pathological outcomes. Open. Biol. 2020, 10, 200223. 

3. Graves, N.; Phillips, C.J.; Harding, K. A narrative review of the epidemiology and economics of chronic wounds. Br. J. Dermatol. 

2021, 187, 141-148. 

4. Gray, D.; Barrett, S.; Battacharyya, M.; Butcher, M.; Enoch, S.; Fumerola, S.; Stephen-Haynes, J.; Edwards-Jones, V.; Leaper, D.; 

Strohal, R., et al. PHMB and its potential contribution to wound management. Wounds UK 2010, 6, 40-46. 

5. Kramer, A.; Dissemond, J.; Kim, S.; Willy, C.; Mayer, D.; Papke, R.; Tuchmann, F.; Assadian, O. Consensus on wound antisepsis: 

Update 2018. Skin. Pharmacol. Physiol. 2018, 31, 28-58. 

6. Rezvani Ghomi, E.; Khalili, S.; Nouri Khorasani, S.; Esmaeely Neisiany, R.; Ramakrishna, S. Wound dressings: Current advances 

and future directions. J. Appl. Polym. Sci. 2019, 136, 47738. 

7. Op 't Veld, R.C.; Walboomers, X.F.; Jansen, J.A.; Wagener, F. Design considerations for hydrogel wound dressings: Strategic 

and molecular advances. Tissue Eng. Part B Rev. 2020, 26, 230-248. 

8. Shah, J.B. The history of wound care. J. Am. Col. Certif. Wound Spec. 2011, 3, 65-66. 

9. Broughton, G.; Janis, J.E.; Attinger, C.E. A brief history of wound care. Plast. Reconstr. Surg. 2006, 117, 6S-11S. 

10. Molan, P.; Rhodes, T. Honey: A biologic wound dressing. Wounds 2015, 27, 141-151. 

11. Gilbert, P.; Moore, L.E. Cationic antiseptics: Diversity of action under a common epithet. J. Appl. Microbiol. 2005, 99, 703-715. 

12. Chindera, K.; Mahato, M.; Sharma, A.K.; Horsley, H.; Kloc-Muniak, K.; Kamaruzzaman, N.F.; Kumar, S.; McFarlane, A.; Stach, 

J.; Bentin, T., et al. The antimicrobial polymer PHMB enters cells and selectively condenses bacterial chromosomes. Sci. Rep. 

2016, 6, 23121-23121. 

13. Edward-Jones, V.T., J., Nichols, E., Westgate, S., Spruce, P. Should antimicrobial dressings be classified according to their 

activity and be subject to stewardship like antibiotics? Wounds UK 2019, 15, 20-23. 

14. MarketsandMarkets. Wound dressings market by type (traditional, advanced (alginate, collagen, hydrogel, foam, hydrocolloid, 

film)), wound type (traumatic, surgical, diabetic foot, venous leg ulcer & burns), end user (hospital, ascs, homecare) - global 

forecast to 2025. Available online: https://www.marketsandmarkets.com/Market-Reports/wound-dressings-market-

123903496.html (accessed on: 26 September 2022).  

15. Kunjikuttan, R.V.P.; Jayasree, A.; Biswas, R.; Jayakumar, R. Recent developments in drug-eluting dressings for the treatment of 

chronic wounds. Exp. Opin. Drug Deliv. 2016, 13, 1645-1647. 

16. Johnson, N.R.; Wang, Y. Drug delivery systems for wound healing. Curr. Pharm.. Biotechnol. 2015, 16, 621-629. 

17. Settipalli, S. A robust market rich with opportunities: Advanced wound dressings. Available online: 

https://www.pm360online.com/a-robust-market-rich-with-opportunities-advanced-wound-dressings (accessed on: 12 October 

2022).  

18. East, G.C.; McIntyre, J.E.; Shao, J. Polybiguanides: Synthesis and characterization of polybiguanides containing hexamethylene 

groups. Polymer 1997, 38, 3973-3984. 

19. Küsters, M.; Beyer, S.; Kutscher, S.; Schlesinger, H.; Gerhartz, M. Rapid, simple and stability-indicating determination of 

polyhexamethylene biguanide in liquid and gel-like dosage forms by liquid chromatography with diode-array detection. J. 

Pharm. Anal. 2013, 3, 408-414. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 December 2022                   doi:10.20944/preprints202212.0048.v1

https://doi.org/10.20944/preprints202212.0048.v1


 

 

20. Guo, C.; Zhang, J.; Feng, X.; Du, Z.; Jiang, Y.; Shi, Y.; Yang, G.; Tan, L. Polyhexamethylene biguanide chemically modified cotton 

with desirable hemostatic, inflammation-reducing, intrinsic antibacterial property for infected wound healing. Chin. Chem. Lett. 

2022. 

21. Gupta, B.S.; Edwards, J.V. Textile materials and structures for topical management of wounds. In Advanced textiles for wound 

care, 2nd ed.; Rajendran, S., Ed.; Woodhead Publishing: Cambridge, UK, 2019; pp 55-104. 

22. Moore, G.K. Aspects of nonwoven bonding - the development and potential of hydroentanglement. TAPPI J. 1988, 71, 112-114. 

23. Zahedi, P.; Rezaeian, I.; Ranaei-Siadat, S.O.; Jafari, S.H.; Supaphol, P. A review on wound dressings with an emphasis on 

electrospun nanofibrous polymeric bandages. Polym. Adv. Technol. 2010, 21, 77-95. 

24. Ashjaran, A. Properties and applications of bacterial cellulose as a biological non-woven fabric. Asian J. Chem. 2013, 25, 783-788. 

25. Parikh, D.V.; Calamari, T.A.; Sawhney, A.P.S.; Sachinvala, N.D.; Goynes, W.R.; Hemstreet, J.M.; Von Hoven, T. Woven and 

nonwoven medical/surgical materials. Int. Nonwovens J. 1999, os-8, 1558925099OS-1558800117. 

26. Kesting, R.E. Phase inversion membranes. ACS Symp. Ser. 1985, 269, 131-164. 

27. Strathmann, H. Production of microporous media by phase inversion processes. ACS Symp. Ser. 1985, 269, 165-195. 

28. Bernauer, U.; Bodin, L.; Celleno, L.; Chaudhry, Q.; Coenraads, P.-J.; Dusinska, M.; Duus-Johansen, J.; Ezendam, J.; Gaffet, E.; 

Galli, C.L., et al. SCCS opinion on polyaminopropyl biguanide (PHMB)- submission III, SCCS/1581/16, preliminary version of 23 

December 2016; Scientific Committee on Consumer Safety - European Commission: Luxembourg, 2016. 

29. Gao, Y.; Cranston, R. Recent advances in antimicrobial treatments of textiles. Text. Res. J. 2008, 78, 60-72. 

30. Magina, S.; Santos, M.D.; Ferra, J.; Cruz, P.; Portugal, I.; Evtuguin, D. High pressure laminates with antimicrobial properties. 

Materials 2016, 9, 100. 

31. Chivu, A.; Chindera, K.; Mendes, G.; An, A.; Davidson, B.; Good, L.; Song, W. Cellular gene delivery via poly(hexamethylene 

biguanide)/pDNS self-assembled nanoparticles. Eur. J. Pharm. Biopharm. 2021, 158, 62-71. 

32. Bromberg, L.; Raduyk, S.; Hatton, T.A. Functional magnetic nanoparticles for biodefense and biological threat monitoring and 

surveillance. Anal. Chem. 2009, 81, 5637-5645. 

33. Ren, L.; Chen, J.; Lu, Q.; Han, J.; Wu, H. Anti-biofouling nanofiltration membrane constructed by in-situ photo-grafting 

bactericidal and hydrophilic polymers. J. Membr. Sci. 2021, 617, 118658. 

34. Chen, Y.D.; Shu, C.; Duan, Z.H.; Xu, J.J.; Li, X.J.; Chen, F.; Luo, Q.J.; Li, X.D. Synthesis and characterization of an anti-caries and 

remineralizing fluorine-containing cationic polymer PHMB-F. Biomater. Sci. 2021, 9, 2009-2019. 

35. Wang, W.-Y.; Chiou, J.-C.; Chen, W.-X.; Yu, J.-L.; Kan, C.-W. A salt-free, zero-discharge and dyebath-recyclable circular 

coloration technology based on cationic polyelectrolyte complex for cotton fabric dyeing. Cellulose 2022, 29, 1249-1262. 

36. Britz, J.; Meyer, W.H.; Wegner, G. Poly(alkylene biguanides) as proton conductors for high-temperature PEMFCS. Adv. Mater. 

2010, 22, E72-E76. 

37. Tanış, E. New optoelectronic material based on biguanide for orange and yellow organic light emitting diode: A combined 

experimental and theoretical study. J. Mol. Liq. 2022, 358, 119161. 

38. Kazanskiy, N.L.; Butt, M.A.; Khonina, S.N. Carbon dioxide gas sensor based on polyhexamethylene biguanide polymer 

deposited on silicon nano-cylinders metasurface. Sensors 2021, 21, 378. 

39. Zhu, J.; Zhao, L.; Song, D.; Yu, J.; Liu, Q.; Liu, J.; Chen, R.; Sun, G.; Wang, J. Functionalized GO-doped double network 

antibacterial hydrogels for efficient uranium extraction from seawater. Desalination 2022, 540, 115993. 

40. Wang, Y.; Gu, M.; Ge, D.; Dong, Y.; Bai, L.; Han, Y.; Zhu, N. Polyhexamethylene biguanidine used as a new type sewage sludge 

conditioning agent: Effect on sludge dewaterability and mechanism. J. Environ. Manage. 2022, 315, 115146. 

41. Moore, K.; Gray, D. Using phmb antimicrobial to prevent wound infection. Wounds UK 2007, 3, 96-102. 

42. Landelle, C.; von Dach, E.; Haustein, T.; Agostinho, A.; Renzi, G.; Renzoni, A.; Pittet, D.; Schrenzel, J.; François, P.; Harbarth, S. 

Randomized, placebo-controlled, double-blind clinical trial to evaluate the efficacy of polyhexanide for topical decolonization 

of MRSA carriers. J. Antimicrob. Chemother. 2015, 71, 531-538. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 December 2022                   doi:10.20944/preprints202212.0048.v1

https://doi.org/10.20944/preprints202212.0048.v1


 

 

43. Renzoni, A.; Von Dach, E.; Landelle, C.; Diene, S.M.; Manzano, C.; Gonzales, R.; Abdelhady, W.; Randall, C.P.; Bonetti, E.J.; 

Baud, D., et al. Impact of exposure of methicillin-resistant Staphylococcus aureus to polyhexanide in vitro and in vivo. 

Antimicrob. Agents Chemother. 2017, 61. 

44. Hübner, N.O.; Kramer, A. Review on the efficacy, safety and clinical applications of polihexanide, a modern wound antiseptic. 

Skin. Pharmacol. Physiol. 2010, 23(suppl 1), 17-27. 

45. Larkin, D.F.; Kilvington, S.; Dart, J.K. Treatment of acanthamoeba keratitis with polyhexamethylene biguanide. Ophthalmology 

1992, 99, 185-191. 

46. Valluri, S.; Fleming, T.P.; Laycock, K.A.; Tarle, I.S.; Goldberg, M.A.; Garcia-Ferrer, F.J.; Essary, L.R.; Pepose, J.S. In vitro and in 

vivo effects of polyhexamethylene biguanide against Herpes simplex virus infection. Cornea 1997, 16, 556-559. 

47. Krebs, F.C.; Miller, S.R.; Ferguson, M.L.; Labib, M.; Rando, R.F.; Wigdahl, B. Polybiguanides, particularly polyethylene 

hexamethylene biguanide, have activity against human immunodeficiency virus type 1. Biomed. Pharmacother. 2005, 59, 438-445. 

48. Pinto, F.; Maillard, J.-Y.; Denyer, S.P.; McGeechan, P. Polyhexamethylene biguanide exposure leads to viral aggregation. J. Appl. 

Microbiol. 2010, 108, 1880-1888. 

49. Fabry, W.; Kock, H.J. In-vitro activity of polyhexanide alone and in combination with antibiotics against Staphylococcus aureus. 

J. Hosp. Infect. 2014, 86, 68-72. 

50. Koburger, T.; Hübner, N.-O.; Braun, M.; Siebert, J.; Kramer, A. Standardized comparison of antiseptic efficacy of triclosan, PVP–

iodine, octenidine dihydrochloride, polyhexanide and chlorhexidine digluconate. J. Antimicrob. Chemother. 2010, 65, 1712-1719. 

51. Fabry, W.H.K.; Kock, H.J.; Vahlensieck, W. Activity of the antiseptic polyhexanide against gram-negative bacteria. Microb. Drug. 

Resist. 2014, 20, 138-143. 

52. Shoukat, K.; Pilling, S.; Rout, S.; Bradbury, J.; Humphreys, P.N. A systematic comparison of antimicrobial wound dressings 

using a planktonic cell and an immobilized cell model. J. Appl. Microbiol. 2015, 119, 1552-1560. 

53. Müller, G.; Kramer, A. Biocompatibility index of antiseptic agents by parallel assessment of antimicrobial activity and cellular 

cytotoxicity. J. Antimicrob. Chemother. 2008, 61, 1281-1287. 

54. European Chemicals Agency (ECHA). Opinion proposing harmonised classification and labelling at community level of 

polyhexamethylene biguanide or poly(hexamethylene) biguanide hydrochloride or PHMB. ECHA – Committee for Risk Assessment: 

Helsinki, Finland, 2011. 

55. Sukakul, T.; Dahlin, J.; Pontén, A.; Antelmi, A.; Bruze, M.; Hamnerius, N.; Hauksson, I.; Isaksson, M.; Lejding, T.; Svedman, C. 

Contact allergy to polyhexamethylene biguanide (polyaminopropyl biguanide). Contact Dermatitis 2020, 84, 326-331. 

56. Kaehn, K. Polihexanide: A safe and highly effective biocide. Skin. Pharmacol. Physiol. 2010, 23(suppl. 1), 7-16. 

57. O'Malley, L.P.; Hassan, K.Z.; Brittan, H.; Johnson, N.; Collins, A.N. Characterization of the biocide polyhexamethylene 

biguanide by matrix-assisted laser desorption ionization time-of-flight mass spectrometry. J. Appl. Polym. Sci. 2006, 102, 4928-

4936. 

58. De Paula, G.F.; Netto, G.I.; Mattoso, L.H.C. Physical and chemical characterization of poly(hexamethylene biguanide) 

hydrochloride. Polymers 2011, 3, 928-941. 

59. Blackburn, R.S.; Harvey, A.; Kettle, L.L.; Payne, J.D.; Russell, S.J. Sorption of poly(hexamethylenebiguanide) on cellulose:  

Mechanism of binding and molecular recognition. Langmuir 2006, 22, 5636-5644. 

60. Ikeda, T.; Ledwith, A.; Bamford, C.H.; Hann, R.A. Interaction of a polymeric biguanide biocide with phospholipid membranes. 

Biochim. Biophys. Acta Biomembr. 1984, 769, 57-66. 

61. Glukhov, E.; Stark, M.; Burrows, L.L.; Deber, C.M. Basis for selectivity of cationic antimicrobial peptides for bacterial versus 

mammalian membranes. J. Biol. Chem. 2005, 280, 33960-33967. 

62. Kramer, A.; Eberlein, T.; Müller, G.; Dissemond, J.; Assadian, O. Re-evaluation of polihexanide use in wound antisepsis in order 

to clarify ambiguities of two animal studies. J. Wound Care 2019, 28, 246-255. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 December 2022                   doi:10.20944/preprints202212.0048.v1

https://doi.org/10.20944/preprints202212.0048.v1


 

 

63. Zaki, A.M.; Troisi, A.; Carbone, P. Unexpected like-charge self-assembly of a biguanide-based antimicrobial polyelectrolyte. J. 

Chem. Phys. Lett. 2016, 7, 3730-3735. 

64. Wilson, K.S.; von Hippel, P.H. Transcription termination at intrinsic terminators: The role of the RNA hairpin. Proc. Natl. Acad. 

Sci. U. S. A. 1995, 92, 8793-8797. 

65. Mason, P.E.; Neilson, G.W.; Enderby, J.E.; Saboungi, M.-L.; Dempsey, C.E.; MacKerell, A.D.; Brady, J.W. The structure of 

aqueous guanidinium chloride solutions. J. Am. Chem. Soc. 2004, 126, 11462-11470. 

66. Brown, C.C. Antimicrobial fabric for surgical drape. European Patent EP0136900B1. 1984. 

67. Barrett, S. Wound-bed preparation: A vital step in the healing process. Brit. J. Nurs. 2017, 26, S24-S31. 

68. Hagelstein, S.M.; Ivins, N. Treating recalcitrant venous leg ulcers using a PHMB impregnated dressing: A case study evaluation. 

Wounds UK 2013, 9, 84-90. 

69. Forder, R.W., D. The management of a neuropathic diabetic foot ulcer using Activheal®  PHMB foam. Diabet. Foot J. 2016, 19, 

205-209. 

70. WoundSource. Woundsource: The Kestrel wound product sourcebook. Available online: https://www.woundsource.com 

(accessed on: 10 August 2021).  

71. Rembe, J.D.; Fromm-Dornieden, C.; Böhm, J.; Stuermer, E.K. Influence of human acute wound fluid on the antibacterial efficacy 

of different antiseptic polyurethane foam dressings: An in vitro analysis. Wound Repair Regen. 2018, 26, 27-35. 

72. Bain, M.A.; Thibodeaux, K.T.; Speyrer, M.S.; Carlson, E.; Koullias, G.J. Effect of native Type I collagen with polyhexamethylene 

biguanide antimicrobial on wounds: Interim registry results. Plast. Reconstr. Surg. Glob. Open 2019, 7, e2251. 

73. Kingsley, A.; Tadej, M.; Colbourn, A.; Kerr, A.; Aslan, C.B. Suprasorb®  X + PHMB: Antimicrobial and hydrobalance action in a 

new wound dressing. Wounds UK 2009, 5, 72-77. 

74. Motta, G.J.; Trigilia, D. The effect of an antimicrobial drain sponge dressing on specific bacterial isolates at tracheostomy sites. 

Ostomy Wound Manage. 2005, 51, 60-62, 64-66. 

75. Kirker, K.R.; Fisher, S.T.; James, G.A.; McGhee, D.; Shah, C.B. Efficacy of polyhexamethylene biguanide-containing 

antimicrobial foam dressing against MRSA relative to standard foam dressing. Wounds 2009, 21, 229-233. 

76. Johnson, S.; Leak, K. Evaluating a dressing impregnated with polyhexamethylene biguanide. Wounds UK 2011, 7, 20-25. 

77. Sibbald, R.G.; Coutts, P.; Woo, K.Y. Reduction of bacterial burden and pain in chronic wounds using a new polyhexamethylene 

biguanide antimicrobial foam dressing - clinical trial results. Adv. Skin Wound Care 2011, 24, 78-84. 

78. Lee, W.R.; Tobias, K.M.; Bemis, D.A.; Rohrbach, B.W. In vitro efficacy of a polyhexamethylene biguanide-impregnated gauze 

dressing against bacteria found in veterinary patients. Vet. Surg. 2004, 33, 404-411. 

79. Shah, C. Polyhexamethylene biguanide (PHMB) treated wound dressings and vancomycin-resistant Enterococci (VRE). 

Managing Infect. Control 2007, 7, 26-34. 

80. Mueller, S.W.; Krebsbach, L.E. Impact of an antimicrobial-impregnated gauze dressing on surgical site infections including 

methicillin-resistant Staphylococcus aureus infections. Am. J. Infect. Control 2008, 36, 651-655. 

81. Cazzaniga, A.; Serralta, V.; Davis, S.; Orr, R.; Eaglstein, W.; Mertz, P.M. The effect of an antimicrobial gauze dressing 

impregnated with 0.2-percent polyhexamethylene biguanide as a barrier to prevent Pseudomonas aeruginosa wound invasion. 

Wounds 2002, 14, 169-176. 

82. Motta, G.J.; Milne, C.T.; Corbett, L.Q. Impact of antimicrobial gauze on bacterial colonies in wounds that require packing. 

Ostomy Wound Manage. 2004, 50, 48-62. 

83. Davis, S.; Mertz, P.M.; Cazzaniga, A.; Serralta, V.; Orr, R.; Eaglstein, W. The use of new antimicrobial gauze dressings: Effects 

on the rate of epithelialization of partial-thickness wounds. Wounds 2002, 14, 252-256. 

84. Wright, J.B.; Lam, K.; Olson, M.E.; Burrell, R.E. Is antimicrobial efficacy sufficient? A question concerning the benefits of new 

dressings. Wounds 2003, 15, 133-142. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 December 2022                   doi:10.20944/preprints202212.0048.v1

https://doi.org/10.20944/preprints202212.0048.v1


 

 

85. Fumarola, S.; Butcher, M.; Cooper, P.; Gray, D.; Russell, F.; Stringfellow, S.; Bertram, M.; Duguid, K.; Pirie, G.; Shand, S. A 

clinical audit of Suprasorb®  X + PHMB. Wounds UK 2010, 6, 78-87. 

86. Wiegand, C.; Abel, M.; Ruth, P.; Hipler, U.C. HaCaT keratinocytes in co-culture with Staphylococcus aureus can be protected 

from bacterial damage by polihexanide. Wound Repair Regen. 2009, 17, 730-738. 

87. Piatkowski, A.; Drummer, N.; Andriessen, A.; Ulrich, D.; Pallua, N. Randomized controlled single center study comparing a 

polyhexanide containing bio-cellulose dressing with silver sulfadiazine cream in partial-thickness dermal burns. Burns 2011, 37, 

800-804. 

88. Eberlein, T.; Haemmerle, G.; Signer, M.; Gruber Moesenbacher, U.; Traber, J.; Mittlboeck, M.; Abel, M.; Strohal, R. Comparison 

of PHMB-containing dressing and silver dressings in patients with critically colonised or locally infected wounds. J. Wound Care 

2012, 21, 12, 14-16, 18-20. 

89. Muangman, P.; Nitimonton, S.; Aramwit, P. Comparative clinical study of bactigras and Telfa AMD for skin graft donor-site 

dressing. Int. J. Mol. Sci. 2011, 12, 5031-5038. 

90. Jiang, B.; Larson, J.C.; Drapala, P.W.; Pérez-Luna, V.H.; Kang-Mieler, J.J.; Brey, E.M. Investigation of lysine acrylate containing 

poly(N-isopropylacrylamide) hydrogels as wound dressings in normal and infected wounds. J. Biomed. Mater. Res. Part B Appl. 

Biomater. 2012, 100 B, 668-676. 

91. Liu, X.; Lin, T.; Gao, Y.; Xu, Z.; Huang, C.; Yao, G.; Jiang, L.; Tang, Y.; Wang, X. Antimicrobial electrospun nanofibers of cellulose 

acetate and polyester urethane composite for wound dressing. J. Biomed. Mater. Res. Part B Appl. Biomater. 2012, 100 B, 1556-1565. 

92. Dilamian, M.; Montazer, M.; Masoumi, J. Antimicrobial electrospun membranes of chitosan/poly(ethylene oxide) incorporating 

poly(hexamethylene biguanide) hydrochloride. Carbohydr. Polym. 2013, 94, 364-371. 

93. Basmaji, P.; de Olyveira, G.M.; dos Santos, M.L.; Guastaldi, A.C. Novel antimicrobial peptides bacterial cellulose obtained by 

symbioses culture between polyhexanide biguanide (PHMB) and green tea. J. Biomater. Tissue Eng. 2014, 4, 59-64. 

94. Llorens, E.; Calderon, S.; del Valle, L.J.; Puiggali, J. Polybiguanide (PHMB) loaded in PLA scaffolds displaying high hydrophobic, 

biocompatibility and antibacterial properties. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 50, 74-84. 

95. Napavichayanun, S.; Amornsudthiwat, P.; Pienpinijtham, P.; Aramwit, P. Interaction and effectiveness of antimicrobials along 

with healing-promoting agents in a novel biocellulose wound dressing. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 55, 95-104. 

96. Napavichayanun, S.; Yamdech, R.; Aramwit, P. The safety and efficacy of bacterial nanocellulose wound dressing incorporating 

sericin and polyhexamethylene biguanide: In vitro, in vivo and clinical studies. Arch. Dermatol. Res. 2016, 308, 123-132. 

97. Wiegand, C.; Moritz, S.; Hessler, N.; Kralisch, D.; Wesarg, F.; Müller, F.A.; Fischer, D.; Hipler, U.C. Antimicrobial 

functionalization of bacterial nanocellulose by loading with polihexanide and povidone-iodine. J. Mater. Sci. Mater. Med. 2015, 

26, 245. 

98. Ampawong, S.; Aramwit, P. A study of long-term stability and antimicrobial activity of chlorhexidine, polyhexamethylene 

biguanide, and silver nanoparticle incorporated in sericin-based wound dressing. J. Biomater. Sci. Polym. Ed. 2017, 28, 1286-1302. 

99. Knafl, D.; Thalhammer, F.; Vossen, M.G. In-vitro release pharmacokinetics of amikacin, teicoplanin and polyhexanide in a 

platelet rich fibrin-layer (PRF) - a laboratory evaluation of a modern, autologous wound treatment. PLoS ONE 2017, 12, 

e0181090. 

100. Bueno, C.Z.; Moraes, A.M. Influence of the incorporation of the antimicrobial agent polyhexamethylene biguanide on the 

properties of dense and porous chitosan-alginate membranes. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 93, 671-678. 

101. Lefebvre, E.; Lembre, P.; Picard, J.; El-Guermah, L.; Seyer, D.; Garde, V.L. Ephemeral biogels to control anti-biofilm agent 

delivery: From conception to the construction of an active dressing. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 82, 210-216. 

102. de Mattos, I.B.; Holzer, J.C.J.; Tuca, A.C.; Groeber-Becker, F.; Funk, M.; Popp, D.; Mautner, S.; Birngruber, T.; Kamolz, L.P. 

Uptake of PHMB in a bacterial nanocellulose-based wound dressing: A feasible clinical procedure. Burns 2019, 45, 898-904. 

103. Wang, Y.; Wang, C.; Xie, Y.; Yang, Y.; Zheng, Y.; Meng, H.; He, W.; Qiao, K. Highly transparent, highly flexible composite 

membrane with multiple antimicrobial effects used for promoting wound healing. Carbohydr. Polym. 2019, 222, 114985. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 December 2022                   doi:10.20944/preprints202212.0048.v1

https://doi.org/10.20944/preprints202212.0048.v1


 

 

104. Worsley, A.; Vassileva, K.; Tsui, J.; Song, W.; Good, L. Polyhexamethylene biguanide:polyurethane blend nanofibrous 

membranes for wound infection control. Polymers 2019, 11, 915. 

105. Jin, J.; Chen, Z.L.; Xiang, Y.; Tang, T.; Zhou, H.; Hong, X.D.; Fan, H.; Zhang, X.D.; Luo, P.F.; Ma, B., et al. Development of a 

PHMB hydrogel-modified wound scaffold dressing with antibacterial activity. Wound Repair Regen. 2020, 28, 480-492. 

106. Liang, A.; Zhang, M.; Luo, H.; Niu, L.; Feng, Y.; Li, M. Porous poly(hexamethylene biguanide) hydrochloride loaded silk fibroin 

sponges with antibacterial function. Materials 2020, 13, 285. 

107. Massarelli, E.; Silva, D.; Pimenta, A.F.R.; Fernandes, A.I.; Mata, J.L.G.; Armes, H.; Salema-Oom, M.; Saramago, B.; Serro, A.P. 

Polyvinyl alcohol/chitosan wound dressings loaded with antiseptics. Int. J. Pharm. 2021, 593, 120110. 

108. Asadi, L.; Mokhtari, J.; Abbasi, M. An alginate-PHMB-AgNPs based wound dressing polyamide nanocomposite with improved 

antibacterial and hemostatic properties. J. Mater. Sci. Mater. Med. 2021, 32. 

109. Dydak, K.; Junka, A.; Dydak, A.; Brożyna, M.; Paleczny, J.; Fijalkowski, K.; Kubielas, G.; Aniołek, O.; Bartoszewicz, M. In vitro 

efficacy of bacterial cellulose dressings chemisorbed with antiseptics against biofilm formed by pathogens isolated from chronic 

wounds. Int. J. Mol. Sci. 2021, 22, 3996. 

110. Montemezzo, M.; Ferrari, M.D.; kerstner, E.; Santos, V.d.; Victorazzi Lain, V.; Wollheim, C.; Frozza, C.O.d.S.; Roesch-Ely, M.; 

Baldo, G.; Brandalise, R.N. PHMB-loaded PDMS and its antimicrobial properties for biomedical applications. J. Biomater. Appl. 

2021, 36, 252-263. 

111. Ahani, E.; Montazer, M.; Mianehro, A.; Samadi, N.; Toliyat, T.; Mahmoudi Rad, M. Preparation of long-lasting antibacterial 

wound dressing through diffusion of cationic-liposome-encapsulated polyhexamethylene biguanide. React. Funct. Polym. 2021, 

169, 105092. 

112. Chanabodeechalermrung, B.; Chaiwarit, T.; Sommano, S.R.; Rachtanapun, P.; Kantrong, N.; Chittasupho, C.; Jantrawut, P. Dual 

crosslinked ion-based bacterial cellulose composite hydrogel containing polyhexamethylene biguanide. Membranes 2022, 12, 

825. 

113. Harrington, R.E.; Guda, T.; Lambert, B.; Martin, J. Sterilization and disinfection of biomaterials for medical devices. In 

Biomaterials science. An introduction to materials in medicine, 4th ed.; Wagner, W.R., Zhang, G., Sakiyama-Elbert, S. E., Yaszemski, 

M. J., Eds.; Academic Press: San Diego, CA, USA, 2020; pp 1431-1446. 

114. Petersen, S.; Hussner, J.; Reske, T.; Grabow, N.; Senz, V.; Begunk, R.; Arbeiter, D.; Kroemer, H.K.; Schmitz, K.-P.; Meyer zu 

Schwabedissen, H.E., et al. In vitro study of dual drug-eluting stents with locally focused sirolimus and atorvastatin release. J. 

Mater. Sci. Mater. Med. 2013, 24, 2589-2600. 

115. Boateng, J.S.; Matthews, K.H.; Stevens, H.N.E.; Eccleston, G.M. Wound healing dressings and drug delivery systems: A review. 

J. Pharm. Sci. 2008, 97, 2892-2923. 

116. EN 13726-1:2002 - Test methods for primary wound dressings. Part 1 - Aspects of absorbency. European Committee for Standardization 

(CEN): Brussels, Belgium, 2002. 

117. EN 13726-2:2002 - Test methods for primary wound dressings. Part 2 - Moisture vapour transmission rate of permeable film dressings. 

European Committee for Standardization (CEN): Brussels, Belgium, 2002. 

118. EN 13726-3:2003 - Test methods for primary wound dressings. Part 3 - Waterproofness. European Committee for Standardization 

(CEN): Brussels, Belgium, 2003. 

119. EN 13726-4:2002 - Test methods for primary wound dressings. Part 4 - Conformability. European Committee for Standardization 

(CEN): Brussels, Belgium, 2002. 

120. EN 13726-5:2000 - Test methods for primary wound dressings - Part 5 - Bacterial barrier properties. European Committee for 

Standardization (CEN): Brussels, Belgium, 2000. 

121. EN 13726-6:2003 - Test methods for primary wound dressings. Part 6 - Odour control. European Committee for Standardization 

(CEN): Brussels, Belgium, 2003. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 December 2022                   doi:10.20944/preprints202212.0048.v1

https://doi.org/10.20944/preprints202212.0048.v1


 

 

122. Thomas, S.; Uzun, M. Testing dressings and wound management materials. In Advanced textiles for wound care, 2nd ed.; 

Rajendran, S., Ed.; Woodhead Publishing Limited: Cambridge, UK, 2019; pp 23-54. 

123. Medical Engineering Technologies Ltd (MET). Wound dressing performance testing. https://met.uk.com/medical-device-

testing/wound-dressings-performance (accessed on: 21 September 2022).  

124. The Surgical Materials Testing Laboratory (SMTL). Wound dressing testing at SMTL. http://www.smtl.co.uk/testing-

services/54-wound-dressings-testing-services/57-dressings-testing.html (accessed on: 21 September 2022).  

125. Bainbridge, P.; Browning, P.; Bernatchez, S.F.; Blaser, C.; Hitschmann, G. Comparing test methods for moisture-vapor 

transmission rate (MVTR) for vascular access transparent semipermeable dressings. J. Vasc. Access 2021, 11297298211050485. 

126. Minsart, M.; Van Vlierberghe, S.; Dubruel, P.; Mignon, A. Commercial wound dressings for the treatment of exuding wounds: 

An in-depth physico-chemical comparative study. Burns Trauma 2022, 10, tkac024. 

127. Ruiz-Cardona, L.; Sanzgiri, Y.D.; Benedetti, L.M.; Stella, V.J.; Topp, E.M. Application of benzyl hyaluronate membranes as 

potential wound dressings: Evaluation of water vapour and gas permeabilities. Biomaterials 1996, 17, 1639-1643. 

128. Wu, P.; Fisher, A.C.; Foo, P.P.; Queen, D.; Gaylor, J.D.S. In vitro assessment of water vapour transmission of synthetic wound 

dressings. Biomaterials 1995, 16, 171-175. 

129. ASTM E96-90 - Standard methods for water vapor transmission of materials. American Society for Testing and Materials (ASTM): 

West Conshohocken, PA, USA, 1990. 

130. Haryanto, H.; Arisandi, D.; Suriadi, S.; Imran, I.; Ogai, K.; Sanada, H.; Okuwa, M.; Sugama, J. Relationship between maceration 

and wound healing on diabetic foot ulcers in indonesia: A prospective study. Int. Wound J. 2017, 14, 516-522. 

131. Knighton, D.R.; Silver, I.A.; Hunt, T.K. Regulation of wound-healing angiogenesis - effect of oxygen gradients and inspired 

oxygen concentration. Surgery 1981, 90, 262-270. 

132. Pandit, A.S.; Feldman, D.S. Effect of oxygen treatment and dressing oxygen permeability on wound healing. Wound Repair Regen. 

1994, 2, 130-137. 

133. Sirvio, L.M.; Grussing, D.M. The effect of gas permeability of film dressings on wound environment and healing. J. Investig. 

Dermatol. 1989, 93, 528-531. 

134. Said, H.K.; Hijjawi, J.; Roy, N.; Mogford, J.; Mustoe, T. Transdermal sustained-delivery oxygen improves epithelial healing in a 

rabbit ear wound model. Arch. Surg. 2005, 140, 998-1004. 
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