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Abstract

Background: Nowadays, a wide range of wound dressings is already commercially available. The
selection of the dressing is of paramount importance as inappropriate wound management and
dressing selection can delay the wound healing process. Not only can this be distressing for the
patient, but it can also contribute to complications such as maceration and subsequent infection.
Many researchers are targeting the design of dressings with superior properties over existing
commercial dressings. However, reported results in the state-of-the-art are rarely benchmarked
against commercial dressings. The aim of this study was to determine several characteristics of a
large variety of the most frequently used commercial wound dressings, providing an overview for
both practitioners and researchers.

Methods: For this comparative study, 11 frequently used commercial wound dressings were
selected, representing the different types. The morphology was studied using scanning electron
microscopy. The dressings were characterized in terms of swelling capacity (water, phosphate
buffered saline and simulated wound fluid), moisture vapour transmission rate (MVTR) and
moisture uptake capacity (via dynamic vapour sorption) as well as mechanical properties using
tensile testing and texturometry.

Results: The selected dressings showed distinctive morphological differences (fibrous, porous
and/or gel) which was reflected in the different properties. Indeed, the swelling capacities ranged
between 1.5 and 23.2 g/g (water), 2.1 and 17.6 g/g (phosphate buffered saline) or 2.9 and 20.8 g/g
(simulated wound fluid). The swelling capacity of the dressings in water increased even further
upon freeze-drying, due to the formation of pores. The MVTR values varied between 40 and
930 g/m?2/24 h. The maximal moisture uptake capacity varied between 5.8% and 105.7% at 95%
relative humidity. Some commercial dressings exhibited a superior mechanical strength, due to
either being hydrophobic or multi-layered.

Conclusions: The present work not only offers insight into a valuable toolbox of suitable wound
dressing characterization techniques, but also provides an extensive landscaping of commercial
dressings along with their physico-chemical properties, obtained through reproducible experimen-
tal protocols. Furthermore, it ensures appropriate benchmark values for commercial dressings in
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all forthcoming studies and could aid researchers with the development of novel modern wound
dressings. The tested dressings either exhibited a high strength or a high swelling capacity,
suggesting that there is still a strong potential in the wound dressings market for dressings that

possess both.
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Highlights

* This article focuses on the in-depth mechanical and physico-chemical characterization of 11 commercial wound dressings,

providing an unprecedented overview, of interest to both researchers and practitioners involved in wound care.

* The protocols elaborated herein ensure appropriate benchmark values for commercial dressings.
* As demonstrated in this study, the physico-chemical properties can vary widely amongst commercially available dressings,
with either a high strength or a high swelling capacity, suggesting the strong potential of dressings combining both.

Background

Wounds are a global medical concern [1]. The international
advanced wound care market is expected to exceed $22
billion by 2024. Key factors contributing to the growth
include the increasing number of road accidents and chronic
diseases such as diabetes as well as an expanding geriatric
population [2]. The skin, which is the largest human organ,
is an indispensable barrier. It mainly separates the body
from the environment, protecting it from thermal, physical
and chemical damage and preventing the invasion of most
pathogens [3-5]. A wound signifies a breach in the skin due to
trauma. Depending on the depth of the wound, the epidermis,
dermis and/or hypodermis can be affected and the repair
process will be activated [6,7]. The wound healing process is
one of the most complicated biological processes that occur
in the human body, which makes wound management one of
the most essential practices today [8].

Wound dressings are typically used to assist the wound
healing process. They are mainly developed to aid re-
epithelialization by protecting the wound from further
damage and/or infection [1,8]. Modern wound dressings
protect the wound from contamination while regulating
the exudate to provide a moist healing environment [9].
Nowadays, a large variety of modern wound dressings is
already available (Table 1). For both the expert and the
non-expert audience, a non-exhaustive list of definitions can
be found in Table S1, see online supplementary material.
Alginate dressings, hydrocolloids, hydrogels, foams and films
all have the capacity to control the level of wound hydration
[10-13]. However, selection of the appropriate dressing is of
paramount importance in wound management. The choice
depends on the wound size and location, the level of exudate
and clinician preference. If the dressing is not absorbing
enough, it can lead to maceration, which in turn increases
the risk of infection. However, a dressing that has a too high
absorption capacity can also disrupt the tissue. Inappropriate
wound management and dressing selection can thus delay the
wound healing process [12,14-16].

Different wounds require different types of dressings
[6,17-22]. They are made with different materials and thus
have their own typical characteristics, such as absorption

capacity, mechanical strength and moisture vapour trans-
mission rate (MVTR), which all have to be considered for
the treatment of a particular type of wound. To choose the
optimal dressing, the wound must be evaluated regularly
for changes in size and depth, moisture content, necrotic
tissue, maceration, infection and patient comfort. The TIME
principle (tissue, infection, moisture, edge) offers a systematic
approach for clinicians and practitioners dedicated to wound
management [23].

Despite the large variety of wound dressings already avail-
able, comparative in-depth studies of typical characteristics
of commercial wound dressings are scarce in the literature.
Furthermore, research is still ongoing to develop new and
more advanced wound dressings, including smart polymeric
bandages as described in [24-28]. Many researchers are
targeting the design of dressings with ‘superior properties’
over existing commercially available dressings. However, the
reported results in the state-of-the-art are rarely benchmarked
against those of commercial dressings. In view of the lack
of comparative studies on the physico-chemical properties
of contemporary modern commercial wound dressings, in
addition to the current knowledge gap related to the method-
ological approaches ideally suited to enable an in-depth and
reproducible characterization of wound dressings, this article
aims to fill the gap and provide an overview for both wound
care practitioners and researchers. The selected dressings are
shown in Figure 1.

This selection includes representatives from the different
dressing types (e.g. foams, films, hydrofibres, hydrogels)
currently used for the treatment of many different wound
types. Within the large range of dressings that are currently
available, there is an emphasis on burn wound dressings,
antimicrobial dressings and odour-adsorbing dressings as
they are used on wounds that are typically concomitant
with high levels of exudate. Moreover, the current selection
focuses on dressings that are considered the gold standard
by the scientific community and that are currently used
in the Burn Wound Centre of the Ghent University Hos-
pital (Belgium). In this regard, exploring the differences
between the ‘weaker’ (e.g. fibre-based) and ‘stronger’ (e.g.
multi-layered) dressings as reported in the literature is
especially of interest. Summarizing the above, the following
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Table 1. Overview of the different types of wound dressings, their (dis)advantages and wound application

Dressing category

Advantage(s)

Disadvantage(s)

Examples of
commercial dressings

Wound types

Passive
Gauze

Tulle

Interactive
Semi-permeable films

Semi-permeable
foams

Hydrogels

Bioactive
Hydrocolloids

Hydrofibres

Cheap, used as cover

Does not stick to wound
surface

Allow gaseous exchange of air

and water vapour,
impermeable for bacteria and
fluids, very flexible and
conformable

Designed to absorb large
amounts of exudate, can be
left in place for several days
Maintain moisture, allows

vapour and oxygen exchange,

aids tissue debridement

Form gel on wound surface
maintaining moisture and
vapour/fluid exchange
Highly absorbent,
non-adherent

Can stick to and disrupt
wound bed upon removal
Secondary dressing often
required

Maceration likely due to
limited exudate absorption
capacity

Cause dryness and scabbing
on low-exuding wounds

Fluid accumulation can lead
to maceration or infection
of skin, mechanically weak

Not suited for infected or
heavily exuding wounds

Usually requires a
secondary dressing

Sterilux

Jelonet, Bactigras

DuoDERM

Mepilex (Ag)

Hydrosorb

DuoDERM

Aquacel (Ag/Extra)

Minor or superficial clean
wounds

Flat, shallow wounds with
minimal to moderate exudate

Shallow wounds with low
exudate on difficult
anatomical sites (e.g. joints)

Moderate to heavily exuding
wounds

Wounds or cavities with low
to medium exudate, necrotic

wounds

Light to moderate exuding
wounds, sloughing or
granulating wounds
Medium to heavily exuding
wounds, burns

Alginates Highly absorbent, optimal Usually requires a Kaltostat Second degree burns,
moisture level, clotting secondary dressing moderate to heavily exuding
encouraged wounds
; and burn wounds. It also helps to control minor bleeding
Semi-permeable . . K
T due to the haemostatic properties of alginate [29].
* Aquacel® Ag Hydrofiber® dressing is made of sodium
Hydrogorb Mepliex allostat carboxymethylcellulose (CMC) in which silver ions are
Mepilex Ag Carboflex

Duoderm Extra Thin

Hydrocolloid Hydrofibers/ fibrous
dressings dressings
Duoderm Extra Thin Exufiber
Aquacel Ag/ Extra
Kaltostat

Odour-adsorbing Burn wound
dressings dressings
Carbonet Acticoat Acticoat
Carboflex Aquacel Ag/ Extra Aquacel Ag
Kaltostat Mepilex Ag

Figure 1. Overview and classification of the selected wound dressings

selection gives a strong representation of the wound dressing
market.

* Kaltostat® Alginate dressing consists of alginate fibres that
can form a firm gel/fibre mat upon contact with wound exu-
date. This dressing can be applied on a variety of wounds
that display moderate to high levels of wound exudate,
including pressure injuries, venous/arterial/diabetic ulcers

embedded. Upon contact with wound fluid, the hydrofibres
become hydrated which leads to the formation of a gel. The
dressing can be applied on a variety of acute and chronic
wounds including (infected) ulcers and second-degree burns
[29].

Aquacel® Extra wound dressing is also a hydrofibre dress-
ing. It is composed of two layers of hydrofibres that are
stitched together using strengthening fibres. These strength-
ening fibres, which are not incorporated in Aquacel® Ag,
do not swell upon contact with wound fluid and therefore
provide structural integrity. The dressing is mainly applied
to moderate to highly exuding wounds [29].

Exufiber® dressing is a nonwoven dressing consisting
of poly(vinylalcohol) (PVA) fibres. When the dressing
comes into contact with exudate, a gel is formed that
conforms closely to the wound bed. It is applied onto
moderate to highly exuding wounds, including cavities.
The Hydrolock® technology ensures absorption of exudate
while also locking it into the fibres [30].

Mepilex® dressing is a foam dressing consisting of
polyurethane foam and a silicone wound contact layer.
It can be applied onto light to moderate exuding wounds
[30].
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* Mepilex® Ag is identical to Mepilex®, except for the addi-
tion of silver nanoparticles that render the dressing antimi-
crobial. It is indicated for use on (infected) light to moderate
exuding wounds and second-degree burns [30].

Hydrosorb® is a transparent hydro-cellular polyurethane-
polyurea hydrogel dressing, covered with a semi-permeable
outer layer. The aqueous matrix mainly consists of
propylene glycol. Its water content of ~60% ensures a
moist wound environment, supporting tissue granulation
and epithelialization. It also promotes the debridement of
necrotic wounds and can be used for treatment of light to
moderate exuding wounds [31].

* DuoDERM® Extra Thin (ET) is a hydrocolloid dressing
that consists of a thin semi-permeable polyurethane film
covered with an adhesive layer for the treatment of dry to
light exuding wounds [29].

Acticoat® dressing is an absorbent wound dressing that
ensures a moist wound environment for wound healing.
It is mainly designed to control infection of wounds,
more specifically burns. The absorbent rayon/polyester
layer is sandwiched between two antimicrobial silver-
coated poly(ethylene) nets. Upon hydration, silver release is
triggered [32].

Carbonet® dressing has a composite structure, consisting
of a knitted viscose wound contact layer, an absorbing
fibrous cellulose pad and an adsorbing activated charcoal

layer, which is sandwiched between poly(ethylene) nets, for
wound odour. This dressing is used for the treatment of
discharging, infected and malodorous wounds [32].

Carboflex® dressing is another multi-layered wound dress-
ing, like the Carbonet® dressing, used for the management

of malodour associated with exuding malodorous wounds.
The absorbent wound-contact layer consists of alginate and
a hydrocolloid. The other layers are a central activated
charcoal pad and a water-resistant top layer [33,34].

This study aims to compare different frequently used
dressings by determining the characteristics of each dressing
in terms of swelling, mechanical properties, moisture uptake
capacity and MVTR. The current manuscript not only offers
insight into a valuable toolbox of suitable wound dressing
characterization techniques, but also provides an extensive
benchmarking of commercially available dressings along
with their physico-chemical properties, obtained through
reproducible and standardized experimental protocols.
Hence, this paper will provide future opportunities for
similar characterization of novel dressings, exploiting the
standardized protocols elaborated herein, and thereby
ensuring appropriate benchmark values for commercial
dressings in all forthcoming studies.

Methods

Materials
Phosphate buffered saline (PBS) tablets, maximum recovery

diluent and foetal bovine serum were obtained from Sigma-
Aldrich. Hydrosorb® came from Hartmann. DuoDERM®

ET, Kaltostat®, Aquacel® Extra, Aquacel® Ag and Carboflex®
were purchased from ConvaTec. Mepilex®, Mepilex® Ag and
Exufiber® were obtained from Mélnlycke. Carbonet® and
Acticoat® were purchased at Smith&Nephew. All materials
were used as received.

Material characterization

Freeze-drying The materials were freeze-dried in a Christ
freeze-dryer alpha 2-4 LSC at —85°C and 0.37 mbar.

Swelling experiments All swelling tests were performed in
triplicate at 20°C. The PBS solution was made by dissolving
PBS tablets (1 per 200 mL) in ultrapure water, yielding
0.01 M phosphate buffer, 0.0027 M potassium chloride and
0.137 M sodium chloride with a pH of 7.415. The simulated
wound fluid (SWF) was prepared using 50 v/v% foetal bovine
serum and 50 v/v% maximum recovery diluent containing
1.0 g L' peptic digest of animal tissue and 8.5 g L™ sodium
chloride [35]. This formulation resembling wound exudate
was chosen as foetal bovine serum and maximum recovery
diluent are both commercially available, thus ensuring easy
reproduction and thereby reducing inter-study variability in
the field.

When performing the swelling tests, two different methods
were used. The first method consisted of first placing the
round samples (diameter & 12 mm) in ultrapure water for
24 h. Afterwards, the samples were freeze-dried and the dry
weight was measured (m(). The samples were then each
placed in 10 mL of solution (ultrapure water, PBS or SWF)
for 72 h to reach complete swelling equilibrium. The swollen
weight was then recorded (m). For the second method, the
samples (J 12 mm) were weighed (m() (without leaching
and freeze-drying) and directly placed for 72 h into 10 mL
of solution. The swollen weight was then also recorded (m).
This second method represented the real-life situation when
dressings are applied onto patients. The swelling degree S was
calculated using equation (1):

S (gsolvent ) _m—m (1)

8material my

Tensile testing Tensile tests were performed 5-fold on a Tinius
Olsen SST at 20°C and analysed using Horizon software.
Two different load cells were used (25 N and 500 N) as the
load cell should work between 1 and 100% of its maximal
load for a precise measurement. Dog-bone-shaped (50 mm
long, 4 mm wide and 1 mm thick) samples were punched from
the different wound dressings. The samples were subjected to
tensile testing in both the dry and the swollen state, for which
the samples were swollen for 72 h in ultrapure water at 20°C
before the measurement. Their dimensions were again mea-
sured in the swollen state. The tensile tests were performed

1

with a preload of 0.1 N and a speed of 10 mm min~" until

break, which allowed the Young’s modulus to be determined
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from the slope of the stress—strain curves, the total elongation
and the stress at break for each dressing.

Texturometry experiments Texturometry tests were executed
on a TA500 Texture Analyzer from Lloyd Instruments. The
results were analysed by Nexygen software. The texturometer
was equipped with a 100 N load cell. The samples were placed
in ultrapure water for 72 h. Afterwards, they were cut (40 x
40 mm) and fixed onto the flat bottom plate with a round
gap (@ 25 mm) in the middle. An identical plate was placed
on top of the sample and secured. A cylindrical plunger (&
3 mm) was attached to the load cell for the different exper-
iments. All measurements were performed in triplicate at
20°C.

Fatigue tests subjected the samples to repeated loading,
more specifically 15 load cycles. These tests were performed

"and a

with the cylindrical probe at a rate of 10 mm min~
limit of 2 mm.
For the fracture tests, the cylindrical probe compressed the

1

sample at a rate of 10 mm min~' until fracture, which was

defined as a decrease of the maximum force by 50%.

Scanning electron microscopy The morphology of the dress-
ings was studied with a Phenom-FEI Desktop scanning elec-
tron microscope. The dressing samples were freeze-dried in
advance and fixed to the sample holder using double-sided
carbon tape. They were gold sputter-coated (20 mA, 60 s,
vacuum) using an Automatic Au Sputter Coater EmiTech
K550X with a RV3 two-stage rotary vane pump. The fibre
diameters of the fibrous dressings or layers were determined
with the Fibermetrics software.

MVTR determination For the determination of the MVTR,
samples (J 28 mm) were punched from the different
dressings. The test dish was filled with 10 mL of ultrapure
water. A lightweight grid was placed on the opening of
the test dish but underneath the sample to ensure that the
sample was fixed. Lastly, the test dish was sealed with an
open lid (J 25 mm opening). The dish assembly (Figure S1,
see online supplementary material) was weighed (#21) and
placed in an incubator at 20°C. After 7 days, the dishes
were weighed again (), which allowed determination of
the rate of vapour movement through the sample from the
water to the surrounding atmosphere following equation
(2):

g myp —my
MVTR = 2
(24hxm2) tx A 2)

Where t represents the duration of the experiment and A
the area of the opening through which the water could
evaporate.

Dynamic vapour sorption experiments Dynamic vapour
sorption (DVS) experiments were performed to determine
the moisture uptake capacities of the different dressings at
varying relative humidities (RH). A Cahn microbalance inside

a temperature-controlled cabinet measured both the loaded
sample pan and the empty reference pan. Flow controllers
regulated the flow of the dry and wet N, gas. This gravimetric
technique allowed control over the temperature and the RH.
The DVS experiments were performed with 5-10 mg of the
sample at 20°C. As some of the dressings were already humid
in the packaging, the first step of 95% RH was necessary
to ensure an identical experimental set-up for each wound
dressing. The humidity was then varied in steps (95, 90, 60,
30,0, 30,60,90,95% RH). The subsequent step was initiated
when the gravimetric mass change as a function of time was
<0.002% min~".

Fourier transform infrared spectroscopy The different wound
dressing materials were also characterized using Fourier
transform infrared spectroscopy (FTIR). FTIR spectra

! were recorded using a

ranging between 4000 and 600 cm™
PerkinElmer Frontier FTIR/FIR spectrometer, equipped with
a MKII Golden Gate Single Reflection ATR system together
with a diamond crystal and a sapphire anvil, and analysed
using PerkinElmer Spectrum software. The different spectra
and an overview of the most characteristic bands can be
found in Figure S2 and Table S2, see online supplementary

material.

Statistical analysis

All results are displayed as mean + SD (standard deviation).
A two-tailed t-test was performed when two values were
compared. If more values were to be compared, statistical
analysis was performed using one-way analysis of variance
using GraphPad Prism 8. Statistical significance was set at
p < 0.05. Statistically significant (*) and non-significant (ns)
differences are indicated in all Figures.

Results

In this work, the selected wound dressings were subjected to
in-depth characterization. In the first part of the work, the
dressings were visualized by scanning electron microscopy
(SEM). The swelling capacity in different media was deter-
mined, as the absorbance capacity of the dressing plays a
crucial role in providing a moist wound-healing environ-
ment. In addition, the MVTR was also assessed as it plays a
complementary role in moisture control. The dressings were
subjected to mechanical analysis both in dry and swollen con-
ditions. The hygroscopic behaviour of the different dressings
was further investigated using DVS.

Visualization of wound dressings using SEM

The morphology of the wound dressings was studied using
SEM (Figure 2). The fibrous dressings (Figure 2a—d) all
contain smooth fibres. The porous nature of the flexible
dressings Mepilex® and Mepilex® Ag (Figure 2, f) displays
a strong contrast with the smooth surfaces of Hydrosorb®
and DuoDERM® ET (Figure 2g, h). The presence of the silver
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Figure 2. Top: SEM images of the commercial dressings. (a) Kaltostat®, (b) Aquacel® Ag, (¢) Aquacel® Extra, (d) Exufiber®, (e) Mepilex®, (f) Mepilex® Ag, (g)
Hydrosorb®, (h) DuoDERM® ET, (i) Carbonet® top, (j) Carbonet® middle, (k) Carbonet® bottom, (l) Carboflex® top, (m) Carboflex® activated carbon layer, (n)
Carboflex® bottom, (o) Acticoat® middle and (p) Acticoat® cover. Bottom: Fibre diameters of the different fibrous layers determined using SEM. SEM scanning

electron microscopy

nanoparticles in Aquacel® Ag (Figure 2b) and Mepilex® Ag
(Figure 2f) can be clearly seen in Figure 2. The multi-layered
dressings also contain fibrous layers (i—p). Indeed, Carbonet?®
contains a fibrous top, middle and bottom layer whereas
Carboflex® has a fibrous top layer (similar to Kaltostat®)

and Acticoat® a fibrous middle layer. The fibre diameters of
the different fibrous dressings or layers in the multi-layered
dressings were also determined. As can be seen from Figure 2
(bottom), the diameters of the different fibres range between
11.5 and 20.7 pum.
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Figure 3. Swelling capacities of the different wound dressings according to two different methods. (a) The swelling capacity in water (blue), PBS (purple) and
SWEF (dark blue) without freeze-drying. (b) Comparison of the swelling capacities of the dressings in water with (blue) and without (white) freeze-drying (FD).
*Statistically significant. ns non-significant, PBS phosphate buffered saline, SWF simulated wound fluid

Swelling properties of wound dressings

The swelling capacities of the different dressings in ultrapure
water, PBS and SWF as well as the effect of freeze-drying
on the swelling capacity in ultrapure water are shown in
Figure 3.

As can be seen from Figure 3a, the swelling capacity
or absorbency of the different dressings after equilibrium
swelling (and without prior freeze-drying, representing the
real-life situation) ranges between 1.5 and 23.2 g/g.

Mechanical properties of wound dressings

Results of the mechanical characterization of commercial
wound dressings are scarce in the literature [14,36]. However,
it can be very useful to quantify the mechanical properties as
the dressing will be subjected to multiple tensile and compres-
sive stresses during use. Therefore, in the second part of this
work, several mechanical properties were determined using
tensile testing and texturometry. Tensile testing is an essential
technique in which several properties can be determined by
subjecting the sample to controlled tension until failure. The

strength and elongation potential of the different commercial
wound dressings were assessed.

Texturometry allows the measurement and analysis of
several mechanical properties of materials. Samples are
compressed by a plunger at a constant rate and temperature.
For texture profile analysis, the sample is compressed
twice. Fatigue testing allows investigation of changes in
elastic behaviour by subjecting the materials to repeated
compression. Fracture tests allows determination of the
breaking force as the sample is compressed until rupture. The
most interesting properties of wound dressings are discussed.

Mechanical properties determined using tensile testing From
the obtained data, it can be observed that the mono-
layered dressings (Figure 4a) have a Young’s modulus of
<1 MPa, which is much lower compared to the multi-layered
dressings (Figure 4b). The Young’s modulus of the fibrous
dressings Kaltostat®, Aquacel® Ag, Aquacel® Extra and
Exufiber® varies between 0.24 and 0.95 MPa, with the total
elongation (Figure 4c) varying between 68 and 134%. When
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Figure 4. Mechanical properties of dry wound dressings determined using tensile testing at a traction speed of 10 mm min—". (a, b) Young’s modulus, (¢) total
elongation and (d) ultimate stress. The results for the dressings in the swollen state can be found in Table S3, see online supplementary materials. *Statistically

significant. ns non-significant, ET Extra Thin
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comparing Hydrosorb® and DuoDERM® ET, it can be
concluded that their respective mechanical properties do not
differ significantly except for the total elongation.

Upon equilibrium swelling, the Young’s moduli sig-
nificantly decreased for most dressings. The values for
DuoDERM® ET and Carbonet® are significantly lower in
the swollen state compared to their values in the dry state
(Table S3, see online supplementary material). The Young’s
moduli of Mepilex® and Mepilex® Ag did also significantly
decrease to a limited extent upon swelling prior to the
tensile test. In contrast, Carboflex® has a significantly higher
Young’s modulus in the swollen state. The Young’s modulus
of Acticoat® did not significantly decrease when swollen.

Upon equilibrium swelling, the total elongation dropped
significantly for all dressings except Acticoat®.

The ultimate stress (Figure 4d) of the dry mono-layered
dressings does not exceed 0.77 MPa whereas the ultimate
stress of the dry multi-layered dressings ranges between 0.17
and 4.60 MPa, with the highest value for Acticoat®. The
fibrous dressings Kaltostat®, Aquacel® Ag, Aquacel® Extra
as well as the hydrogel dressing Hydrosorb® exhibit the
lowest ultimate stress, ranging between 0.04 and 0.53 MPa.

Texturometry

Fatigue properties Aquacel® Ag and Aquacel® Extra were
too fragile to be tested with texturometry in the swollen
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state and broke immediately after being clamped. The swollen
dressing samples were subjected to 15 compression cycles for
fatigue testing. The results are displayed in Figure 5. For most
dressings, there is no significant difference between the first
and the last cycle load. The extent of plastic deformation
of Kaltostat® was studied further by subjecting the dressing
to a total of 100 cycles (Figure 3, see online supplementary
material). It could be concluded that there was no significant
difference between the cycle load after 15 and 100 cycles for
this dressing.

Fracture behaviour In a second texturometric experiment, the
materials were indented until fracture. The fracture strength
can be calculated by dividing the maximal load by the sur-
face area of the plunger (9.8 mm?). As can be observed in
Figure 6, the fracture strength is <0.46 MPa for the mono-
layered wound dressings whereas the value for the multi-
layered dressings varies between 2.02 and 9.03 MPa. The
fracture experiments of the fibrous dressings Aquacel® Ag
and Aquacel® Extra failed as they already ruptured without

a significant impression of the cylinder.
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MVTR of wound dressings
The MVTR is another important feature of a wound dress-

ing. The MVTR values of the tested commercial dressings
(Figure 7) in this work varied between 40 and 930 g/m?/24 h.

Moisture uptake capacity determination using DVS

As moisture can have a detrimental effect on the shelf-life
of healthcare products, the moisture uptake capacity of the
dressings was assessed with DVS in order to investigate
their sorption behaviour in humid environments. The max-
imal moisture uptake capacity (Figure 8) varied between 5.8
(DuoDERM® ET) and 105.7% (Hydrosorb®) at 95% RH.

Discussion

Morphology of the dressings

It was observed that the fibrous and porous morphology of
these dressings influences the swelling capacity and MVTR.
The thinner the fibre, the higher the surface-to-volume ratio.
Aquacel® Ag and Aquacel® Extra have the lowest fibre
diameters (Figure 2), leading to a higher surface-to-volume
ratio which is also reflected in their higher maximal moisture
uptake and swelling capacity compared to Exufiber® (see
also further in Figure 3 and Figure 7). There is no significant
difference in fibre diameter between Aquacel® Extra and
Aquacel® Ag, as expected.

Swelling properties of the dressings

The fibrous dressings Kaltostat®, Aquacel® Ag and Aquacel®
Extra and the foam dressing Mepilex® have higher swelling
capacities (Figure 3a) compared to the hydrogel and
hydrocolloid dressings. Indeed, DuoDERM® ET has a lower
swelling capacity of 1.5 g/g due to the presence of the
waterproof barrier. The higher swelling capacity of these
fibrous and foam dressings can be correlated to their higher
surface-to-volume ratio. The multi-layered (three or more
layers) dressings Acticoat®, Carbonet® and Carboflex®,
despite being multi-layered, exhibit average absorbencies of
3.4-10.3 g/g. Acticoat® mainly consists of poly(ethylene) nets,
which hardly swell, and Carbonet® and Carboflex® both
contain a hydrophobic activated-carbon layer [37]. For most
materials, the swelling capacity does not differ significantly in
the different media. However, Kaltostat® has a significantly
lower swelling capacity in PBS compared to ultrapure water.
This is probably caused by the partial disintegration of the
alginate hydrogel fibres due to the exchange of multivalent
Ca’t with the monovalent ions present in PBS and, to a
certain extent, in SWFE.

When assessing the swelling properties of the freeze-dried
dressings (Figure 3b and Table S4, see online supplemen-
tary material), it can be observed that the average swelling
capacity is higher for most dressings. This is not unexpected,
as freeze-drying can lead to the formation of pores [38]
and thus an increased surface-to-volume ratio. This effect

is most pronounced and significant for the hydrogel dress-
ing Hydrosorb®, the PVA-based dressing Exufiber® and the
CMC-based dressings Aquacel® Ag and Aquacel® Extra.

Mechanical properties of the dressings

The fibrous dressings Kaltostat®, Aquacel® Ag, Aquacel®
Extra and Exufiber® have moderate strength and flexibility
compared to the other dressings in this study (Figure 4).
Mepilex® and Mepilex® Ag have the lowest Young’s moduli
in this series, but the highest total elongation, which signifies
that they are very flexible. Acticoat® has the highest Young’s
modulus and the lowest total elongation in this series, ren-
dering it the stiffest dressing of the ones tested. DuoDERM®
ET has a high total elongation of 714%, comparable to the
foam dressings (814 and 697% respectively for Mepilex®
and Mepilex® Ag), implying that DuoDERM® ET is more
flexible than Hydrosorb®. When comparing the Young’s
moduli of the dressings in the dry to the swollen state (Table
S3, see online supplementary material), it can be anticipated
that the Young’s modulus will significantly decrease when the
material is swollen. This could be observed for several mate-
rials. Indeed, the fibrous dressings (Kaltostat®, Aquacel® Ag,
Aquacel® Extra and Exufiber®) as well as Hydrosorb® even
became too fragile to be subjected to tensile testing. The
Young’s modulus of Carboflex® increased upon swelling.
As the top layer of this multi-layered dressing is identical
to Kaltostat®, it is anticipated that this layer has a larger
influence on the Young’s modulus in the dry state compared
to the swollen state. Indeed, the values for Carboflex® and
Kaltostat® are similar when measured in the dry state. The
Young’s modulus of Acticoat® did not significantly decrease
upon equilibrium swelling, which can be linked to its limited
swelling capacity (3.4 g/g).

In contrast to the other dressings, the total elongation of
Acticoat® did not significantly drop upon swelling, which
could again be linked to its limited swelling capacity. As
polymer-chain disentanglement occurs due to swelling, the
amount of strain required to elongate the swollen materials
up to failure decreases [39].

As expected, Mepilex® does not exhibit a significantly
higher ultimate stress than Mepilex® Ag. When comparing
the ultimate stress in the dry state to the swollen state, it can
again be observed that swelling led to a significant decrease
for all dressings except for Acticoat?, which is again linked to
its limited swelling, and Carboflex®. The significant increase
in ultimate stress of Carboflex® can again be linked to the
different influence of the top layer in the swollen state.

Generally, the multi-layered dressings exhibit significantly
higher first-cycle loads than the mono-layered dressings
(Figure 5), which is in agreement with the above-mentioned
trends. Interestingly, Mepilex® exhibits significantly lower
cycle load values than Mepilex® Ag, which can be linked to
the higher swelling capacity of Mepilex®. Indeed, an increase
in swelling leads to an increase in the network mesh size
and thus a decrease in its compressive strength [40]. There
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was no significant decrease in load between the first and
last cycle for most dressings, which implies that there is no
significant reduction in the force that is necessary for the
last compression cycle and thus that there is no significant
weakening of the dressing structure after the fatigue test.
This signifies that the elastic behaviour hardly changes
after repeated loading. Hence, the majority of the materials
exhibit no fatigue over 15 cycles. Kaltostat®, however, has a
significant decrease in load after only 15 cycles, which could
be linked to its strong swelling. There was no significant
difference between the cycle load after 15 and 100 cycles for
Kaltostat, which implies that the elastic behaviour did not
change further after the 15th cycle.

The fracture strength (Figure 6) of the multi-layered dress-
ings is much higher compared to the mono-layered dressings,
as they contain strong sublayers (e.g. knitted viscose) that
hardly swell and thus keep their strength upon loading.

With regard to the mechanical properties determined both
with tensile testing and texturometry, it can be observed that
the tested dressings exhibit varying strength and flexibility. To
use these dressings for wound healing, sufficient strength is
necessary to enable handling by nurses and/or patients, while
flexibility contributes to patient comfort. This again indicates
that the use of a certain dressing depends strongly on the
application and the application area.

MVTR and moisture uptake capacity of the dressings

The higher the MVTR, the more permeable or breathable
the dressing. However, a MVTR that is too high can lead to
dehydration of the wound area whereas a too low MVTR can
cause maceration of the wound. The average MVTR for nor-
mal skin equals 204 g/m?/24 h while the MVTR of wounds
ranges between 279 (first-degree burn) and 5138 g/m?/24 h
(granulating tissue) [41-43]. Whereas the optimal maximal
value of the MVTR for moist wound healing used to be
defined as 840 g/m?/24 h, more recent publications have
shown that dressings with a MVTR up to 2000-2500 g/m?/24
h could still provide a moist environment for optimal healing
[8,44,45]. The MVTR values of the commercial dressings
(Figure 7) indicate that they can all be used for moist wound
healing treatment. High MVTR values are achieved by open
pore structures, which can especially be observed for the
fibrous and foam dressings [16,17] and could already be
anticipated based on their swelling capacities. DuoDERM®
ET exhibits the lowest MVTR value in this series, which
can be explained by the presence of the waterproof barrier
on the dressing. This also affirms that DuoDERM® ET is
more suited for lightly exuding wounds, while Hydrosorb®,
Mepilex® and Mepilex® Ag can be applied onto lightly
to moderately exuding wounds. The fibrous dressings
Kaltostat®, Aquacel® Ag, Aquacel® Extra and Exufiber®
are all applicable on moderately to highly exuding wounds.
Acticoat®, Carbonet® and Carboflex® also display high
MVTR values, which mirrors their applications as burn and
malodorous wound dressings. These latter dressings thus
limit maceration of these typically highly exuding wounds.

Figure 8 demonstrates that only Hydrosorb® can absorb
more moisture than its own mass at high RH. The low
moisture uptake capacity of DuoDERM® ET and Acticoat®
was anticipated based on their low swelling capacities even
after freeze-drying. The fibrous and foam dressings show a
very low degree of hysteresis (Figure S4, see online supple-
mentary material), indicating that all absorbed moisture can
be completely desorbed again. This low degree of hysteresis
can be linked to the high surface-to-volume ratio of the fibres
and pores in these dressings. As all dressings do not display
any degree of hysteresis >3% at 60% RH, and based on the
type of hysteresis loop, it can be perceived that these materials
do not contain ink-bottle pores [46]. This is very interesting
as it implies that the dressings can donate all moisture to
the surrounding environment when the humidity is lower,
such as in a dry wound bed. This can also be linked to the
breathability of the dressing. If there is nearly no hysteresis
in all dressings, this also allows moisture uptake during the
wound healing process and equal release to the environment,
which links the results of Figures 7 and 8.

Conclusions

The present work offers a profound overview, characteriza-
tion and comparison of essential properties of various wound
dressings, which could aid researchers with the development
of novel modern wound dressings. In general, the multi-
layered dressings were mechanically stronger than the mono-
layered dressings. However, this is seen in conjunction with
lower swelling capacities and, in general, average moisture
uptake capacities. On the other hand, Kaltostat® has the
highest swelling capacity, being one of the weakest dressings
mechanically. The tested commercial dressings thus exhibit
a high strength or high swelling, suggesting that there is
still a strong potential in the wound dressings market for
dressings that exhibit both a high strength and a high swelling
capacity. The fibrous and foam dressings exhibited moderate
to high swelling and moisture-uptake capacities. Equilibrium
swelling of the dressings led to a general decrease in mechan-
ical properties, among which the strongest effect was visible
for the Young’s modulus. It was demonstrated that all tested
dressings were suitable for moist wound healing treatment
based on the MVTR. Their morphological differences, con-
firmed with SEM, could also be linked to their other proper-
ties. As demonstrated herein, the physico-chemical properties
can vary widely among commercially available dressings and
the different formulations (gels, foams, fibres, etc.) may thus
have a different influence on the wound healing process of
the different wound types. Indeed, the fibre-based dressings
(e.g. Kaltostat®, Aquacel Ag®), due to their high surface
area and absorbency, are very suitable for treating burn
wounds and are typically paired with high levels of exudate,
while film dressings (e.g. DuoDERM® ET) can be applied on
difficult anatomical sites (e.g. joints) based on their flexibility.
However, due to their low MVTR and absorbency, films
should not be placed on heavily exuding wounds due to the
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risk of maceration. Foam dressings (e.g. Mepilex®) have a
more moderate absorbency and MVTR but are mechanically
stronger, making them more suitable for wounds in pressure-
sensitive areas (e.g. heel). In practice, secondary dressings
are still often applied to prevent exudate leakage or to sup-
port weaker dressings. Therefore, the design of novel wound
dressings (such as smart polymeric bandages) together with
the choice of the dressing for a specific treatment requires
much consideration and further evaluation. This overview
of the characteristics of some of the most frequently used

commercial wound dressings can strongly aid in this decision.
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