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Optimizing the composition of simulated wound fluid to mimic the physico-chemical
properties of chronic wound exudate

IDA JOHANSSON

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

Chronic wounds pose a significant global health challenge, affecting millions of indi-
viduals worldwide. Effective wound management necessitates the use of appropriate
wound dressings that provides an optimal environment for wound healing. To ac-
curately evaluate and test wound dressings, it is crucial to employ a test fluid that
closely mimics the properties of chronic wound exudate.

This study focused on the formulation and characterisation of a simulated wound
fluid used for in vitro testing of wound dressings by optimising the composition of an
existing simulated wound fluid (SWF A) and compared important physico-chemical
parameters of the test liquid to a serum containing solution (SCS) as the reference
solution. Prior studies had shown that the spreading patterns of SCS and SWF A
differed, as SCS was forced towards the bottom border of the dressing material by
gravitational forces, while SWF A spread more uniformely and did not reach the
bottom border of the dressing.

This study showed that the spreading behavior of the fluids depends on both capil-
lary action and aggregation of the fluid proteins in the dressing material. A test fluid
(SWF B) that mimics SCS in clinically relevant studies was achieved by optimising
the composition of SWF A through altering the BSA content and addition of surfac-
tant. Although SWF B does have the same protein content as SCS, further studies
are needed to elucidate the effect of the detailed compositon on the properties and
behavior of the test fluid. SWF B, however, mimicked the spreading behavior of
SCS well enough to be a contestant for a new standardised test fluid that mimics the
physico-chemical properties and spreading behavior of real chronic wound exudate.

Keywords: chronic wounds, wound care, wound exudate, test fluids, simulated
wound fluid (SWF), spreading behavior, surface tension, capillary action, protein
aggregation, serum albumin
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Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:
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CMC
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TIMPs
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Bovine Serum Albumin
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Nomenclature

Below is the nomenclature of indices and parameters that have been used throughout
this thesis.

Indices
SVs SLy LV Indices for interfacial tensions. SV stand for solid-vapor, SL for
solid liquid and LV for liquid-vapor interfaces.
Parameters
~ Interfacial tension
0 Contact angle

X1
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1

Introduction

Chronic wounds, such as diabetic foot ulcers and pressure ulcers, pose a significant
global health challenge, affecting millions of individuals worldwide. These wounds
often result from underlying medical conditions such as diabetes, cardiovascular dis-
ease, and immobility. If left untreated, chronic wounds can lead to severe morbidity,
mortality and substantial economic burden on healthcare systems and society at
large. [1,2] Effective wound management necessitates the use of appropriate wound
dressings that provides an optimal environment for wound healing. To accurately
develop, evaluate and test new wound dressings, it is crucial to employ a test fluid
that closely mimics the properties of chronic wound exudate.

The current European standard for wound care product testing, Test solution A [3],
consists of sodium chloride and calcium chloride to achieve an ionic concentration
comparable to that of wound exudate. However, wound exudate is a complex,
protein-rich solution with variable and dynamic composition, potentially interact-
ing differently with wound dressings compared to solution A. Consequently, there
is a need for a standardised test fluid that more accurately replicates wound exudate.

Molnlycke Health Care (MHC) previously developed a serum-containing solution
(SCS) consisting of 50% horse serum and 50% solution A, since the protein concen-
tration of wound exudate has been determined to be around half of the protein con-
centration in serum, and the electrolyte concentration is considered to be equivalent
to serum. [4] However, the use of horse serum presents limitations due to potential
compositional variations between different batches. In response, MHC developed a
simulated wound fluid (SWF A) as a synthetic substitute, standardising the test
fluid by replacing the total protein content with bovine serum albumin (BSA) as
the sole protein source while maintaining the ionic strength through salts and buffers.

While the physico-chemical properties such as ionic strength of SWF A and SCS are
similar, discrepancies have been observed in material interactions with wound dress-
ings during clinically relevant test evaluations. Specifically, SCS mimics the spread-
ing behavior of real wound exudate where gravitational effects causes a spreading
pattern which forces the fluid towards the bottom border of the dressing, whereas
SWE A does not exhibit the same behavior. Hypotheses suggest that the higher sur-
face tension of SWF A leads to greater capillary action, counteracting gravitational
effects and influencing the spreading pattern. [5] Another hypothesis proposes that
proteins in SWF A aggregate more within the wound dressing material, creating a
barrier that prevents fluid from flowing with gravity in the material.
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The objective of this thesis work is to formulate a standardised test fluid that better
represents the material interactions observed with real wound exudate by optimis-
ing the composition of SWF A and characterising its physico-chemical properties
compared to SCS as the reference solution. Success in this endeavor could estab-
lish the optimised test fluid as the standard at MHC and potentially become a new
European standard for wound care product testing.

1.1 Scope and aim

In the wound care industry there is currently no standardised test fluid that imi-
tates real wound exudate. The current European standard (Test Solution A) does
not sufficiently replicate real wound exudate, while the serum containing solution
(SCS) developed by MHC lacks standardisation due to batch variations. The aim
of this thesis work is to formulate and characterise a standardised simulated wound
fluid for in wvitro testing of wound dressings by optimising the composition of SWF
A. The study will compare essential physico-chemical parameters of test fluids to
SCS as the reference solution. The specific objectives of the study are as follow:

o Formulation of a synthetic substitute for SCS to by optimising the composition
of SWF A to standardise the test fluid.

o Characterisation of formulated fluids using appropriate analytical methods.

o Investigation of the differences in material interactions between the formulated
fluids.

o Validation of the optimised fluid by studying its spreading pattern in a wound
dressing material using a clinically relevant wound model for chronic leg ulcers.

By addressing these questions, this study will contribute to the development of
more accurate and reliable in vitro testing of wound care products. Overall, this
study aims to contribute to the improvement of wound care testing methodologies
by developing a standardised test fluid that better reflects the behavior and interac-
tions observed with real wound exudate. By achieving this goal, the study has the
potential to enhance the evaluation and performance assessment of wound dress-
ings, leading to advancements in the treatment of chronic wounds and ultimately
improving patient outcomes.

1.2 Limitations

The study focuses on optimising the simulated wound fluid used for wound dress-
ing testing and will not cover the development or testing of new wound dressings
themselves. The emphasis is on formulating simulated wound fluids to mimic real
wound exudate in terms of physico-chemical properties and fluid-material interac-
tions. However, the study will not consider the biological and physiological proper-
ties or impacts of wound exudate. Additionally, the reformulations of the simulated
wound fluid will be kept as simple and cost-effective as possible with regards to
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potential additives.
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Theoretical background

2.1 The wound healing process

The wound healing process is a complex series of events that involves four phases;
haemostasis, inflammation, proliferation, and remodelling. These phases work to-
gether to facilitate wound closure and restoration of the epithelial skin layer. [6,7]

The first phase, haemostasis, occurs immediately after tissue injury and can last
for two days. It involves vasoconstriction and the release of clotting factors to form
blood clots, which stop bleeding and initiate healing. Haemostasis also triggers the
inflammatory process. [7, §]

The inflammatory phase begins shortly after the injury and typically lasts up to
seven days in acute wounds and even longer in chronic wounds. It involves the dila-
tion of blood vessels to allow the influx of inflammatory cells and chemicals to the
wound site. This phase serves to clear the wound of damaged cells, pathogens, and
other bacteria, while preparing the wound bed for new tissue growth. However, the
very cells and chemicals associated with the inflammatory phase also elicit typical
inflammation symptoms such as swelling, heat, pain and redness. [8,9]

The proliferation phase is characterised by the formation of granulation tissue, an-
giogenesis (the formation of blood vessels), wound contraction and epithelialisation
(regrowth of skin tissue). It typically lasts for four days to up to three weeks or
more. During this phase, new tissue is built, and the wound contracts as myofibrob-
lasts pull the wound edges together. Epithelialisation occurs when epithelial cells
resurface the wound area and is promoted by maintaining a moist and hydrated
wound environment. [§]

Remodelling, also known as maturation, is the final phase of wound healing and
may occur over the span of months or even years. During this phase, tissue fibers
are rearranged into a more organised structure, enhancing the tensile strength and
elasticity of the healed skin. However, the healed skin typically loses about 20% of
its strength and elasticity compared to uninjured skin. This phase can take months
or years, depending on the wound severity, location, and treatment methods. [10]
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2.1.1 Chronic wounds

Chronic wounds, also known as non-healing wounds, refer to wounds that fail to
achieve complete closure within the expected time frame of about 4 to 6 weeks. [6]
These wounds are often the result of disruptions in one or more phases of the wound
healing process. [11]

Chronic wounds are often associated with patient, wound and/or environmental
factors, or a combination of these. Patient-related factors may include underlying
conditions such as diabetes, obesity, ischaemia, auto-immune conditions, or mal-
nutrition. Wound-related factors may involve issues such as bacterial and fungal
infections, excessive oedema, or inadequate management of wound exudate. En-
vironmental factors, including humidity, desiccation, and lifestyle choices such as
smoking or psychological stress, can also influence wound healing. [6]

Studies have demonstrated significant biochemical differences between healing and
non-healing wounds. Non-healing wounds are characterised by a prolonged and
heightened inflammatory phase, leading to increased exudate production, elevated
wound and peri-wound temperature, as well as alkalinity in the wound environment.
This alkaline environment disrupts the pH-balance, which normally ranges between
4 and 6 in healthy skin, and instead, it can range from 7.15 to 8.9 in chronic wounds.
The altered pH affects the solubility, activity, and physical properties of tissue com-
ponents such as proteins. The pro-inflammatory wound environment can cause tis-
sue damage and degradation of essential molecules, perpetuating inflammation and
hindering the constructive processes necessary for wound healing. Consequently, a
cycle of non-healing may ensure, which may persist indefinitely. [6]

Furthermore, chronic wounds provide an optimal environment for bacterial growth
due to the elevated pH levels and availability of nutrients from damaged tissue.
Bacterial presence can further exacerbate wound conditions as bacterial toxins and
additional proteases are released, thus further impeding the healing process. Ulti-
mately, bacteria intensify the pro-inflammatory environment, leading to increased
inflammation in the wound. [6]

2.2 Wound exudate

Wound exudate, also known as wound fluid, is produced during the inflammation
and proliferation phases of the wound healing process. It is an essential part of
the body’s inflammatory response to injury. The characteristics of wound exudate,
including pH, composition, and temperature, play important roles in wound heal-
ing and can serve as potential biomarkers to indicate the progress of the healing
process. [12,13] Two primary functions of wound exudate are to provide essential
nutrients for epithelial cells and to maintain a moist wound environment. [14, 15]
The exudate volume can vary depending on the stage of wound healing, size of the
wound, its origin, and location on the body. [11,14] In a healing wound, the exudate
volume typically decreases over time. However, in non-healing wounds, excessive ex-
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udate production may continue due to ongoing inflammation. While a moist wound
environment is crucial for optimal healing, excessively wet or dry conditions can
negatively impact the healing process. [15]

A study conducted by Trengove et al. (1996) [4] examined the composition of wound
exudate from eight patients with chronic leg ulcers in phases of healing and non-
healing. Exudate was found to have a high protein content and a composition similar
to that of human serum, with similar levels of inorganic electrolytes and approxi-
mately half the protein content of serum. [4] The composition of wound exudate is
complex and dynamic, comprising water, electrolytes, proteins, enzymes, cells, and
other bioactive molecules that are crucial in the wound healing process. [16] Water is
the main component of wound exudate, providing the basic medium for the dissolu-
tion and transport of other components. Electrolytes, including sodium, potassium,
calcium, and magnesium salts, are important for maintaining the ionic balance and
osmolality of exudate and contribute to various physiological processes, such as cell
signaling, enzyme activities, and tissue repair. Proteins, such as albumin, fibrinogen,
and globulins, are abundant in wound exudate and are involved in inflammation,
immune response, cell proliferation and tissue remodeling. Enzymes, such as matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) are
important in the degradation and remodeling of extracellular matrix during wound
healing. Cells, such as neutrophils, macrophages, fibroblasts, and epithelial cells, are
present in wound exudate and have essential functions in the inflammatory and pro-
liferative phases of wound healing. Bioactive molecules, such as cytokines, growth
factors, and signaling molecules, are involved in cell signaling, immune response,
and tissue repair. [14,17]

Differences have been observed between the composition of acute wound fluid and
chronic wound fluid. Acute wound fluid has been shown to promote wound healing,
while chronic wound fluid was found to inhibit epithelialisation. [11,14] The study
by Trengove et al. (1996) [4] compared the composition of wound exudate during the
healing versus the non-healing phase. Table (2.1) displays the results, which showed
that the total protein content, as well as the albumin content, decreased from the
healing to the non-healing phase, while all other components remained more or less
the same.

Furthermore, chronic wound exudate may be detrimental to healing as it is more
likely to contain bacteria, dead white blood cells, higher levels of inflammatory
mediators, and protein-digesting enzymes. [15] It can also be more corrosive than
acute wound fluid, potentially causing skin irritation and allergic reactions in the
surrounding skin. [16, 18]
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Table 2.1: Comparison of total protein and albumin content of wound exudate
from eight patients with chronic leg ulcers in healing and non-healing phase. Data
is retrieved from Trengove et al. (1996). [4]

Component Healing Non-healing
Median Range Median Range
Total protein [g/L] 41 36-51 34 26-46
Albumin [g/L] 23 18-28 19 14-24

2.3 Simulated wound fluids (SWFs)

Simulated wound fluids (SWFs) are artificial substitutes for real wound exudate
and are used in laboratory and research settings to study wound healing processes,
test medical devices, and evaluate the efficacy of various wound care products and
treatments. The use of SWFs enables controlled and reproducible experimental
conditions, while minimising ethical concerns and variability associated with human
or animal studies. The composition of SWFs may vary depending on the specific
research objectives and requirements of the study. However, it typically aims to
replicate the key characteristics of real wound exudate. [6]

2.3.1 Solution A

According to European standards (EN 13726-1:2002) for primary wound dressing
test methods, the current standard test fluid is "Test solution A", which is an ionic
solution consisting of sodium chloride and calcium chloride that imitates the ion
concentration of human serum or wound exudate. [3]

However, real wound exudate has a more complex composition (with proteins being
a key component), meaning that wound exudate exhibit different properties and
interact differently with wound dressings compared to solution A. Hence, solution
A does not accurately represent the fluid-material interactions of real wound fluid
and wound dressings.

2.3.2 Serum containing solution (SCS)

To better simulate real wound exudate, a serum-containing solution (SCS) was de-
veloped by MHC. SCS is composed of 50% horse serum and 50% solution A. This
formulation was based on the study performed by Trengove et al. (1996), which
demonstrated that the protein concentration in wound exudate is half that of serum,
while the electrolyte concentration is equivalent to that of serum. [4] However, the
composition of horse serum may vary between different batches which makes it dif-
ficult to standardise SCS as a test fluid. Nonetheless, SCS sufficiently mimics real
wound exudate and is used as the reference solution in this study.

The spreading behavior of SCS in wound dressing material has been previously stud-
ied in a clinically relevant simulated wound model for chronic leg ulcers. Figure 2.1
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displays the spreading pattern of SCS, which can be observed to spread vertically
and reach the bottom border of the dressing material.

Figure 2.1: Spreading behavior of SCS in wound dressing material

2.3.3 Simulated wound fluid (SWF) A

MHC formulated a simulated wound fluid (SWF A) to achieve a standardised test
fluid that better mimics real wound exudate or SCS. The composition of SWF A
is based on the composition of non-healing wounds from the study conducted by
Trengove et al. (1996). [4] The salt and buffer contents were chosen to achieve an
ionic strength and pH similar to wound exudate, while content of bovine serum al-
bumin (BSA) represents the total protein content (34 g/L) of non-healing wounds
since albumin is the major protein component (20 g/L) in exudate.

The spreading behavior of SWF A in wound dressing materials has been investi-
gated in a clinically relevant simulated wound model for chronic leg ulcers. Figure
2.2 displays the spreading pattern of SWF A. It can be observed that it spreads
more uniformly compared to SCS and does not reaches the bottom border of the
dressing material.
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Figure 2.2: Spreading behavior of SWF A in wound dressing material

2.4 Protein solution properties

Protein plays a vital role in wound exudate, making the properties of protein solu-
tions crucial to consider in the context of wound care applications.

Proteins are composed of amino acids covalently linked in a polypeptide chain, with
their sequence determining the protein’s primary structure. The secondary struc-
ture arises from interactions between atoms within the chain, while the tertiary
structure involves the configuration, folding, and three-dimensional shape, primar-
ily influenced by interactions between amino acid side chains. Multiple polypeptide
chains associating with each other form the quaternary structure, creating a func-
tional protein. [19,20]

The conformation of proteins relies on environmental factors like pH, temperature,
salts, and solvents. Alterations in these factors can denature proteins, leading to a
loss of structure and function, resulting in aggregation and precipitation. [21-24]

Amino acids can function as acids or bases, causing proteins to have positive or
negative charges depending on the pH. The isoelectric point (pI) represents the pH
at which the net charge of the protein is zero. At the isoelectric point, protein sta-
bility is reduced, and solubility is at its lowest due to diminished ionic interactions,
potentially leading to precipitation and aggregation. [20]

Protein aggregation occurs when proteins associate into larger clusters, influenced
by factors such as concentration, temperature, and pH. Aggregation can decrease
solubility, impair functionality, and increase immunogenicity. Strategies to mitigate
protein aggregation involve controlling solution conditions, such as pH and temper-
ature, and employing excipients for stabilization. [25-27]

10
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The solubility of proteins can vary based on the ionic environment of the solution.
Low salt concentrations decrease electrostatic energy between protein molecules, en-
hancing solubility and preventing aggregation (salting in effect). Conversely, high
salt concentrations compete with proteins for water binding, reducing solubility and
promoting aggregation (salting out effect). Figure 2.3 illustrates the combined salt-
ing in and salting out effects. [2§]
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Figure 2.3: The salting in and salting out effect of proteins. [29]

The hydrophobic effect describes the tendency of nonpolar molecules or groups to
aggregate in aqueous environments. Hydrophobic regions of proteins interact to
minimize contact with water. These interactions’ strength depends on temperature,
pH, and salt concentration, and they play a crucial role in protein folding, stability,
and aggregation. [30]

Temperature significantly impacts protein solubility and stability. High tempera-
tures can cause protein denaturation, resulting in the loss of structure and function,
potentially leading to aggregation and precipitation. [20] Furthermore, temperature
is also known to effect the viscosity of protein solutions. [31]

The consequence of amphiphilicity of both proteins and surfactants results in that
they readily associate through electrostatic, hydrophobic, and Van der Waals inter-
actions, the prominence of which depends on the specific natures of a protein and a
surfactant, respectively. These molecular interactions impacts the protein structures
and could either promote or prevent denaturation and aggregation. [32]

Some important physical parameters that impact the surfactant-protein interactions
include the chemical nature of the surfactant and the surfactant concentration. In
this project a nonionic surfactant (alkyl glucoside) is used. Nonionic surfactants tend
to have weak molecular interactions with proteins, thus decreasing protein aggrega-
tion and increasing protein solubility. Surfactant concentrations above the critical
micelle concentration (CMC) may promote protein denaturation and aggregation,
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2. Theoretical background

whilst concentrations far below the CMC usually induce protein stabilisation. [32]

2.5 Wound dressings

Proper wound management is essential for promoting healing of chronic wounds.
The characteristics of a wound often varies and the selection of a wound dressing
must be adapted accordingly. Some important properties of a good wound dressing
include its ability to absorb wound exudate, maintain a moist wound environment,
minimise skin maceration, allow evaporation, facilitate easy removal, and minimise
patient discomfort. [33]

Chronic wounds often exhibit high levels of exudate, which can contribute to in-
fection and delayed healing. Therefore, these wounds require dressings with high
absorption and rapid moisture vapour loss to manage the exudate levels effectively.
Absorbent dressing materials prevent wound fluid from reentering the wound to
protect the periwound skin. Examples of absorbent wound dressings include hydro-
colloids, alginates, and foams. [33]

The dressing used by MHC to study and compare the different test fluids mentioned
in section (2.3) is a five-layer foam dressing called Mepilex Border Flex (Figure 2.4).
The dressing consists of the following layers:

» Safetac wound contact layer, a soft silicone adhesive material that minimises
pain during dressing changes by not adhering to the wound directly.

o Absorbent foam layer that rapidly absorbs exudate vertically with minimal
lateral spreading.

» Spreading layer, a nonwoven material that improves the effectiveness of the ab-
sorption layer and the backing film’s vapour release by absorbing and spreading
the exudate evenly across its surface.

o Retention layer that consists of cellulose fibers, superabsorbent fibers and bind-
ing polymers. It has absorption and retention capacity, and the superabsorbent

fibers prevents bacteria from reentering the wound bed.

» Backing film that is highly breathable while also stopping bacteria and viruses
from entering.
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Figure 2.4: Five layers of Mepilex Border Flex. From bottom-up: 1) Safetac
wound contact layer, 2) absorbent foam layer, 3) spreading layer, 4) retention layer,
5) backing film. From [36].

The combined spreading and retention layer, known as an airlaid material, is where
the main differences in fluid spreading have been observed. The spreading layer is
made of a nonwoven material, whilst the retention layer consists of cellulose fibers,
superabsorbent fibers and binding polymers. Both cellulose and superabsorbent
fibers exhibit high hydrophilicity, enabling effective water absorption and retention
within the dressing. [34, 35]

2.6 Spreading behavior

Absorbent wound dressings are designed to absorb, retain and/or evaporate wound
fluid in order to manage excessive moisture, promote a moist wound environment
and prevent maceration of the surrounding skin. [37] Fibrous and porous materials,
such as those used in this project, are complex and their interactions with fluids
varies depending on specific material properties.

Fluid transport involves both liquid and vapour transmission, and can be described
as a three step process. The first step is wetting and the rapid diffusion of vapour
in the gas phase of the void spaces between fibres, along with the surface tension-
driven process of liquid spreading through wicking. The second step is the moisture
sorption of the fibers, where vapour is absorbed by the fibers due to their chemical
composition and structure. liquid absorption is also facilitated by the molecular
interactions between fibers and liquid. This molecular interactions are influenced by
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capillary action, which depends on surface tension, pore distribution and pathways.
Fiber moisture sorption may last for minutes or hours depending on heat transfer
processes. Lastly, the third stage is reached when fluid and heat transfer processes
reach an equilibrium. In other words when fluid absorption and desorption in the
material is in balance. When this condition is met, the temperature distribution,
fluid vapour concentration, fiber fluid content, liquid fraction volume, and evapo-
ration all become constant. This equilibrium also establishes a finite state of the
spreading pattern and amount of fluid in the dressing material. [38,39]

2.6.1 Diffusion

Diffusion is driven by concentration- and vapour pressure gradients. A fluid can
diffuse through a porous fibre material either in the void spaces between fibers or
along and within the fibres. The former is a fast process whilst the latter is limited
by the rate at which the fluid can diffuse into and out of the fibres. [38] Fibers can
also absorb fluids due to internal chemical compositions and structures that cause
an affinity for each other, such as hydrophilic properties. [39] Superabsorbent fibers,
mentioned earlier, are excellent examples of fibers that absorb fluids due to their
hydrophilicity. [40]

2.6.2 Wetting

Wetting is a complex process that depends on liquid properties, material character-
istics, and environmental conditions. It involves several primary processes: capillary
sorption, adhesion, and spreading. Capillary sorption occurs when the liquid comes
into contact with the solid material, replacing the solid-vapour interface with a solid-
liquid interface. Adhesion refers to the attraction between the solid and the liquid,
while spreading refers to the expansion of a liquid over a solid. [41]

These processes depend on interfacial tensions, which represent the interfacial en-
ergies between different phases. The interfacial tensions considered are the solid-
vapor interface (ysy ), the solid-liquid interface (vsz), and the liquid-vapor interface
(vov)- [41] Figure 2.5 illustrates the angle at which the liquid, gas, and solid inter-
sect, known as contact angle (6), which can be used as a quantitative measurement
of wetting. At equilibrium, the contact angle and the interfacial tensions can be
correlated using Young’s equation (Eq.(2.1)).

Ysv — YsL = Yrv - cos 0 (2.1)

A low contact angle indicates hydrophilicity. Conversely, a large contact angle sug-
gest that the material is hydrophobic and does not readily get wet by the liquid. [41]
Wound fluid contains large amounts of water, so if the contact angle between the
wound fluid and wound dressing is less than 90°, the fluid wets the material, indi-
cating hydrophilicity. On the other hand, if the contact angle is greater than 90 °,
the fluid does not wet the material, indicating hydrophobicity. [42]
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Figure 2.5: Representation of contact angle

2.6.3 Wicking

Wetting is a prerequisite for wicking, since when the liquid wets the solid, the surface
energy of the solid is altered by the invading liquid, which causes a negative capil-
lary pressure that drives the liquid into the capillary spaces between the fibers of the
solid phase. [43] This capillary action occurs when the adhesive forces between the
liquid and the solid is greater than the cohesive forces between the liquid molecules.
These forces give rise to interfacial tensions, hence wicking is highly dependent on
interfacial tension and contact angles. [44] Furthermore, wicking also depends on the
viscosity of the fluid and the size of the capillaries in the wound dressing material. [41]

Wicking occurring perpendicular to the plane of the material, i.e. straight through
the thickness of the material, is referred to as transplanar wicking. In wound care,
this is the main direction of wicking due to the orientation of wound dressings. Since
the thickness of the material is relatively small, the liquid quickly permeates through
the material, thus making it more challenging to measure transplanar wicking com-
pared to longitudinal wicking. [41]

Liquid diffusion into the interior of the fibers can cause swelling, which reduces the
space between fibers and the size of the capillaries. [41] Apart from complicating
the pore structure, fiber swelling also reduces the wet fiber strength and resiliency,
which can lead to pore collapse and a decrease in liquid holding capacity. [45] Tt is
important to note that compression applied to the wound dressing can alter the size
and structure of the fibers and pores. Furthermore, some fibers themselves may be
porous, thus creating secondary capillaries, which adds another layer of complexity
the wicking process.

2.6.4 Gravitational forces

Wicking and capillary action works against the force of gravity, however, in wound
dressings the fluid may still low downward in the material due to the pull of gravity.
The extent to which gravity affects the liquid flow in wound dressings will depend on
various factors, such as the physico-chemical properties of the fluid (e.g., viscosity
and surface tension) and the material (e.g., pore size and surface chemistry), as
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well as the orientation and positioning of the dressing. These factors collectively
determine the balance between capillary action and gravitational forces, influencing
the direction and extent of liquid flow within the material.

2.6.5 Retention

Fluid retention in wound dressings refers to the balance between absorption and
release of fluid by the material. In other words, it is the equilibrium between fluid
flow from the wound and the amount of fluid that is evaporated, or squeezed out by
external forces, from the wound dressing. This mass balance is important to ensure
that the wound is kept moist, while preventing excessive fluid build-up that can lead
to maceration and infection. [38]

2.6.6 Evaporation

Fluid transport is not only dependent on mass transfer, but also heat transfer. The
mechanism of which include conduction through the solid material of the fibers,
conduction through intervening air, radiation, and convection. The combination of
heat and mass transfer induces phase changes such as fluid sorption/desorption and
evaporation/condensation. The latter of which depends on temperature and mois-
ture distribution. [39,46]

By controlling the water evaporation from a wound, the optimal moisture levels can
be achieved to promote wound healing and to increase wear-time of the dressing. [47]
Evaporation of water and/or other components may concentrate or influence the
composition of the wound fluid that remains in the wound and the wound dressing.
[15] The concentration of proteins in the fluid may induce protein aggregation and
heterogeneity of the protein solution. [48]
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Methodology

This section outlines the methodology employed for preparing test fluids, analysing
their physico-chemical properties, and evaluating their spreading behavior in wound
dressing materials. The test fluids were meticulously prepared in a laboratory setting
following a standardised protocol. Various measurements, including pH, conductiv-
ity, surface tension, viscosity, and contact angle, were performed using established
techniques to characterise the test fluids. To assess fluid absorption and spreading
in materials, a combination of wicking experiments, a clinically relevant simulated
wound model for chronic leg ulcers, scanning electron microscopy (SEM), inclined
plane method, and image analysis were utilised. These methodologies collectively
contributed to gaining a comprehensive understanding of the composition, proper-
ties, and interactions of test fluids with dressing materials.

3.1 Preparation

The preparation of the fluids used in this study is crucial as it influences their
properties and behavior in terms of fluid-material interactions. Test fluids for wound
care products aim to simulate real wound exudate to varying degrees, depending on
the intended use and existing protocols. This section provides a detailed description
of the methodology employed for preparing the test fluids mentioned in section (2.3).

3.1.1 Solution A

Solution A, known as the current European standard test liquid, is composed of
sodium chloride, calcium chloride, and water. It was prepared by dissolving 8.298
g/L sodium chloride and 0.368 g/L calcium chloride in deionised water. The solution
was pre-prepared by MHC and readily available throughout the study.

3.1.2 Serum containing solution (SCS)

SCS aims to replicate the biochemistry of real wound exudate, as discussed in section
(2.3.2). It was prepared by mixing 50 wt % horse serum and 50 wt % solution A to
achieve the ionic strength and protein content similar to that of real wound exudate.
The fast and simple preparation of SCS allows for direct usage without extensive
preparation, sterile filtration and storage. However, in this study, SCS was also
sterile filtered and compared to non-filtered SCS. These fluids were investigated in
regards to surface tension measurements and whether the filtration process removed
important components in the fluid.
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3.1.3 Simulated wound fluid A (SWF A)

SWEF A was designed to provide a standardised test fluid that mimics real wound
exudate and/or SCS. Table (3.1) displays the composition of SWF A. The salt and
buffer components (excluding calcium chloride, which causes protein precipitation if
added before the BSA) were individually weighed and added to approximately 800
mL of deionised water for mixing using a magnetic stirrer. Once all the reagents
had completely dissolved, the protein component BSA (freeze dried powder) was
weighed and added. Stirring was performed gently to prevent foaming. Complete
solvation of the protein took approximately 2-3 hours. After protein solvation, cal-
cium chloride was weighed, dissolved in approximately 100 mL of deionised water,
and added to the solution. The the final volume of the test fluid was adjusted to 1
L with deionised water. The final solution was then sterile filtered.

Table 3.1: Composition of SWF A

Ingredients [mmol /L] | [g/L]
Sodium chloride, NaCl 110 6.428
Salts Calcium chloride, CaCl - 6H50 2.2 0.323
Potassium chloride, KC1 2.7 0.199
Magnesium chloride, MgCl, - 6H50 0.5 0.102

Protein | Bovine Serum Albumin (BSA), fraction V N/A 34
Buffers Potassium phosphate monobasic, KHyPOy 1.3 0.177
Sodium bicarbonate, NaHCOj3 20 1.68

The original composition of SWF A contained 34 g/L BSA to replace the total
protein content in wound exudate. However, wound exudate only contains 20 g/L
BSA, with the remaining 14 g/L comprising other proteins. Therefore, SWFs with
34, 20, and 10 g/L were prepared to analyse the impact of protein content on fluid
properties.

3.1.4 Sterile filtration

To prevent bacterial growth that could alter the properties of the fluids, the fluids
underwent sterile filtration using a 0.2 pum pore size polyethersulfone (PES) mem-
brane suitable for sterile filtration of media and serum. The filtration setup (Figure
3.1) involved connecting a pump (A) to a protection filter (B), which was then at-
tached to a separator flask (C) fixed with a stand (D). A sterile receiver flask (F)
was attached to the serum filter (E), which was connected to the separator flask
(C). Once the filtration equipment was set up the pump was started, the test fluid
was poured into the filter (E) and collected in the sterile receiver flask (F).

18



3. Methodology

Figure 3.1: Set up of the filtration equipment

3.1.5 Addition of surfactant

In a later stage of the study, surfactant (alkyl glucoside (AG)) was introduced to
SWF A and SWF 20 (SWF with 20 g/L BSA) to mimic the surface tension of SCS.
Various proportions (weight %) of AG were added to the SWFs until the desired
surfactant concentration for achieving the target surface tension was reached. The
process involved placing a glass vial on a scale, followed by pipetting the alkyl gluco-
side into the vial and measuring the weight of the added surfactant. Approximately
10 g of SWF was then added to the vial and weighed. The vial was gently shaken to
ensure dissolution of the surfactant solution. Subsequently, surface tension measure-
ments were conducted. Initially, surfactant was added to SWF 20, and the weights
and concentrations are provided in Table (3.2). The resulting fluid, designated as
SWEF B, represented an optimised version of SWF A and was used in subsequent
studies. It successfully achieved the desired surface tension by incorporating an
appropriate concentration of AG, while also adjusting the BSA content to closely
mimic SCS. However, while the BSA content of SWF B was similar to that of SCS,
the total protein concentration was 14 g/L less.
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Table 3.2: Concentrations of alkyl glucoside in SWF 20

Mass Concentration
Alkyl glucoside [mg] SWF 20 [g] (%]
1.42 10.6959 0.013
2.30 10.0497 0.023
3.81 10.0150 0.038
4.83 9.9933 0.048
11.07 10.0003 0.111
14.49 10.0300 0.144
19.20 10.0058 0.192
30.77 9.9969 0.308
39.04 9.9667 0.392
60.07 10.0187 0.600
100 9.9799 1.002

The surface tension measurements of SWF 20 with added surfactant, narrowed down
the concentration range required for establishing a similar surface tension for SWF
A (34 g/L BSA) with added surfactant. The weights and concentrations of the
surfactant solutions in SWF A are presented in Table (3.3). The resulting fluid,
designated as SWF C, represented an optimised version of SWF A and was used in
subsequent studies. It successfully achieved the desired surface tension by incorpo-
rating an appropriate concentration of AG, while maintaining a total protein content
of 34 g/L. However, as for SWF A/ the sole protein source in SWF C consisted of
BSA and not the full range of serum proteins found in SCS.

Table 3.3: Concentrations of alkyl glucoside in SWF A

Mass Concentration
Alkyl glucoside [mg] SWF 20 [g] (7]
2.5 10.0020 0.025
2.8 10.0095 0.028
4.5 10.0282 0.045
10.4 10.0480 0.104
14.6 10.0802 0.145
20.6 10.0373 0.205

3.2 Physico-chemical properties

This section focuses on investigating the physico-chemical properties of the test flu-
ids. Carefully controlled preparation and standardized measurement techniques were
employed to analyse properties such as pH, conductivity, surface tension, viscosity,
contact angle, and protein composition. These measurements provided crucial in-
sights into the behavior and interactions of the fluids with wound dressing materials.
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3.2.1 pH

pH measurements were conducted to assess the acidity or alkalinity of the test fluids,
aiming to mimic the pH of chronic wound exudate. A pH meter was used for quan-
titative assessment of the hydrogen ion concentration in a solution, determining its
pH value. A pH meter typically consists of a reference electrode, a sensor electrode,
and a pH meter unit. The reference electrode contains a liquid with a known electric
potential, while the sensor electrode is inserted into the test fluid. The potential
difference between the electrodes is converted into pH values displayed on a digital
screen of the pH meter unit. To ensure accurate measurements, a calibration proce-
dure was conducted. The pH electrode was immersed in standard buffer solutions
with known pH values (4, 7, and 10), allowing sufficient time for stabilisation. The
pH meter readings were adjusted based on the known pH values until proper cali-
bration was achieved. Prior to pH measurements, the pH electrode was rinsed with
distilled water to eliminate any residual contaminants. Subsequently, the electrode
was immersed in the sample solution, and the pH reading was allowed to stabilise
until a constant reading was obtained and recorded. Multiple measurements were
performed for each sample to ensure precision and reproducibility, and the average
pH was calculated to minimise measurement errors.

3.2.2 Conductivity

Conductivity measurements were conducted to assess the electrical conductivity of
the test fluids, providing insights into the ion concentration of the solution. This
ensured that the ionic composition of the test fluids resembled that of real wound
exudate. The experiment was performed using a conductivity meter, consisting of
a conductivity probe, a temperature sensor, and a meter display unit. The probe,
containing electrodes, was immersed in the solution, allowing electric current to pass
through it. The probe measured the electrical conductance of the solution, which
was converted into a conductivity value that is directly proportional to the ion con-
centration. Conductivity is temperature dependent, and the temperature sensor
compensated for variations ensuring accurate readings. Calibration was performed
using a standard solution with a known conductivity value (12.88 mS/cm). Prior
to measuring, the probe was rinsed with distilled water to eliminate any residual
contaminants. Subsequently, the probe was immersed in the sample solution, and
the conductivity reading was allowed to stabilise until a constant reading was ob-
tained and recorded. Multiple measurements were performed for each sample to
ensure precision and reproducibility, and the average conductivity was calculated to
minimise measurement, errors.

3.2.3 Surface tension

Surface tension was measured using the Du Noiiy ring method. In this method, a
ring, usually made of platinum, is immersed in the test fluid, and the force required
to detach the ring from the liquid surface is measured and correlated to the surface
tension of the liquid (see Figure 3.2).
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Figure 3.2: Du Noiiy ring method

The experimental setup consisted of a ring attached to a thin metal wire connected to
a force sensor. Prior to and after testing, the ring was carefully cleaned with a burner
to remove any contaminants and ensuring accurate measurements. To calibrate the
system, the ring was immersed in a reference liquid with known surface tension, such
as Milli-Q water. Careful handling of the fluid samples was employed to prevent
any potential contamination that could affect the measurements, and the beaker
holding the liquid was properly cleaned. The surface tension measurements were
performed for 10-15 minutes per sample to ensure stabilisation. Multiple replicates
were conducted for each sample to ensure precision and reliability. The average
surface tension was calculated to minimise potential measurement errors.

3.2.4 Viscosity

Viscosity of the fluids was measured using a Brookfield viscometer, which operates
based on rotational viscometry. A cylindrical sample chamber was filled with the test
fluid, and a spindle connected to a motor was immersed into the fluid. The motor
rotated the spindle at a controlled speed, and the torque required to overcome
resistance to rotation was measured. The measured torque was directly related
to the viscosity of the fluid. Calibration of the viscometer was performed using
a reference fluid with known viscosity values, such as water. The sample fluids
were prepared in advance and precautions were taken to minimise any potential
changes in viscosity due to temperature fluctuations or other environmental factors.
Measurements were conducted within a consistent time span of 10 minutes per
sample to ensure stabilisation and precision.

3.2.5 Contact angle

The contact angle between a liquid droplet and a solid surface at the point of con-
tact was determined using a contact angle goniometer. A goniometer is an optical
instrument that consists of a drop dispenser, a sample stage, a light source to il-
luminate the droplet, a camera, and software for image analysis. Considering that
the materials used in this study are hydrophilic and absorptive, it was deemed more
appropriate to select a non-absorbing material. In this study, the Safetac silicone
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material used in the wound contact layer of Mepilex border flex (as described in
section (2.5)) served as an appropriate substrate, despite its hydrophobic properties.

To measure the contact angle, a droplet of the test fluid was carefully placed onto the
substrate using a syringe. An image was captured of the droplet and the contact line
where the liquid meets the solid. The lighting and camera settings were optimised
to ensure clear visibility. Subsequently, specialised software was utilised to process
the captured image and determine the contact angle. To account for any potential
variations or uncertainties, multiple measurements were performed for each fluid by
placing droplets on different locations of the substrate, and multiple images were
taken per droplet.

3.2.6 SDS page electrophoresis

SDS-PAGE (Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) was used
to analyse the protein composition and molecular weight distribution of the test flu-
ids. This technique is widely used in biochemistry and molecular biology to separate
proteins based on their molecular weight. SDS-PAGE was primarily employed in
this study to assess the differences between SCS (containing the full range of serum
proteins), SWF A (containing only BSA), and SWF B and C (containing BSA and
surfactant).

The gel used in SDS-PAGE was purchased from Bio-Rad Laboratories, and consisted
of a highly cross-linked matrix that acted as a protein sieve. The gel was placed in
the gel chamber of an electrophoresis cell, which consisted of a lower buffer chamber
and an upper gel chamber. The gel chamber was carefully filled with a tank buffer,
such as Tris-glycine or Tris-Tricine, which provided the necessary ionic environment
for protein migration during electrophoresis.

The test fluids were mixed with a sample buffer containing SDS (Sodium Dodecyl
Sulfate) and a reducing agent, such as 2-mercaptoethanol, to denature and unfold
the proteins into linear chains, imparting a uniform negative charge. This denat-
uration process ensured that the proteins would migrate primarily based on their
molecular weight rather than their native structure. The denatured protein samples
were heated at an elevated temperature, typically around 95C, for about 5 min-
utes to ensure complete denaturation. Once denatured, the protein samples were
mixed with a loading dye, which contained tracking dyes that aided in visualizing
the migration front during electrophoresis. Care was taken to thoroughly mix the
protein samples with the loading dye through centrifugation to ensure even distribu-
tion and accurate representation of the protein content. The protein samples, along
with molecular weight markers of known sizes, were loaded into the wells of the
gel using a micropipette. Multiple replicates of each sample were loaded to ensure
reproducibility.

Once the samples and markers were loaded, the electrophoresis cell was connected

to a power supply, and a voltage of approximately 200 V was applied. An electric
current was passed through the gel matrix, causing the negatively charged proteins
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to migrate towards the positive electrode. The migration rate was primarily deter-
mined by the molecular weight of the proteins, with smaller proteins moving more
easily through the pores of the gel and traveling farther, while larger proteins en-
countered more resistance and migrated shorter distances. The electrophoresis run
time was carefully controlled to allow for sufficient migration of the proteins through
the gel, ensuring clear separation and visualization of distinct protein bands.

After the electrophoresis was completed, the gel was carefully removed from the
electrophoresis cell. It was then immersed in a protein stain solution, Coomassie
Brilliant Blue R-250, which bound to the proteins and allowed for their visualiza-
tion. The gel was incubated in the stain solution for a approximately 40 minutes,
ensuring adequate penetration and staining of the proteins. Excess stain was sub-
sequently removed by destaining the gel with a destaining solution, which improved
the contrast between protein bands and reduced background staining.

The stained gel was scanned to capture an image of the separated protein bands.
Molecular weight markers were used as references to calibrate the gel image and
accurately determine the approximate molecular weight of the separated proteins.

3.3 Spreading behavior

This section outlines the methodology employed to study the spreading behavior
of test fluids within wound dressing materials. Understanding how fluids distribute
within dressings is crucial for assessing their effectiveness in managing wound ex-
udate, and it enables differentiation of test fluids based on the fluid-material in-
teractions. The experimental techniques used included wicking tests, FLUHTE ex-
periments, scanning electron microscopy (SEM), inclined plane testing, and image
analysis. These methods provide valuable insights into fluid absorption, material
interaction, and quantitative characterisation of spreading patterns, facilitating a
comprehensive understanding of fluid behavior within wound dressing materials.

3.3.1 Wicking

Wicking tests were conducted to evaluate the capillary action and absorbency of ma-
terials, specifically to assess the wicking behavior of different fluids. Vertical wicking
testing, a type of wicking test, was employed to measure the ability of materials to
draw liquid vertically and against gravity.

The experimental setup, depicted in Figure 3.3, involved immersing the lower end
of a material sample in a beaker containing the test fluid. Through capillary action,
the liquid moved upward through the material. After a 5-minute period, the height
to which the liquid rose was measured. Additionally, the weight of the material
sample was measured before and after liquid immersion to determine the absorbed
fluid weight.
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Figure 3.3: Wicking testing set up

Several materials were tested to identify the most suitable material(s) for evaluating
wicking behavior. The materials used in this study included polyurethane (PU)
foam, airlaid, filter paper, and printer paper. To assess wicking behavior, two liquids
with significantly different surface tensions were employed. Water and ethanol, with
known surface tensions of approximately 73 and 22 mN /m respectively, were selected
to demonstrate contrasting wicking behavior. Once the appropriate material(s) were
determined, the evaluation of different test fluids was initiated.

3.3.2 FLUHTE

The spreading behavior of different fluids in the airlaid material (the combined
spreading and retention layer of Mepilex border flex) were studied using a clinically
relevant simulated wound model for chronic leg ulcers developed by MHC. The ex-
perimental setup, known as FLUHTE, aimed to replicate the conditions for exudate
management of a wound dressing when applied to a chronic wound.

The product was assembled by attaching a 15x15mm airlaid pad onto an adhesive
backing film material. After measuring the weight of the dry product, it was at-
tached to the simulated leg with the product’s machine direction oriented vertically.
The product was covered by two layers of wadding and a low elastic single-layer
bandage was wrapped around the leg to apply pressure, as depicted in Figure 3.4.
The test fluid of choice was pumped into the product dressing material under de-
fined conditions, including temperature, pressure, and flow rate. In this study, a
temperature of 32°C, a pressure of 40 mmHg, and a flow rate of 1 mL/h were set,
with a total test time of 24 hours. Several replicates were conducted to ensure pre-
cision and reliability. After the test duration, the weight of the wet product was
measured to calculate the amount remaining and evaporated fluid. If further study
of the fluid-material interactions was required, the product was dried and analysed
using scanning electron microscopy (SEM).
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Figure 3.4: Schematic of the FLUHTE method

3.3.3 Scanning electron microscopy (SEM)

SEM, a technique for obtaining high-resolution images of a sample’s surface was
utilised to study fluid-material interactions observed during the FLUHTE tests.
SEM provides information about the morphology, topography, and composition of
the material under examination. In this study, SEM was primarily employed to
visualise potential protein aggregation and to investigate compositional variations
in the regions of the dressing saturated by the fluid.

The principle of SEM involves scanning a focused electron beam across the sam-
ple’s surface, which generates various signals, including secondary electrons, back-
scattered electrons, and characteristic X-rays. These signals are detected and used
to generate an image of the sample’s surface.

During the SEM-analysis, the sample, which was previously subjected to fluid ab-
sorption, was prepared for imaging. The dried sample was carefully mounted on
a holder and coated with a thin layer of gold through sputtering. The conductive
coating helped to minimise charging effects and improve the image quality. Once
the sample was prepared, it was placed inside the SEM chamber which subsequently
was filled with vacuum. Imaging parameters were set and the electron beam was
scanned across the sample’s surface to generate the SEM-images.

3.3.4 Inclined plane

The inclined plane method, developed by MHC, was employed to determine the ab-
sorption capacity and dispersion ability of materials when subjected to compression
and gravity with the addition of a test liquid at a constant flow rate.

As illustrated in Figure 3.5, the inclined plane setup consisted of fixing a specimen
with a plexiglass plate on the inclined plane. The distance between the plane and
plate was adjusted to apply a predefined pressure of 40 mmHg based on the material
thickness, which was determined through thickness measurements performed under
the set pressure. A test fluid was then introduced at a constant flow rate into the
centre of the specimen material from underneath. The flow rate and test time were
adjusted according to predefined conditions. In this study a flow rate of 0.5 mL/h
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and a test time of 4 hours were determined to yield the desired results. To ensure
precision and reliability, multiple replicates were tested.

Figure 3.5: Sketch of inclined plane method

The resulting spreading pattern, as exemplified in Figure 3.6, was evaluated through
visual examination.

Figure 3.6: Example of a spreading pattern

3.3.5 Image analysis

To study the spreaing dynamics of test fluids in the airlaid material, a time-lapse
sequence of images was obtained using an 8x speed smartphone camera. This ap-
proach allowed capturing the dynamic spreading process during the 4-hour test,
resulting in a time-lapse video of approximately 30 minutes. The acquired images
were then analysed using software such as Python and ImagelJ.

Preprocessing techniques were applied to enhance image quality and facilitate sub-

sequent analysis. These techniques included noise reduction, image sharpening,
contrast adjustment, and image normalisation to improve clarity and consistency.
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A region of interest (ROI) was defined in the acquired images to focus the analysis
on the spreading pattern. The selection of the ROI was based on the location and
extent of the liquid spread, ensuring it captured relevant information for further
analysis.

Thresholding and contour detection techniques were then applied to separate the
liquid spread area from the background and other regions in the images. This step
enabled the isolation of the spreading pattern, facilitating precise measurement and
characterisation.

Quantitative analysis was performed to identify the contour, area, and dimensions of
the spreading pattern. A box with a fixed center position was fitted to the spreading
area to quantify its length and width. The original center position remained as the
box expanded with the spreading pattern, allowing for visualisation of the vertical
spreading of the fluid in the material, as depicted in Figure 3.7.

Figure 3.7: Quantitative analysis by fitting a box and center positions to the
spreading pattern. The blue box follows the outline of the spreading pattern, the
red dot is the original center position and the blue dot is the center position at the
given time.

The analysed data were visually presented using graphs that effectively described
and quantified the spreading behavior of the fluid within the airlaid material. Over-
all, this methodology provided a systematic approach to investigate and analyse the
spreading patterns generated by liquid absorption into wound dressing materials
using image analysis techniques.
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Results and discussion

This section presents the findings of the experimental analyses conducted to assess
the physico-chemical properties and spreading behavior of different test fluids. The
objective of the study was to optimise SWF A to mimic the spreading behavior of
SCS. Throughout the study, the composition of SWF A was modified by adjusting
the protein content and adding surfactants to alter the content and nature of the
surface-active components.

4.1 Physico-chemical properties

This section presents the results of the analysis done to assess various physico-
chemical properties of the test fluids. Understanding these properties is crucial for
evaluating the behavior and suitability of the test fluid in wound dressing appli-
cations. Each property provides unique insights into the characteristics and inter-
actions of the test fluids, shedding light on their behavior within wound dressing
materials.

4.1.1 pH

Figure 4.1 displays the results of the pH measurements. On average, the pH value
was 6.38 for solution A, 7.45 for SCS, 7.42 for SWF A and SWF C, and 7.53 for
SWEF 20 and SWF B. SWF C was made by adding alkyl glucoside to SWF A while
SWF B was made by incorporating the same surfactant to SWF 20. The pH mea-
surements indicate that the addition of surfactant does not significantly impact the
pH of the fluids. The variations in pH observed among the protein solutions could
potentially be attributed to inconsistencies in measuring the salt content during
the preparation of the respective fluids. As mentioned in section (2.1.1), the pH in
chronic wounds typically ranges between 7.15 and 8.9, which all protein solutions
succeeded in doing, while solution A exhibited a pH more similar to that of healthy
wounds. These observations highlight the influence of the test liquids formulation
and composition on the pH.
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Figure 4.1: pH values of the different wound fluid models

4.1.2 Conductivity

Figure 4.2 displays the results of the conductivity measurements, which showed
variations among the fluids, indicating differences in ion content. Solution A had a
significantly higher conductivity (15.42 mS/cm) compared to the protein solutions,
suggesting that its ionic composition does not accurately mimic that of SCS. The
conductivity of SWF 20 and SWF B (13.78 mS/cm respectively) was similar to that
of SCS (13.89 mS/cm), indicating similar concentrations of free ions in the solu-
tions. The conductivity of SWF A and SWF C (13.43 mS/cm respectively) was
slightly lower than that of SCS, which could indicate that more salts are bound to
the proteins in SWF A and SWF C compared to SCS. It could also be attributed to
inconsistencies in measuring the salt content during the preparation of the respec-
tive fluids.
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Figure 4.2: Conductivity values of the different would fluid models
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4.1.3 Surface tension

Surface tension, which influences the spreading behavior of the fluids in wound
dressings due to its direct correlation to capillary action, was evaluated. Figure 4.3
displays the average surface tension values obtained for the pre-existing test fluids
and SWFE A with altered BSA content (20 and 10 g/L BSA).

70.0 67.8
I
£
=
54.2

E 550 53.1 23.6 =
c . =
S
@ 47.1 47.5
3 I =
Q
Q
&
< 400
(%]

25.0

Solution A SCS SCS sterile SWF A SWF 20 SWF 10

Figure 4.3: Average surface tension values of the different wound fluid models

Among the pre-existing fluids, it is evident that SCS exhibited the lowest surface ten-
sion value (47.1 mN/m). In comparison, SWF A demonstrated a somewhat higher
surface tension value (53.1 mN/m), while solution A exhibited the highest value
(67.8 mN/m). This difference in surface tension can be attributed to the absence of
surface-active components in solution A, resulting in a higher surface tension similar
to that of water (73mN/m). The higher surface tension of SWF A compared to SCS
suggests that SWF A would exhibit a larger capillary action and thereby counteract
gravity to a greater extent in a wound dressing material, as observed in previous
studies mentioned in section (2.3). Additionally, it is worth noting that sterilised
SCS showed a slightly higher surface tension (47.5 mN/m) compared to unfiltered
SCS, indicating that the sterile filtration process may remove some surface active
components. However, the difference in surface tension is negligible and is unlikely
to have a significant impact on the spreading behavior, or could potentially be at-
tributed to measurement errors.

The decreased BSA content of SWF 20 and SWF 10 induced a negligible increase
of the average surface tension, 53.6 and 54.2 mN /m respectively, compared to SWF
A. However, the decreasing BSA content did affect the dynamic surface tension, as
demonstrated in Figure 4.4. The dynamic surface tension of SCS decreased approx-
imately 1 mN/m before reaching an equilibrium, while the dynamic surface tension
of SWF' A decreased approximately 4 mN/m and did not reach an equilibrium dur-
ing the measurement time. Although, as the BSA content decreased, the dynamic
surface tension approached similar dynamics to SCS. This could be explained by
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a faster surface adsorption rate of the proteins at low BSA concentrations, due to
more rapid diffusion of the proteins to the interface compared to a solution with
higher BSA concentration.
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Figure 4.4: Dynamic surface tension of hte different wound fluid models

As mentioned in previous sections, real wound exudate contains a total protein
content of 34 g/L, with BSA accounting for 20g/L of this total protein content.
Therefore, both SWF A (with a total protein content similar to wound exudate)
and SWF 20 (with a BSA content similar to wound exudate) were selected for fur-
ther study and optimisation. A surfactant (alkyl glucoside) was added to the SWFs
to mimic the inherent complexity of SCS with its broader range of serum proteins
and natural presence of biosurfactants in the fluid. Furthermore, the addition of
surfactant to the SWFs aids in emulating the surface tension of SCS. Figure 4.5
displays the range of investigated surfactant concentrations added to SWF 20. A
surface tension similar to SCS (47.1 mN/m) was reached at an AG concentration
of approximately 0.04%. Based on these findings, a new test fluid, SWF B, was
formulated with a BSA content of 20 g/L and a 0.04% weight concentration of alkyl
glucoside.
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Figure 4.5: Surface tension of SWF 20 with varying AG concentration

The dynamic surface tension curve of SWF 20 with varying surfactant concentration
approached that of SCS at a surfactant concentration of 0.05 % AG, as depicted in
Figure 4.6. This indicates that the addition of surfactant affects the dynamics of
the surface active components in the fluid and that the AG concentration needed
to simulate the dynamic surface tension of SCS is close to the AG concentration
required to reach an average surface tension similar to SCS. Surfactants are smaller
molecules than proteins and can therefore diffuse to the interface more rapidly, thus

causing the surface tension to reach a plateau faster compared to when only BSA is
present.
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Figure 4.6: Dynamic surface tension of SWF 20 with varying surfactant concen-
tration

The surface tension measurements SWF 20 with surfactant narrowed down the AG
concentration range required in SWF A for establishing a surface tension similar to
that of SCS. Figure 4.7 illustrates the range of investigated surfactant concentra-
tions, where a surface tension similar to that of SCS (47.1 mN/m) was reached at
approximately 0.05 % AG. Based on these findings, a new test fluid (SWF C) was

formulated with the original BSA content of 34 g/L. BSA and 0.05 weight % alkyl
glucoside.
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Figure 4.7: Surface tension of SWF A with varying AG concentration

The dynamic surface tension curve of SWF A with varying surfactant concentration
approached that of SCS at a surfactant concentration of 0.145 % AG, as shown
in Figure 4.6. As with SWF 20, the addition of surfactant to SWF A appears to
affect the dynamics of the surface active components in the fluid. However, the AG
concentration needed to simulate the dynamic surface tension of SCS is significantly
higher than the AG concentration required to reach an average surface tension sim-
ilar to SCS. This observation suggests that at higher BSA concentrations, such as
in SWF A, the proteins may have a dominant role in interfacial adsorption, requir-
ing a higher AG concentration for the surfactant to effectively occupy the interface.
However, the interplay between proteins and surfactants in the fluid is complex and
can not be conclusively analysed through surface tension studies alone.
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Figure 4.8: Dynamic surface tension of SWF A with varying surfactant concen-
tration

4.1.4 Viscosity

Viscosity is a crucial parameter that influences the flow and spreading behavior of
the fluid. Figure 4.9 displays the viscosity values obtained for the pre-existing test
fluids, as well as SWF A with altered BSA content (20 and 10 g/L BSA). The results
showed that all protein solutions have a somewhat similar viscosity (1.5-1.6 cps),
thus it was concluded that viscosity of these fluids is unlikely to have a large impact
on their differences in spreading behavior. However, it is important to note that
this experiment was performed at room temperature. Therefore, the findings do not
provide specific insights into the influence of temperature on viscosity, which could
be significant in real-life scenarios. Further studies involving temperature-controlled
experiments and measurements with an increasing shear would be necessary to inves-
tigate the relationship between temperature, shear, and viscosity in these test fluids.
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Figure 4.9: Viscosity of the model would fluids

4.1.5 Contact angle

Contact angle allows to characterises the wetting behavior of a liquid on a solid
surface, providing insights into the interaction between the test fluids and the solid
substrate. Figure 4.10 displays the contact angle values obtained for the test fluids
on the hydrophobic Safetac silicone substrate. A low contact angle would indicate
good wetting of the substrate, while a high contact angle would indicate poor wet-
ting. However, it is important to note that poor wetting of the hydrophobic silicone
correlates to good wetting of the hydrophilic airlaid material, which is the actual
material of interest with regards to spreading behavior.
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Figure 4.10: Contact angle of the model wound fluids

From the results, it can be observed that among the test fluids without surfactant,
solution A had the highest contact angle (143.4), followed by SWF 20 (136.6), then
SWF A (134.5), and lastly SCS (126.2). A lower contact angle correlates with that
the fluid has a lower surface tension, which may be a result of the concentration and
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nature of the proteins. Human serum albumin is known to be more surface active
than bovine serum albumin, it stands to reason that the same would be true for the
horse serum albumin in SCS.

The surfactant solutions, SWF B and SWF C, have the same surface tension as
SCS, yet they do not display the same contact angle. The contact angle of SWF C
(119.7) is significantly lower than that of SWF B (131.7), which could be a result
of differing BSA content and protein-surfactant interactions. Considering that the
surface tension of both fluids should be approximately the same, and the interfacial
tension between the solid substrate and air should be constant, it is likely that the
BSA content and protein-surfactant interactions impact the interfacial tension be-
tween the fluid and the substrate according to Young’s equation (Eq. 2.1).

The observed differences in contact angle values indicate the potential for further
optimisation of the test fluid compositions to better mimic the wetting and spreading
behavior of SCS. Further investigation into the correlation between contact angle and
spreading behavior in the airlaid material, as well as the influence of other physico-
chemical properties, will be critical for understanding the interactions between the
test fluids and the wound dressing material.

4.1.6 Protein composition

SDS-PAGE analysis was performed to evaluate the protein composition and molec-
ular weight distribution in the test fluids. The protein composition was assessed by
analysing the band intensities and migration patterns, while the molecular weights
were estimated based on their migration positions relative to protein standards.

Figure 4.11 displays the SDS-PAGE gel image of SCS, SWF A, SWF B, and SWF
C. The image reveals distinct protein bands in all test fluids, indicating the presence
of proteins in the samples. The most prominent band, observed at approximately
66 kDa, corresponds to the serum albumin proteins. This confirms that the major
protein component in all test fluids is serum albumin.
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Figure 4.11: SDS-PAGE analysis results of the wound fluids

Overall, the protein composition and molecular weight distribution of all SWFs ap-
pear to be similar, as evidenced by their comparable migration patterns and band
intensities. These results are expected since the SWFs share similar compositions
with variations in BSA content and the addition of surfactant. The lack of signifi-
cant differences in protein composition and molecular weight distribution between
the SWFs indicates that altering the BSA content and incorporating surfactants did
not significantly impact these aspects of the test fluids.

In contrast, SCS exhibited a different migration pattern and band intensities com-
pared to the SWFs. This disparity can be attributed to the fact that SCS contains a
broader range of serum proteins compared to the SWFs. For instance, SCS displayed
bands at approximately 75 and 10 kDa that were not observed in the SWFs. Under-
standing the influence of these specific molecular weights on the physico-chemical
properties and spreading behavior of the fluids would require further investigation.

4.2 Spreading behavior

This section presents the findings from the experiments conducted to evaluate the
spreading behavior of the test fluids within wound dressing materials, with a primary
focus on airlaid. Understanding the spreading behavior is crucial for assessing the
performance and effectiveness of the test fluids in mimicking real wound exudate.
The spreading behavior was evaluated using a combination of techniques, including
wicking tests, the FLUHTE simulated wound model, the inclined plane method, and
time-lapse image analysis for quantification of spreading patterns. These approaches
provided comprehensive insights into the dynamics and distribution patterns of the
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test fluids within the wound dressing materials. SEM was used to look at the
potential modification of the wound dressings after exposure to the model fluids.

4.2.1 Wicking

Wicking tests were conducted to gain insights into the capillary action and fluid
transport properties of the wound dressings. The test measured the distance trav-
eled by the test fluids within different materials over a 5-minute time period, as
well as the absorbed fluid weights. The results revealed variations in the wicking
behavior among the different fluids and materials tested.

As mentioned in section 3.3.1, water and ethanol were used to assess the wicking
behavior of different materials (PU foam, airlaid, filter paper, and printer paper).
Figure 4.12 displays the capillary action and absorbed fluid weight of each respec-
tive fluid in the different materials. Notably, the airlaid and filter paper materials
exhibited distinct differences in both capillary action and absorbed fluid weight be-
tween the liquids, while PU foam and printer paper did not. Hence, airlaid and filter
paper were identified as suitable materials for demonstrating differences in wicking
behavior between fluids with different surface tensions. Interestingly, the difference
in absorbed fluid weight seemed to correspond to the difference in surface tension
between the fluids, whereas the difference in capillary action did not exhibit the
same correlation for the airlaid. This inconsistency could be attributed to factors
such as pore size distribution and variations in material composition.
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Figure 4.12: Wicking test of water and ethanol to assess the wicking behavior of
PU foam, airlaid, filter paper, and printer paper

Figure 4.13 displays the capillary action and absorbed fluid weight of the pre-existing
test fluids (solution A, SCS, and SWF A), as well as SWF A with altered BSA con-
tent (20 and 10 g/L BSA). Among the pre-existing test fluids, solution A demon-
strated the greatest wicking, SCS exhibited the lowest wicking, and SWF A exhib-
ited an intermediate wicking properties compared to SCS, in terms of both capillary
action and absorbed fluid weight. This correlates to the measured surface tension
of the fluids observed in section 4.1.3. The greater wicking properties of SWF A
compared to SCS indicate its ability to counteract gravity to a greater extent, as
observed in previous studies (see section (2.3)). The results also showed that wick-
ing increased when the amount of surface active components decreased, as expected.
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For instance, solution A, lacking surface active components, exhibited the greatest
wicking, and SWF 10 displayed a greater wicking than SWF 20, which in turn had
a greater wicking than SWF A.
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Figure 4.13: Wicking test of solution A, SCS, SWF A, SWF 20 and SWF 10, in
airlaid and filter paper material

Figure 4.14 displays the capillary action and absorbed fluid weight of SCS, SWF
A, SWF C, and SWF B. Although the surface tensions of SWF C and SWF B
were approximately the same as that of SCS due to the addition of surfactant, their
wicking behavior was more similar to SWF A in terms of capillary action in both
materials. The same was observed with regards to the absorbed fluid weight in the
airlaid material, however, the filter paper demonstrated an absorbed fluid weight
of SWF C and SWF B that was more similar to SCS. These findings indicate that
other factors than surface tension affect the wicking of fluids. For instance, there
could be material variations between different replicates, and the differences in pro-
tein composition between SCS and the SWFs might induce different fluid-material
interactions, as a result of e.g. adsorption.
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Figure 4.14: Wicking test of SCS, SWF A, SWF C and B, in airlaid and filter
paper material

4.2.2 FLUHTE

FLUHTE is a clinically relevant simulated wound model for chronic leg ulcers that
was employed to study the spreading behavior of the test fluids in the airlaid ma-
terial. The method encompasses both mass- and heat transfer processes that are
similar to those found in real chronic wounds.

As mentioned in section 2.3, gravitational effects typically leads to a spreading pat-
tern which forces the wound exudate towards the bottom border of the dressing.
The spreading behavior of SCS is very similar to that of real chronic wound exu-
date, whereas SWF A has been observed to counteract gravity to a greater extent
by spreading more uniformly around the wound area.

The spreading behavior of SWF B was examined in FLUHTE, as shown in Fig-
ure 4.15. Three replicates were performed, where the first two were placed in the
machine direction (consistent with previous studies), while the third replicate was
placed in the cross-direction. Both replicates placed in the machine direction display
a spreading behavior similar to that of SCS, as the fluid has been forced towards
the bottom border of the dressing material. This indicates that SWF B succeeds
in mimicking SCS in terms of spreading patterns, which suggests that BSA content
and surface tension are crucial properties for the spreading behavior of test fluids.
However, the replicate placed cross-directionally did not display the same spreading
behavior as the fluid spread more uniformly around the outlet holes of the FLUHTE
and had not been forced toward the bottom border of the material. These findings
indicate that the fiber direction of the material affects the spreading pattern of the
test fluid, hence the placement of the wound dressing could impact its effectiveness
in wound management.
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Figure 4.15: Spreading behavior of SWF B in FLUHTE, where the top row shows
the back of the dressing and the bottom row shows the front of it.

To investigate the effect of surface tension and surfactant concentration on the
spreading behavior in airlaid material, SWF with 20 g/L BSA and 1% alkyl gluco-
side was used in FLUHTE. As stated in section 4.1.3, the surface tension of such
a fluid was shown to be 30.8 mN/m, contrasting the surface tension of SCS (47.1
mN/m). Since surface tension is directly correlated to capillary action, this fluid
should display lower capillary action than both SCS, SWF A, and SWF B, which
is precisely what Figure 4.16 shows. Both replicates show that the fluid did not
spread horizontally from the outlet holes of the FLUHTE, instead most of the fluid
had been forced to the bottom border of the dressing material. The bottom border
seems to act as a barrier for the fluid and forced it to spread horizontally. These
findings highlight the importance of having a test fluid with a surface tension similar
to that of SCS and real wound exudate.
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Figure 4.16: Spreading behavior of SWF 20 g/L BSA + 1.0% AG in FLUHTE,
where the top row shows the back of the dressing and the bottom row shows the
front of it.

The spreading behavior of SWF C was also examined in FLUHTE, as shown in Fig-
ure 4.17. SWF C was formulated to have the same composition as SWF A, except
for the addition of alkyl glucoside to achieve a surface tension similar to that of SCS.
Figure 4.17 shows that SWF C counteracted gravitational effects more than SCS
and SWF B.In two of three replicates, the fluid was not forced to the bottom border
of the dressing material. Instead, BSA seems to aggregate and form a barrier that
hinders the fluid from flowing downwards. This indicates that surface tension is not
the only property affecting the spreading behavior, but the protein concentration,
composition and stability appear to be of importance as well.
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Figure 4.17: Spreading behavior of SWF C in FLUHTE, where the top row shows
the back of the dressing and the bottom row shows the front of it.

According the results obtained from the FLUHTE experiments, the fluid content
and the moisture vapour loss of the test fluids were calculated and analysed. The
left chart in Figure 4.18 shows that SWF B and SWF C had a similar fluid content
to SCS after a 24-hour run in FLUHTE, indicating how much liquid the material
held. On the other hand, SWF 20 with 1% AG held noticeably less fluid. The right
image displays that SWF B and SWF C had similar moisture vapour loss to SCS,
meaning how much fluid had evaporated from the material. However, SWF 20 with
1% AG showed a higher evaporation. These findings suggest that a higher surfactant
concentration leads to increased moisture vapour loss and reduced fluid content of
the material. It is possible that the higher surfactant concentration causes the fluid
to be forced towards the bottom border of the material to a greater extent than the
other fluids. This higher contact area with the border of the dressing could result
in a higher moisture vapour loss and reduced fluid retention.
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Figure 4.18: Fluid content and moisture vapour loss of test fluids after FLUHTE
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It is worth noting that SWF B exhibited similar spreading behavior to SCS in
the airlaid material during FLUHTE experiments. However, SWF B lacks 14 g/L of
protein that is present in SCS. This raises the question of whether these proteins play
a crucial role in other aspects of the dressing’s behavior. While SWF B replicates the
spreading behavior of SCS, further investigation is required to understand if there
are any other differences in behavior between SWF B and SCS in other regards.
Therefore, additional research is needed to explore the impact of protein content and
other factors on the behavior of dressing materials and their overall effectiveness in
wound fluid management.

4.2.3 SEM

One sample from the FLUHTE experiments of SWF C was collected and dried for ex-
amination using SEM with the purpose of visualising the hypothesized dried protein
barrier that prevented fluid from flowing down in the material. Figure 4.19 presents
several SEM images that provide insights into the composition and distribution of
proteins within the material. Image 1 in Figure 4.19 shows the bottom crust of
the barrier, which appears to be composed of aggregated protein flakes. Moving to
image 2, a close-up view reveals that the protein flakes saturate the entire material,
not just the surface. This suggests that the protein barrier extends throughout the
material rather than being limited to the surface layer. Image 3-6 progress upwards
in the material from the protein barrier. These images demonstrate a gradual de-
crease in abundance of protein flakes and eventually their complete disappearance
as the location approaches the outlet holes of the FLUHTE. It is important to note
that the absence of visible protein flakes does not necessarily imply the absence of
protein aggregates, rather, it could indicate that they are either too small to be
visualised at the magnification used or not visible at all. Another possibility is that
the size of the protein and protein aggregates causes them to be forced downwards
within the material due to gravitational effects.

Overall, the observations from SEM suggest that heat and mass transfer processes
play a role in the evaporation of liquid and the formation of protein aggregates. As
the liquid evaporates from the material, the protein and salt concentrations within
the material increase and induce protein aggregation. These processes likely con-
tribute to the creation of the protein barrier and its consequences on the fluid flow
within the material. Further analysis and characterization of the protein aggregates,
as well as a comprehensive understanding of the heat and mass transfer mechanisms,
would provide valuable insights into the behavior and performance of the dressing
material.
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Figure 4.19: SEM images. 1: overview of the bottom crust of the dried protein
barrier, 2: close-up view that shows the saturation of protein flakes throughout
the material, 3-6: upward progression from the protein barrier that show a gradual
decrease in abundance of protein flakes.

4.2.4 Inclined plane method

The inclined plane method was employed to study the spreading behavior of test flu-
ids in wound dressing materials. Figure 4.20 shows the spreading behavior of SWF
A, SWF C and SCS in Mepilex border flex attached to the inclined plane without
the plexiglass plates to apply pressure. However, due to the presence of the backing
film of the product, visual observations of the spreading patterns are limited, and
there appears to be little to no difference between the fluids. This could be due to
uneven adherence of the product to the plane, which could cause the fluid to flow
downwards before even getting into contact with the dressing material. Alterna-
tively, it could also be due to the lack of compression, which affects the structure of
the material itself. To optimise the methodology, subsequent experiments focused
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solely on the airlaid material, and plexiglass plates were attached to apply a pressure
of 40 mmHg, equivalent to the pressure used in FLUHTE experiments.

SWF A —
SWF C —
SCS —

Figure 4.20: Spreading behavior of SWF A, SWF C, and SCS in Mepilex border
flex

Figure 4.21 displays the spreading behavior of SWF A, SCS, SWF C, and SWF B
in airlaid material using the inclined plane method. By focusing on the airlaid ma-
terial and applying pressure, it became significantly easier to visualise the spreading
patterns. The application of pressure seems to play a vital role in inducing different
spreading behaviors of the fluids. This is most likely due to structural changes of
the material due to compression.

Some general trends could be observed visually. SWF A exhibited a more uniform
spreading pattern around the outlet hole compared to the other fluids, which tended
to spread more vertically and were forced towards the bottom border of the mate-
rial. Currently, the difference in spreading patterns between the SWF B and SWF
C could be attributed to either material variations or actual distinctions between
the fluids. Conducting more replicates would help minimise the impact of material
variations and establish which fluid is more similar to SCS in terms of spreading
patterns. Furthermore, relying solely on visual observations made it challenging
to analyse the spreading patterns accurately. Quantification of spreading patterns
through image analysis was therefore used to obtain more quantitative results.
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Figure 4.21: Spreading behavior of SWF A, SCS, SWF C, and SWF B in inclined
plane, where row 1-3 are the three different replications per fluid.

Unlike the FLUTE experiments, which included both mass- and heat transfer pro-
cesses, the inclined plane method encompasses only mass transfer processes since
the experiments were conducted at room temperature and the plexiglass plates pre-
vented fluid evaporation. Consequently, there were no visible formation of protein
barriers or protein aggregation, as observed in the FLUHTE experiments.

4.2.5 Spreading dynamics and pattern quantification

The dynamic spreading process of the test fluids was analysed using the inclined
plane method, and image analysis was employed to quantify the spreading process
over time. This section presents the results obtained from the image analysis, includ-
ing the measurement of various parameters and the characterisation of the spreading
behavior.

To capture the dynamic spreading process, a time-lapse series of images was recorded.

49



4. Results and discussion

These images were then subjected to image analysis techniques to extract relevant
information and to quantify the spreading behavior. As explained in the methodol-
ogy section about image analysis (section 3.3.5), a box was fitted to the spreading
pattern to acquire its dynamic length and width. The original and dynamic center
position of the box was also displayed to visualise how the spreading pattern devi-
ated from uniformity. If the fluid spread uniformly from the outlet hole, the center
position would remain the same throughout the dynamic process, but if the fluid
did not spread uniformly the center position would deviate from its original position.

Figure 4.22 displays four images per fluid from the time-lapse that illustrates the
dynamic spreading processes of SWF A, SCS, SWF C, and SWF B in the airlaid
material. Visual observation shows that SWF A had the most uniform spreading

pattern throughout the process, while SCS, SWF C, and SWF B had a more vertical
spreading pattern.

S§Cs

SWF A

SWF B

SWF C

Time

Figure 4.22: Dynamic spreading process of SCS, SWF A, SWF B, and SWF C,
in airlaid material via the inclined plane method. The blue boxes are fitted to the
spreading pattern, the red dots denotes the original center position, and the blue
dots is the current center position.

Figure 4.23 indicates that the center position of SWF A was more constant than the
other fluids. The center position of SCS and SWF C decreased significantly more
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and followed similar trends. The trend for the center position of SWF B was some-
what in between that of SCS and SWF A. This quantitative analysis of the dynamic
spreading patterns confirms that SWF A has a more uniform spreading than the
other fluids, which have a more vertical spreading (to different degrees). It is im-
portant to note that this analysis was performed on one of the replicates, the trends
might look different for other replicates. Furthermore, this type of quantification
only considers the vertical change (y-axis) of the center position, not the horizontal.
Visual observations show that the horizontal spreading also differs between fluids,
which be of interest to quantify in further studies.
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Figure 4.23: Center position as a function of time

Another method for pattern quantification involves the aspect ratio of the fitted
boxes. A uniform spreading pattern would result in an aspect ratio equal to 1,
however, if the fluid spreads more in the vertical direction than the horizontal, the
aspect ratio is < 1. Oppositely, if the fluid spreads more in the horizontal direction
than the vertical, the aspect ratio is > 1. Figure 4.24 displays that the aspect ratio
of SWF A is > 1, while the aspect ratios of SCS, SWF C, and SWF B are < 1. The
aspect ratios vary over the dynamic process, but as Figure 4.24 shows, the dynamic
aspect ratios of SCS, SWF C, and SWF B are somewhat similar and intersect sev-
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eral times. However, the end point shows that the aspect ratio is lowest for SWF C
(0.55) , then SCS (0.66), SWF B (0.77), and lastly SWF A (1.08). It is important
to note that this analysis was performed on one of the replicates, the aspect ratios
might look different for other replicates.
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Figure 4.24: Aspect ratio as a function of time

The last method of pattern quantification used in this study included the compar-
ison of the width and height of the fitted boxes. This method is somewhat similar
to aspect ratio, but is another way of visualising the difference in spreading pat-
terns. For uniform spreading patterns, there would be no difference between the
width and the height (J), however, if the spreading pattern elongates the difference
would increase. Figure 4.25 displays that the § was close to zero for SWF A, while
for SCS, SWF C, and SWF B the height increased more than the width (larger 9).
This indicates a more uniform spreading of SWF A, while the other fluids had a
more elongated spreading pattern. As for the previous quantification methods, this
analysis was performed on one of the replicates per fluid, the difference in width and
height might look different for other replicates.
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Figure 4.25: Width vs height as a function of time
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Conclusions

Prior studies have shown that the spreading patterns of SCS and SWF A differed,
as SCS was spread towards the bottom border of the dressing material as a result
of gravitational forces, while SWF A spread more uniformely and did not reach the
bottom border of the dressing. This study has confirmed the hypothises that the
spreading pattern of the fluids depend on both capillary action and the aggregation
of proteins in the dressing material.

SWEF A had a higher surface tension than SCS, which resulted in a greater cap-
illary action that counteracted gravitational forces to a greater extent than SCS.
Alteration of the surface tension through the addition of surfactant (alkyl gluco-
side) resulted in a spreading behavior more similar to that of SCS.

Furthermore, the higher BSA content of SWF A compared to SCS resulted in more
protein aggregation that seemed to create a solid protein barrier in the dressing
material which prevented downwards flow of the test fluid. As the BSA content
was altered to mimic that of SCS, less aggregation seemed to occur and a spreading
behavior more similar to that of SCS was achieved.

This study also showed that both mass- and heat transfer processes are critical to
visualise differences in spreading behavior between test fluids. The clinically rel-
evant simulated wound model for chronic leg ulcers (FLUHTE) incorporates both
processes and was the most useful test method to evaluate fluid-material interac-
tions. The inclined plane method only included mass transfer processes and was
useful to visualise transplanar wicking, but does not demonstrate the effects of fluid
evaporation, which greatly effects protein aggregation. However, this method was
still useful to study the spreading dynamics of test fluids.

A test fluid (SWF B) that mimics SCS in clinically relevant studies was achieved
by optimising the composition of SWF A through altering the BSA content and
addition of surfactant. Although, SWF B does have the same protein composition
as SCS and further studies are needed to elucidate the impact of specific molecular
weights on the functional properties and behavior of the test fluid. However, SWF
B mimics the spreading behavior of SCS well enough to be a contestant for a new
standardised test fluid that mimics the physico-chemical properties and spreading
behavior of real chronic wound exudate.
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5.1 Outlook

This study has shown that optimising the composition of SWFE A by altering the
BSA content and adding alkyl glucoside results in a test fluid (SWF B) that more
closely mimics the physico-chemical properties and spreading behavior of real wound
exudate and SCS. However, while SWF B have a similar BSA content to real wound
exudate, it does not have an equivalent total protein content. From the results in
this study, this does not seem to noticably effect the spreading behavior of the fluid,
but the SDS-PAGE results showed that there were discrepencies in the protein com-
position between the SWFs and SCS. Further studies are needed to examine the
influence of the protein composition of the fluid and to optimize the protein com-
position of SWF B in order to replicate the properties of SCS more effectively.

Spreading dynamics and pattern quantification has generated a lot of valuable in-
formation, however, the methodologies used in this study could be improved. For
instance, the lighting conditions and camera settings when recording the timelapse
of the spreading the dynamics could be optimised to generate higher quality images
and more manageable data. Furthermore, the timelapse recorded in this study only
captured the spreading dynamics that occured on the surface of the airlaid material.
To gain a more comprehensive understanding of the spreading behavior of the fluid
within the dressing material it would be valuable to record the spreading dynamics
from a cross-sectional direction as well. Finally, the image analysis method used for
pattern analysis could be improved upon to better quantify the spreading patterns
of the fluids.
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