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Sustainable Stimuli-Responsive Wound Dressing made of Green Materials
ROBERT HUMMERHIELM
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
Non-healing chronic wound are wound that have a naturally high infection risk and
produce an excess of exudate. To better treat these wounds, having a wound dress-
ing that can absorb much of the exudate, keep the wound environment moist, and
administer antibiotics when the wound is infected would be ideal. Here, a wound
dressing that can absorb large amounts of exudate and locally administer drugs as
a response to high pH commonly seen in infected wounds was prepared. First a car-
boxymethyl cellulose (CMC) aerogel scaffold was first prepared, using ethylene glycol
diglycidyl ether (EGDE) as a cross-linker. The scaffold was then impregnated via
diffusion or injection with naproxen-loaded pH-sensitive lignin nanoparticles (LNPs),
synthesized using an anti-solvent method. Scanning electron microscopy (SEM) was
used to investigate the morphology of the CMC gel as well as the shape and size
of the synthesized unloaded and naproxen-loaded LNPs. The LNPs efficiency as
drug-vehicles was investigated by loading the LNPs with naproxen and calculating
the loading capacity and encapsulation efficiency of naproxen. Fourier Transform
IR was used to investigate the cross-linking of CMC and EGDE and a tea bag test
was used investigate the swelling capacity of the CMC gel.

During the synthesis of the CMC gel, several parameters were varied. This resulted
in aerogels with different morphologies and properties. Depending on the synthesis
parameters, a swelling ratio between 28 and 623 g/g. A high swelling capacity was
obtained by adding low concentrations of CMC and EGDE. The lowest swelling
capacity was obtained by adding high EGDE concentrations and drying the gel via
freeze-drying and oven-drying.

Based on the SEM images of LNPs, unloaded and naproxen-loaded LNPs had a
desired spherical shape with an average size of 71.6 and 81 nm, respectively. The
size distribution was quite large for both LNPs between 31.5–127 nm for unloaded
and 26.5–140 nm. The loading capacity of naproxen was around 10% while the
encapsulation efficiency was around 48%.

Based on the SEM images of the impregnated aerogels, no LNPs could be found.
Either no LNPs were present in the sample taken or the LNPs have dissolved due
to high pH.

Keywords: wound dressings, carboxymethyl cellulose, aerogel, lignin nanoparticles,
drug-loading.
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1
Introduction

Chronic non-healing wounds, such as burn wounds, diabetic ulcers, and leg ulcers,
place a major burden on patients. They cause pain, infections, and loss of func-
tion, and if they are not treated correctly, often lead to amputation and sepsis [1].
Chronic non-healing wounds are predominantly found in elders [2], but also affect
many people with obesity and diabetes [1]. Due to an aging population and an
increasing rate of obesity and diabetes, chronic non-healing wounds have become a
silent epidemic and major challenge for the health care system [1–3].

Chronic non-healing wounds have a longer than expected healing time, due to ex-
cessive inflammation, and thus need an extended period of care. As a consequence,
there is an increased risk of infection [2–4]. Infected wounds have locally elevated
pH levels, which results in increased rates of bacterial growth and reduces the rate
of healing [5]. Treating the infection is vital as untreated infections can be fatal.
Commonly, oral administration of antibiotics is used for treatment; however, due to
the systemic effect the effective dosage is low and there is a significant risk of overuse
that can lead to bacteria becoming antimicrobial resistant [6]. Consequently, local-
ized drug administration is desirable to better treat infections and promote healing.

Wound dressings are primarily used to protect the wound and hinder bacteria from
entering the wound [4, 7, 8]. Standard cotton gauzes are often used; however, they
make the wound dry leading to increased pain and discomfort. Thus, more ideal
wound dressings, such as hydrogels, foams, and alginate dressings, have been devel-
oped that aim to create a better wound environment for healing and patient comfort.
These advanced dressings can also act as a drug delivery system for localized drug
administration. Although advanced dressings improve upon the traditional dress-
ings, they are costly—especially when drug-loaded. Thus, it is necessary to make
them more cost-competitive.

Bio-based materials such as lignin, cellulose, and chitosan are environmentally friendly
materials that due to their abundance often are inexpensive. They are also benign
to humans as well as biocompatible and biodegradable, making them excellent ma-
terials for wound dressings and drug delivery applications. Cellulose is a biopolymer
commonly used for wound dressings due to its accessibility and suitable properties
such as biocompatibility, non-toxicity, inexpensive, and water absorbance [4, 9].
Lignin is an interesting material for use in biomedical applications as a drug delivery
vehicle due to being non-toxic, biocompatible, biodegradable, antimicrobial activity,
pH-responsive, and low pro-inflammatory [10, 11]. Lignin nanoparticles (LNPs)
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1. Introduction

have been shown to be good drug carriers that have a sustained drug release and
increase drug efficacy, selectivity, and drug stability [10]. Thus, LNPs would make
for an attractive drug delivery system with great properties. When coupled with an
appropriate wound dressing, LNPs would provide a stimuli-responsive and effective
drug delivery system that can accelerate the healing process of the tissue immensely.

1.1 Aims
The aim of this project is to create a wound dressing impregnated with a pH-
responsive drug delivery vehicle that can be used for chronic wounds. Therefore,
it is important that the wound dressing is biocompatible and biodegradable, and
that the type of wound dressing used is able to absorb exudate and have enough
wet stability to not break down during removal. It is also important that the drug
delivery vehicle is responsive to increases in pH so that it will release the loaded
drug when a wound becomes infected.

1.2 Limitations
While there are many methods of synthesis methods and materials that can poten-
tially be used in the wound dressing, this project will be limited to synthesizing an
aerogel, via heat treatment, made of carboxymethyl cellulose (as the matrix mate-
rial) and ethylene glycol diglycidyl ether (as the crosslinker).

Similarly, lignin nanoparticles can be synthesized and drug-loaded in various ways.
Therefore, an anti-solvent method will be used for the synthesis of LNPs, and the
drug will be loaded via entrapment. Furthermore, one model drug, naproxen, will
be used to examine the efficiency of the LNPs as a drug carrier.

2



2
Theory

2.1 Wound Healing
A wound can generally be defined as any damage to or loss of tissue, such as a cut or
a burn [4, 9]. Wounds can be classified into different categories to better help with
understanding the necessary wound treatment and management. The broadest clas-
sification is that of acute and chronic wounds, which is based on the repair process
of the wound [4, 9, 12]. Acute wounds heal in a timely matter and usually without
any complications. Chronic wounds, on the other hand, are more problematic and
take a long time to heal, and often reoccur. Since the healing process of wounds is
a complex interplay between the different parts of the body to grow and regenerate
tissue, disruptions in the process can have a significant negative impact and cause
complications. The process can be divided into four phases that always occur in the
following order: hemostasis, inflammation, proliferation, and remodeling [2, 4].

The first phase, hemostasis, occurs directly after the injury and is characterized
by restricted blood flow and blood clotting. The next phase, inflammation, starts
essentially alongside hemostasis and is an immune response to remove and clean up
the wound from bacteria, foreign particles, and dead cells. As the inflammatory
phase subsides, growth factor is released in the wound and the proliferation phase
occurs. Here, the tissue in the wound is starting to be rebuilt and new tissue is
formed. The last phase of wound healing is the remodeling phase, where the wound
is fully closed, and collagen fibers in the skin are reorganized and strengthened [1,
2, 4]. Since these four phases always occur in order, having underlain physiological
problems (such as diabetes) or tissue insults that hinder one phase to conclude and
another one to start, will stop the wound from healing. As a result, the healing time
is prolonged and can make the wound chronic.

2.2 Chronic Wounds
Chronic wounds are tissue injuries that are slow to heal, take longer than 12 weeks to
heal, and often reoccur in patients [1, 4]. The long healing time can be attributed to
repeated tissue insults or underlying physiological conditions that keep the wound
in an inflammatory state and impede the healing process [1, 4]. The prolonged
inflammation causes the wound to produce excess amounts of exudate (wound fluid)
which causes healthy tissue around the wound to break down and further impede
the wound healing process [4]. It should be stated that exudate itself is an essential
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2. Theory

part to wound healing as it keeps the wound environment moist as well as provide
the wound with nutrients and cells that help control pathogens. It is only when an
excess amount of exudate is present that it becomes corrosive and negatively affects
the healing process [4]. A major consequence of the long healing time of chronic
wounds is the high infection risk. If bacteria infect the wound and are allowed
to grow, they will create a protective biofilm that is difficult to remove via drug
treatments. As a result, preventing infections is key to reducing the healing time.

2.3 Wound Dressings
Wound dressings are used to cover wounds and primarily act as a physical barrier
to keep the wound clean and free from foreign material, infections, and necrotic
tissue (dead tissue) [13, 14]. Ideally, wound dressings should help to improve the
healing process; however, it is not necessary as long as the dressing does not impede
the healing process by for instance damaging new tissue, adhering to the wound, or
leaching toxic compounds.

An ideal wound dressing is regarded as a dressing that effectively promotes the
healing process and is cost-effective. Such a wound dressing should ensure optimal
healing by [4, 6, 7, 13, 14]:

• maintaining high humidity/moisture,
• remove excess wound exudate,
• allowing thermal insulation,
• allowing gaseous exchange,
• conforming to the wound surface,
• facilitating, when necessary, debridement (i.e. removing dead, damaged, or

infected tissue),
• minimizing scar formation,
• being impermeable to extraneous bacteria,
• being non-toxic,
• being non-adherent, comfortable, and conforming.

There are many types of wound dressings available for use, some are used in a wide
range of cases, and others are more specialized. Traditional wound dressings, such
as cotton wool, gauzes, and bandages, are dry dressings that aim to keep the wound
dry and warm [4, 14]. They generally work for most types of wounds, but the dry
wound environment they cause is unfavorable for the healing process. Furthermore,
they risk adhering to the wound, which will cause pain and potential damage to
new tissue when removed [4, 14]. To better treat wounds, more advanced wound
dressings, such as hydrogels, foams, and hydrocolloids, have been developed. These
types of dressings have been developed with different aspects of the wound healing
process in mind, to better create a wound environment more suited for healing [14].
Although synthetic polymers, such as polyurethane, are used in wound dressings,
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2. Theory

the need for non-toxic, biocompatible. and biodegradable materials make biopoly-
mers much more attractive—hence, the wide use of cellulose, chitin, and alginate in
basic and advanced dressings. Nonetheless, since wounds can be very different and
the wound environment changes as it heals, advanced wound dressings will never
be ideal to use throughout the whole treatment [6, 14]. As such, there is a need
for different types of dressings that provide the correct support for specific healing
stages and environments to aid and improve the healing process.

Hydrogels are 3D porous polymeric networks that are swollen with water. Due to
their high moisture content, hydrogels are excellent at maintaining a moist wound
environment, relieving pain, can facilitate autolytic debridement, and having a low
adherence to the wound. The high moisture content means that hydrogels generally
only absorb small amounts of exudate. Foams are similar to hydrogels; however,
they are not hydrated and only consist of a 3D porous polymeric network. Due to
the low moisture content, foams are able to absorb much more amounts of exudate,
which makes them able to maintain a moist wound environment but is not suitable
for dry wounds. It also allows for gas exchange to keep a good moisture balance and
can act as a matrix to facilitate cellular growth [4, 6, 7, 14].

2.4 Drug Delivery Systems and Drug Release
To aid wound healing (such as providing growth factors or preventing infections)
drugs can be used, and how the drug is delivered to the body or specific area of
the body is called a drug delivery system. Conventionally, drug delivery systems
have generally been administrated in ways where the therapeutic effect is systemic
(i.e. affecting the entire body). In many cases, this is unwanted as it limits the
effective dose reaching the necessary region(s) and reduces the effectiveness of the
treatment [15]. For infected wounds, antimicrobial or antibiotic substances are used,
however, unnecessary use will impair the healing processes and lead to the formation
of antibiotic-resistant bacteria [6, 15].

One way to increase the effectiveness and reduce the use of antimicrobial/antibiotic
substances is to administer them topically (i.e. administrated to a specific area on
or in the body) to have a local effect instead of systemic [4, 6]. Advanced wound
dressings loaded with drugs (also called medicated wound dressings) are used to
provide a topical administration as the drug will first and foremost be released in
the wound area [4, 6, 14]. Another delivery strategy is to use dressings containing
drug delivery carriers, such as nanoparticles, that could improve the stability of
the encapsulated drug as well as improve the solubility, absorption, and sustained
release [10, 11]. Furthermore, nanoparticles decrease the clearance (i.e. how fast
the drug is removed from the blood plasma), and thus, increase the efficiency of the
treatment [10].

When using drug carriers such as nanoparticles, the drug release must be done in a
controlled manner in order to make it beneficial. Drug release is the process of drug
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2. Theory

migration from the inside of a carrier to the outside of the carrier [16]. Drug release
depends on a number of factors related to the carrier material, the drug, and the
release medium, such as drug solubility, pH and temperature of the release medium,
and degradation of carrier material [16, 17]. Thus, it is essential to consider the
drug, the carrier material, and the application of the drug delivery system.

Based on the drug release from the drug carriers, they can broadly be classified
as passive and active drug delivery systems. In passive drug delivery systems, the
release of the drug is reliant on diffusion from the drug carrier matrix to the wound.
In other words, there is no control over when the drug is released. In contrast, ac-
tive delivery releases the loaded drug upon environmental stimuli (such as pH and
temperature) or external stimuli (such as an applied electric or magnetic field) [6].
Although passive drug release is much more efficient than systemic drug adminis-
tration methods, it does not account for the dynamic wound environment and the
optimal timing for administration. Furthermore, over-administration of drugs could
lead to negative effects. Thus, active drug delivery systems are more attractive due
to their more controlled on-demand release and efficiency [6].

2.5 Aerogel
An aerogel is a gel that is made up of a 3D porous network where the liquid phase
has been replaced with gas [18, 19]. Due to being highly porous materials (between
80–99.9%), aerogels have a large surface area and low density which make them
promising for a number of uses such as insulation and biomedical applications [18].
Commonly, aerogels are made from silica, however, due to the poor mechanical
properties and high production costs, other materials have become more common
over the years. Although new materials are used, the methods of production are still
based on wet chemistry [18, 20]. As a consequence, the gels must be dried in order
to become aerogels. However, based on the drying method, the dried gel will not
always be referred to as an aerogel. If the material is freeze-dried, supercritical dried,
or dried in an oven or ambient conditions, it is referred to as a cryogel, an aerogel,
or xerogel, respectively [18, 21]. Here, aerogel will be used for all three regardless of
the drying method used. Especially so since cryogel also refers to hydrogels made
in cryogenic temperatures.

2.5.1 Synthesis of Aerogels
The general procedure to synthesize an aerogel is through a sol-gel process where
a gel is first formed and then dried to obtain an aerogel [18, 20]. However, the
steps involved will vary depending on the precursor used (inorganic, organic, or a
combination of both) [21]. In the case of using biopolymers as the precursor, the
polymer is dissolved in a solution to form colloidal suspension (sol). Upon dissolu-
tion, the polymer will naturally start to rearrange into a porous network and form a
gel [22]. The formation of a gel can be determined using either a tilting method or
rheological measurements [18]. In the former, a gel has formed if the content does
not flow when the container is tilted 70 ◦ or inverted. In the latter, a gel has formed
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2. Theory

when the storage modulus is equal to the loss modulus.

Some polymers, such as cellulose, will form a gel by forming physical crosslinks
(i.e. physical interactions such as van der Waals forces, chain entanglement, and
hydrogen bonds) between chains. Other polymers, such as carboxymethyl cellulose,
cannot form a gel through physical crosslinking [22]. Instead, the polymer chains
are crosslinked chemically by adding a bi- or multifunctional crosslinking agent that
covalently binds two chains together [18, 20–22]. Although chemical crosslinking
is normally done at elevated temperatures due to rapid crosslinking, it can also be
done at cryogenic temperatures (temperatures below the freezing temperature of the
solvent). This is sometimes argued to be a better method due to the lower concen-
tration of crosslinker required and better mechanical properties [23–25]; nonetheless,
the reaction time is much slower [25].

As a hydrogel is synthesized via the sol-gel method, the liquid (usually water) in
the gel must be removed in order to become an aerogel. There are several drying
methods available, but the most common ones are freeze-drying and supercritical
drying [18, 21]. Freeze-drying and supercritical drying better preserve the structure
of the gel compared to drying the gel under ambient conditions due to the much
smaller capillary forces [18, 21]. Although supercritical drying is commonly used, it
can be a cumbersome process and requires the water to be solvent exchanged (which
makes it less green). Freeze-drying is a simple method of drying materials where
the material is fully frozen before the water (ice) is removed via sublimation in a
vacuum. The freezing process of the hydrogels will affect the final properties of the
resulting aerogel as it determines the pore size. Freezing the hydrogel at around
-20◦C results in an aerogel with larger pores and a wider pore size distribution due
to larger ice crystals forming owning to a low nucleation rate and few nucleation
sites. As the freezing temperature decreases, the pores become smaller and more
interconnected [18, 21, 24].

2.5.2 Crosslinkers
There is a wide variety of crosslinking agents available; however, few are commonly
used for creating biomedical products due to the prerequisite of crosslinkers having
to be non-toxic. Some common crosslinkers such as ethylene glycol diglycidyl ether
(EGDE), poly(ethylene glycol) diglycidyl ether (PEGDE), divinyl sulfonate (DVS),
and glutaraldehyde (GTA) have been shown to have cytocompatibility (i.e. non-
toxic for cells) and have previously been used as a crosslinker for different biopoly-
mers [25]. Nevertheless, there are still concerns that unreacted species of crosslinker
are potentially cytotoxic and if not properly removed can be harmful [26].

EGDE is a bi-functional compound with two epoxide functional groups located at
both ends of the molecule. Due to the reactivity of the epoxide groups with hydroxyl,
carboxyl, amino, and sulfhydryl groups as well as its non-toxicity/low cytotoxicity
and water solubility, it has been used as a crosslinker for many biopolymers (such as
DNA, cellulose, and chitosan) [22, 27]. In order to crosslink EGDE and cellulose, the
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reaction environment must be strongly alkaline for the hydroxyl groups to become
deprotonated and act as nucleophiles. The nucleophilic groups will simultaneously
ring-open the epoxide groups and form a covalent bond [22].

2.6 Carboxymethyl Cellulose
Cellulose is one of the most abundant biopolymers and along with it being renew-
able and inexpensive, makes it an attractive replacement for synthetic fossil-based
polymers. Cellulose is a linear polymer that consists of a long chain of connected
β-(1,4)-linked d-glucose units [18].

Cellulose has poor water solubility due to the many inter- and intramolecular hy-
drogen bonds. Therefore, derivatives of cellulose are often used instead as they have
similar properties to cellulose, but some of the hydroxyl groups are substituted with
other functional groups to enhance solubility in water and non-polar solvents [9, 22].

Carboxymethyl cellulose is a cellulose derivative that has an enhanced water solubil-
ity due to the substitution of hydroxyl groups with carboxymethyl groups (CH2COOH)
[22]. CMC retains the same attractive properties as cellulose—namely biocompat-
ibility, biodegradability, non-toxicity, and inexpensiveness—while becoming water-
soluble as well as having a higher swelling capacity (due to the carboxylic group
becoming negatively charged when dissolved) have made it an attractive material
for wound dressings due to its [9]. Wound dressings made from CMC have been
shown to be flexible, absorbing exudate, as well as promoting the formation of new
blood vessels and autolytic debridement [9].

Although CMC and EGDE have been widely used to make hydrogels, the combina-
tion of both has been uncommon. Kundu et al. used CMC, xylan, and a combination
of both to make hydrogels crosslinked with EGDE via heat treatment. CMC hy-
drogels were found to have a high swelling capacity in deionized water [28]. Jeong
et al. used CMC, polyacrylamide, and a combination of both to make hydrogels
crosslinked with EGDE or other crosslinkers via heat treatment. CMC hydrogels
were found to have a high swelling ratio in deionized water and were shown to have
low cytotoxicity [29].

2.7 Lignin
Lignin is the most abundant aromatic biopolymer and can be found in plants be-
tween the cell walls of the fibers. Lignin is a polyphenolic polymer that is built
from three monolignols syringyl, guaiacyl, and p-hydroxyphenyl that are covalently
linked [11, 30, 31]. Although these three building blocks are always present, the
amount of each in the composition is different depending on the source material.
Furthermore, the extraction method will also affect the final lignin structure and its
properties [11, 30, 31].
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Considering its origin, lignin is an inexpensive material that is classified as an envi-
ronmentally friendly material with properties such as biocompatible, biodegradable,
and non-toxicity [30–32]. Moreover, it also has properties such as an antimicro-
bial and anti-inflammatory activity that make it a suitable material for biomedical
applications (e.g. wound dressing and drug carrier) [10, 11, 33].

2.8 Lignin Nanoparticles
LNPs have gathered much attention in the last decade due to their inexpensiveness,
accessibility, renewability, as well as its chemical and physical properties [10, 32, 33].
Studies have shown that LNPs are good carriers for hydrophobic molecules [10, 32,
33], and as such, one of the main applications of LNPs is as a carrier for the delivery
of drugs, pesticides, enzymes, and more. Nonetheless, LNPs have also been applied
in other fields such as adhesives, nanocomposites, and emulsifiers [11].

In drug delivery, LNPs are used as a drug carrier for many different drugs and other
substances used in biomedicine. Figueiredo et al. synthesized LNPs loaded with the
anti-cancer drugs sorafenib and benzazulene via a solvent-shifting. The resulting
LNPs had a controlled and sustained release of the drugs in physiological pH with a
high encapsulation efficiency (68% and 77% respectively) but a low loading capac-
ity (7% and 8% respectively) [33]. Alqahtani et al. synthesized LNPs loaded with
the model drug curcumin (for use in oral administration) via a phase separation
method. The LNPs had a high encapsulation efficiency of 92% (no loading capac-
ity was reported) and high stability at low pH and had a controlled and sustained
release in physiological pH [10]. Li et al. synthesized quaternized LNP-surfactant
complex micelles to entrap the anti-inflammatory drug ibuprofen via an anti-solvent
method. The LNP micelles had a high encapsulation efficiency of 74% and a high
loading capacity of 46%. The LNP micelles were also shown to be stable at low pH
and had controlled and sustained release at physiological pH [34].

Although LNPs have advantageous properties for being used as a drug carrier, they
must also be efficient. Their efficiency depends on the loading capacity and encap-
sulation efficiency of the material, in other words, how much drug can be loaded into
the material and how efficient the loading is. A review of drug-loaded LNPs made
by Sipponen et al. shows that LNPs in general have a low loading capacity but a
high encapsulation efficiency [32]. Although this makes LNPs, not ideal carriers,
they are still suitable for use as a drug carrier [11].

2.8.1 Lignin Nanoparticle Synthesis
LNPs can be synthesized via many different methods which can be divided into
chemical, physical, and biological approaches [31]. Some of the most common meth-
ods are anti-solvent precipitation, solvent-shifting, polymerization/crosslinking, and
ultrasonication [31, 32]. The formation of LNPs is credited to the amphiphilic na-
ture of lignin, regardless of the synthesis method used [31]. Basically, when lignin
is dissolved in an organic solvent and then added into water or vice-versa, the hy-
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drophobic part of lignin can self-assemble due to hydrophobic interactions. Due to
unfavorable interactions with water, the surface area is minimized, and particles are
often formed [31]. As a result of the hydrophobic parts of lignin assembling in the
core of the nanoparticles, LNPs are a good choice for carrying hydrophobic drugs,
but not for hydrophilic drugs.

The most common methods are anti-solvent precipitation and solvent-shifting, which
both utilizes an anti-solvent to lower the solubility of lignin and cause them to form
nanoparticles [31, 32, 35]. In anti-solvent precipitation, the anti-solvent (usually wa-
ter) is added to a lignin solution or vice versa. In solvent-shifting, the lignin solution
is added to a dialysis bag and then placed in the anti-solvent (usually water). The
advantage of using these two methods is the well-defined morphology, shape, and
size. Nonetheless, the high solvent consumption especially in anti-precipitation is a
drawback [11, 31].

Ultrasonication, on the other hand, is a physical method where the lignin is placed
in water and sonicated. The nanoparticles are formed by breaking the lignin into
smaller particles. The main advantage of ultrasonication is its use of only water as a
solvent, making it a very green method. However, the morphology, shape, and size
are non-uniform and are highly dependent on process conditions [11, 31].

2.9 Methods for Drug Loading
There are three main methods of drug-loading nanoparticles: 1) entrapment, 2) en-
capsulation, and 3) post-loading [17, 32, 36]. The method used is dependent on the
drug, the desired release mechanism, and the synthesis conditions for the nanopar-
ticle.

Entrapment is a method where the drug is added before the nanoparticles are formed.
When the nanoparticles form, the drug is entrapped in the nanoparticle matrix. The
particles could be coated with a different material, depending on the application, to
achieve a more controlled drug release [32]. The drug will be released via diffusion
through the nanoparticle matrix; however, it could also be released via dissolution
of the nanoparticle matrix [17, 32].

Encapsulation is similar to entrapment however there are distinct differences. Here,
the drug is encapsulated by the nanoparticle matrix instead of being entrapped
within the nanoparticle matrix. Encapsulation can be done in two ways: 1) the
drug is dissolved in an emulsion (for example an oil-in-water emulsion) where the
oil droplets are encapsulated by lignin, or 2) the drug enters, for example, particles
with an oil core encapsulated by a nanoparticle m shell via diffusion [32]. Similar
to drugs entrapped in nanoparticles, the drug release will mainly be released via
diffusion through the nanoparticle matrix; however, the drug could also be released
via shell rupture [32].

Post-loading is a method where the drug is loaded after nanoparticle formation via
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different mechanisms depending on the drug used, such as adsorption, electrostatic
interactions, and hydrophobic forces [32, 36]. Moreover, post-loading can utilize
layer-by-layer adsorption to increase the loading capacity by adsorbing multiple
layers of drugs [32]. Nonetheless, due to the drug being adsorbed or surface-bound,
the drug is released via desorption, which is more sensitive and not as reliable as
encapsulation and entrapment [32].
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3
Materials and Methods

3.1 Materials
Carboxymethyl cellulose (MW = 395 kDa and 725 kDa with a degree of substitution
of 0.7) was obtained from Ashland. Ethylene Glycol Diglycidyl Ether was bought
from TCI. Softwood Kraft lignin, extracted through LignoBoostT M technology, was
provided by a Nordic pulp mill.T.. Naproxen and NaOH were obtained from Sigma-
Aldrich. Acetone was obtained from Fisher Scientific. All chemicals were used as
received.

3.2 Preparation of Crosslinked CMC Aerogel
In the preparation of the CMC hydrogels, the ratio between CMC and EGDE as
well as the concentration of the NaOH solution was changed. A typical procedure
was performed as follows: First, 0.2 g of CMC was completely dissolved in 5 mL
of 0.1 M aqueous NaOH solution while continuously stirred for 16 h. Subsequently,
338 µL of EGDE was added dropwise to the solution and stirred for 1 h at room
temperature. After 1 h, the crosslinking reaction was performed in a water bath at
60 ◦C for 24 h. The gel was then placed in a 3.5 kDa dialysis bag and dialyzed for
24 h in DI water until the pH of the gel was around 7. Subsequently, the gel was
then frozen, with either liquid nitrogen or in a freezer, before being freeze-dried. An
overview of the aerogel synthesis procedure can be seen in Figure 3.1.

Figure 3.1: A schematic overview of the preparation procedure for the hydrogel
before freeze-drying.
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3.3 Synthesis and Drug-Loading of LNPs
LNPs were synthesized and drug-loaded via an anti-solvent precipitation method.
The overall procedure for synthesis and drug-loading of LNPs is similar, the only
difference being the addition of an extra step when loading a drug.

3.3.1 LNP Synthesis
First, 200 mg of lignin was dissolved in 4 g of DI water, followed by adding 12 g of
acetone to the solution. This ratio between DI water and acetone was chosen as it
is the maximum solubility ratio. The container was covered with parafilm (to avoid
evaporation of acetone in the solution) and then stirred with a magnetic stirrer for
3 h at room temperature. Afterward, the solution was filtered twice through a high
porosity filter paper (pore size 25 µm) in order to remove any large lignin aggregates.
The filtrate was then moved to a new beaker and stirred at high speed while avoiding
splashing before 48 mL of DI water (the anti-solvent) was added. The solution was
then stirred at 500 rpm for 10 minutes before letting any residual acetone evaporate
in a rotary evaporator for 20 min (100 rpm and 20 ◦C). One last filtration was done
with a high porosity filter paper (pore size 25 µm) before measuring the final volume
of the solution. The LNP solution was stored in a fridge at 5 ◦C. An overview of
the synthesis process can be seen in Figure 3.2.

The yield of the synthesized LNPs was determined by oven-dry 5 mL of solution
and then weighing the dried sample. The mass and volume of the sample were then
used to calculate the total mass of LNPs in the solution.

Figure 3.2: A schematic overview of the preparation procedure for the LNPs.

3.3.2 Synthesis of Drug-Loaded LNPs
To synthesize drug-loaded LNPs, a similar procedure to the synthesis of LNPs was
done. Naproxen was dissolved in the acetone prior to mixing the acetone with the
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lignin-water solution. The ratio between drug and lignin used was 1:10, in other
words, 20 mg of drug and 200 mg of lignin was added (following the procedure in
Section 3.3.1).

3.4 Impregnation of Aerogels and Hydrogels with
LNPs

To impregnate aerogels (dry state) or hydrogels (wet state) with unloaded LNPs or
drug-loaded LNPs, the gels were either immersed in 5 mL LNP solution or injected
with 1 mL of LNP solution with the help of a thin needle (d = 1.2 mm). 2.5 mL
of hydrogel were placed in a syringe (d = 10 mm) and then either kept in a wet
state or freeze-dried to a dry state. The sample was then freeze-dried once more for
further analysis.

3.5 Characterization

3.5.1 FTIR-ATR Spectroscopy
Spectra of aerogels were collected to analyze the crosslinking of CMC by EGDE
using an attenuated total reflectance (ATR) module for a Fourier transform infrared
(FTIR) spectrometer (PerkinElmer Frontier FTIR). The resolution of each spectrum
was 4 cm−1, and 16 interferograms were taken between 500 and 4000 cm−1.

3.5.2 Morphological Determination
To analyze the morphology of the synthesized aerogels and impregnated aerogels as
well as the particle size of unloaded LNPs and drug-loaded LNPs, a SEM (JEOL
JSM-7800F Prime) was used. The SEM images were taken at various magnifications
with an acceleration potential of 5 kV. Before the measurements, the samples were
sputter-coated with gold for 20 seconds (4 nm layer).

3.5.3 Swelling Capacity
The swelling capacity of the synthesized aerogels was characterized via the tea-bag
method. Three replicates of each sample were cut, weighed, and then placed in a
steel mesh cage. The cage was placed in DI water for 24 h at room temperature.
Afterward, the cage was placed on a paper towel and then placed on a paper towel
for 2 minutes. After 2 min, the cage was gently wiped with a paper towel to remove
free or loosely bound water and the weighed. After removing the aerogel from the
steel mesh cage, the same procedure was done with the empty cage to get the wet
mass of the cage. The swelling capacity after 24 h was calculated using the following
equation:

Swelling capacity = (W2 − W1 − W0)/W0, (3.1)
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where W0 is the mass of the dry sample, W1 is the mass of the wet steel mesh cage,
and W2 is the mass of wet gel and steel mesh cage.

3.5.4 Loading Capacity and Encapsulation Efficiency
Loading capacity and encapsulation efficiency are the primary indicators to quanti-
tatively determine the LNPs’ ability to carry drugs, which can be calculated using
equation 3.2 and 3.3. Both equations require the mass of the drug encapsulated
in the LNPs to be known. This can either be determined by measuring the con-
centration of the loaded drug encapsulated and using that to calculate the mass
or by measuring the concentration of the non-encapsulated drug and using that to
calculate the mass of the drug encapsulated (see equation 3.4). Here, the latter
was used to calculate the mass of the drug in the LNPs, i.e. the concentration of
non-encapsulated drug was measured using a UV-Vis spectrophotometer (Agilent
Technologies, Cary 60 UV-Vis).

First, 5 mL of a drug-loaded LNP solution was centrifuged at 9000 rpm for 40 min-
utes until the supernatant was clear. Afterward, a 1 mL aliquot was taken from
the beaker. The aliquot was then diluted, and the drug concentration was analyzed
with UV-Vis (at 330 nm for naproxen). The drug concentration in the aliquot was
determined with the help of a previously constructed standard curve with known
concentrations of naproxen. The concentration of the drug in the aliquot is then
used to calculate the total non-encapsulated drug in the solution using equation 3.4.
The naproxen standard curve was linear in the concentration range of 0.0015–0.015
mg/mL.

The loading capacity and encapsulation efficiency were then calculated as follows:

Loading capacity (%) =
(mass of drug in LNPs

mass of LNPs

)
× 100 (3.2)

Encapsulation Efficiency (%) =
( mass of drug in LNPs

mass of initially added drug

)
× 100 (3.3)

To determine the mass of the drug loaded in the LNPs, the following equation was
used:

mdrug,LNP s = mdrug,initial − mdrug,outside = mdrug,initial − cdrug,sol ∗ Vsynthesis, (3.4)

where mdrug,LNP s is the mass of loaded drug in the LNPs, mdrug,initial is the mass
of initially added drug, mdrug,outside is the mass of the non-encapsulated drug in the
solution, which can be described using the concentration of drug in the solution
cdrug,sol and the volume of the solution after synthesis Vsynthesis.
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Results and Discussion

4.1 Preparation of Aerogel
During the preparation of the aerogels different experimental parameters were ex-
amined (see Table 4.1). To be able to compare the effect of each parameter, only
one parameter was changed at a time. These parameters were chosen as they have
been described in the literature to affect the gel formation as well as the properties
of the aerogel. There are other factors that also affect the aerogel synthesis such as
synthesis temperature and drying method, but due to time constraints, they were
not investigated.

To determine the effect of the different parameters, all of the synthesized gels were
examined using a tilting method where the reaction container was inverted, and it
was observed whether or not the content started to flow. Although this is a quick
and simple method to use, it is a qualitative method and thus small differences are
difficult to observe.

Table 4.1: A summary of the reaction parameters changed during the gel synthesis
and the range in which they were changed.

Parameters varied Range
NaOH conc. 0.001–1 M
CMC conc. 2.2–3.6 wt.%
EGDE conc. 3.5–12.7 wt.%
CMC MW 395 & 725 kDa

Freezing temp. -18 & -196 ◦C

4.1.1 Effect of NaOH Concentration
During the synthesis, the NaOH concentration was varied between 0.001–1 M. When
the containers were inverted, gels made with a NaOH concentration below 0.1 M
started to flow and were more similar to a viscous liquid than a gel. Gels made
with a NaOH concentration at or above 0.1 M did not flow when inverted and it
was determined that a gel had formed. However, there was no noticeable difference
in the formed gels when increasing the NaOH concentration from 0.1 M to 1 M.
This can possibly be explained by the reaction mechanism of crosslinking EGDE
and CMC. As is mentioned in Section 2.5.2, in order to crosslink CMC chains and
EGDE, the two epoxide groups on EGDE will be ring-opened by strong nucleophiles.
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At high pH (≥ pH 13), the OH-groups on the CMC will readily deprotonate and
become highly nucleophilic, thus, enabling crosslinking to occur. It is likely that
concentrations of NaOH lower than 0.1 M do not sufficiently deprotonate CMC and
that the free OH− ions in the solution compete with the deprotonated hydroxyl
groups on the CMC to ring-open the epoxide groups.

4.1.2 Effect of Crosslinker, Polymer Concentration, and Poly-
mer Molecular Weight

During the synthesis, the EGDE concentration, CMC concentration, and the CMC
molecular weight was varied according to Table 4.1. From the tilting test, it was
observed that the concentration of EGDE and CMC as well as the CMC molecular
weight had a large impact on the gel formation. At low crosslinker concentrations
(below 4 wt%), almost all samples would not start flowing when inverted. One
sample did start to flow, however, the CMC concentration was a bit lower, which
could explain why it did not form a gel. Nonetheless, the formed gels were weak and
behaved more like a slime after washing. Increasing the crosslinker concentration re-
sulted in firmer gels and around 7 wt.% the gels could hold a cylindrical shape after
removing them from the reaction container. Nonetheless, the gels would not hold a
cylindrical shape after washing. Increasing the crosslinker concentration further, to
around 13 wt.% resulted in an even firmer gel that would keep its cylindrical shape
even after washing.

Varying the CMC concentration had a similar effect on the gel formation as varying
the EGDE concentration. Overall, it determined the viscosity of the solution and
had a large effect on the firmness of the produced gel. The lower the CMC concen-
trations were the easier it was to stir the solution, however, the gels synthesized were
less firm (i.e. behaved more like slime than gels). This is expected as dissolving
more CMC would increase the chain entanglements (and other intermolecular inter-
actions) and restrict the movement of the chains, resulting in higher viscosity and
firmer gels. Furthermore, the viscosity is also dependent on the molecular weight of
the polymer. CMC grades of lower molecular weight will have a lower viscosity when
dissolved in water than grades of higher molecular weight. This was observed when
changing the CMC from a high molecular weight grade (725 kDa) to a lower one
(395 kDa). When around 2.5 wt.% of the 735 kDa grade was dissolved, the solution
could not be stirred with a magnetic stirrer (at 1500 rpm at room temperature)
after a while. For the 395 kDa grade, this happened when around 4.5 wt.% CMC
was dissolved.

The firmest gels, that could keep their shape after washing, were produced when
adding 2.2 wt.% 725 kDa CMC and 12.7 wt.% EGDE or 3.5 wt.% 395 kDa CMC
and 7 wt.% EGDE.
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4.1.3 Effect of Freezing Temperature
As the aerogels were prepared via freeze-drying, the freezing temperature will affect
the properties of the aerogels. Freezing hydrogels at -18 ◦C resulted in overall larger
ice crystals forming, which caused the aerogel to have larger holes at the surface
after freeze-drying (see Figure A.1 and Figure A.2). Some gels had needle-like ice
crystals; however, most did not have them. In contrast, freezing the hydrogels with
liquid nitrogen (i.e. at -196 ◦C) resulted in much smaller ice crystals forming, and a
more solid aerogel surface was obtained after freeze-drying (see Figure A.3 and Fig-
ure A.4). Due to problems with freeze-drying, some of the ice crystals at the surface
most likely melted causing a more "popcorn-like" appearance. This is possible as
water has strong capillary forces (as was mentioned in Section 2.5.1), which during
evaporation would cause damage to the pore structure, especially to aerogels frozen
at -196 ◦C that has weaker pore walls.

As was mentioned in Section 2.5.1, this behavior is expected as the nucleation rate
of ice crystals is lower than the growth rate at higher temperatures. When the
temperature decreases the nucleation rate increases and new ice crystals form quicker
than they grow, causing smaller pores. A consequence of forming many small pores
is that the thickness of the gel walls becomes thinner—resulting in lower mechanical
strength.

4.2 Swelling Capacity
The swelling capacity of the synthesized aerogels was measured using the tea-bag
method (as was mentioned in Section 3.5.3). It is worthwhile to note that due to
problems during the freeze-drying some gels were also oven-dried, making it difficult
to do a thorough analysis of how each factor affects the swelling capacity. Gels
between 3-4 wt.% CMC as well as the 7 wt.% and 13 wt.% EGDE (0.1 M NaOH)
did not fully dry and were oven-dried overnight at 50 ◦C, which resulted in hard
and brittle aerogels. Gels that became wrinkly were frozen using liquid nitrogen
and had either a hole in the middle or cracks on the edges. This could be due to
a weak pore structure that collapsed during freeze-drying, or they started to melt
right before or at the start of the freeze-drying process.

As can be seen in Figure 4.1, the aerogel with the highest swelling capacity is the
4.5 wt.% EGDE aerogel with 623 g/g water absorbed. The 7 wt.% EGDE, 2.2 wt.%
CMC, 0.1 M aerogel had the lowest swelling capacity only absorbing 28 g/g of water.
By comparing Figures 4.1A and 4.1B, a notable trend can be seen where samples
that were oven-dried have a much lower swelling capacity compared to only freeze-
dried aerogels. This is likely due to the collapsed pore structure of the aerogels that
also were oven-dried. Oven-drying or air-drying hydrogel has been shown to destroy
the pore structure due to the high capillary pressure acting on the pore walls during
water evaporation, causing shrinkage and agglomeration of the pores (i.e. bigger
pores and decreased porosity) [37]. As mentioned in Section 2.5.1, freeze-drying
will, on the other hand, result in a retained pore structure due to the much lower
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capillary forces of sublimation compared to evaporation.

Figure 4.1: The swelling capacity of the hydrogels after being immersed in deion-
ized water for 24 h. Gels that only were freeze-dried are presented in A, while the
gels that were freeze-dried and oven-dried are presented in B.

Besides the drying method, there is also a clear difference in swelling capacity be-
tween samples with high and low concentrations of crosslinker. The higher the
concentration, the lower the swelling capacity. Increasing the crosslinker concen-
tration results in a higher degree of crosslinking. Because of the higher amount of
crosslinker present, there is a higher possibility for an EGDE molecule to find and
crosslink with deprotonated hydroxyl groups. A higher degree of crosslinking will
also result in lower pore size.

The ability to swell is correlated with the following equitation [25]:

π = πmix + πion + πelastic (4.1)

where πmix is the osmotic pressure from mixing the polymer chains with a solvent,
πion is the osmotic pressure from counter-ions within the gel, and πelastic is the oppos-
ing elastic pressure from the deformation of the polymer network during swelling.
This means that increasing the degree of crosslinking results in higher opposing
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elastic pressure from the CMC network during swelling and thus a lower swelling
capacity.

Another trend that can be seen is that a higher concentration of CMC leads to
lower swelling. A higher concentration of polymer leads to smaller pore size and
lower swelling [22]. Furthermore, as the polymer concentration increases the pore
walls will become thicker and stronger, which increases the elastic opposing pressure
of the CMC network. This further decreases the swelling capacity.

There also seems to be a trend concerning the NaOH concentration used during
synthesis. Higher concentration of OH− would lead to more deprotonation of the
OH-groups on the cellulose chains. Thus, there are more possibilities for crosslinking
as there are more nucleophilic sites that can perform ring-opening on EGDE and
covalently bind with it. As stated before, a higher degree of crosslinking results in
a decreased swelling capacity.

4.2.1 Observations of structural stability of swollen aerogels
After swelling for 24 h, the wet aerogels were compressed with a spoon to give an
indication of their deformation behavior. The mechanical properties are important,
especially of the material in a wet state, as it is undesirable for a wound dressing to
break down and enter the wound either during use or removal, which would require
the wound to be cleaned up, causing potential tissue damage and unnecessary pain
for the patient. However, as was mentioned in Section 2.2 and 2.3, swelling capacity
and wet stability are both important factors to consider. They are in opposition
with each other as a high swelling capacity leads to low wet stability due to water
making the cellulose chains more flexible and less rigid. Having a high swelling ca-
pacity is necessary for wound dressings aimed at non-healing chronic wounds, due
to the increased time of usage as well as the need to remove excess exudate and
control the moisture level of wounds. Thus, it is important to have good stability
while maximizing the swelling capacity.

The overall trend that was observed was that the higher the swelling capacity of
a sample is, the lower the stability of the aerogel becomes. In the samples with
a swelling capacity over 100 g/g, the stability was too low for the gel to keep its
structure even when a small amount of force was applied. On the other hand, all
of the produced aerogels with a swelling capacity below 100 g/g displayed a much
higher wet stability and could withstand compression without separating. The 3.6
wt.% CMC aerogels and the 12.7 wt.% EGDE aerogels were the only aerogels that
would display an elastic deformation upon compression (i.e. the aerogels would flat-
ten under compression but return to their original shape after removing the force).
During compression, water would be released, but most of it would be reabsorbed
when the force was released. This indicates that water is not only absorbed by the
CMC in the pore walls, but also in the pores themselves. The other aerogels with
a swelling capacity below 100 g/g would flatten out upon compression but stay flat
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after removing the force (i.e. plastically deform).

From these observations and the results of the swelling capacity, it was decided that
the aerogel with a composition of 7 wt.% EGDE, 3.6 wt% CMC, and 0.1 M NaOH
would be used for impregnation of LNPs, due to the high wet stability, high swelling
capacity, and the fact that using fewer crosslinker results in a less expensive wound
dressing.

4.3 Chemical Structure of EGDE crosslinked CMC
Aerogels

The chemical structure of the EGDE crosslinked CMC aerogels were analyzed using
ATR-FTIR. Figure reffig:FTIR represents the spectrum of native CMC and EGDE
crosslinked CMC.

Figure 4.2: FTIR spectra of A) native CMC and B) CMC crosslinked with EGDE.

CMC is made up of a glucose ring with one or more carboxymethyl side groups (de-
pending on the degree of substitution). As a result, the major FTIR characteristic
peaks of CMC are the O–H stretch, C–H stretch, –COO stretch from the carboxyl
group, C–H bend, C–O stretch of the glycosidic bond, C–C bend. These vibrations
can be assigned to the respective peaks at 3240 cm−1, 2910 cm−1 and 2880 cm−1,
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1588 cm−1, 1414 cm−1, 1320 cm−1, 1094 cm−1, and 1020 cm−1. Due to the close
proximity of the C–O stretch and C–C bending, the broader peak at 1020 cm−1 is
collectively considered as the merger of the two vibrations. It is worth noting that
the peak around 1410 cm−1 has been reported in the literature as originating from
different functional groups. Some assign the peak to be an asymmetric stretch of
the carboxyl group as salts [29], others assign the peak to be CH bending [28, 38].

The FTIR spectrum of EGDE crosslinked CMC is not expected to show any new
peaks when compared to naive CMC, since the new chemical bonds introduced from
the crosslinking are similar to the ones already present in native CMC. However,
some small peak shifts and changes in peak appearance will be noticeable if crosslink-
ing has occurred, due to changed chemical structure and addition of EGDE. In both
of the spectra, there is a weak peak around 1250 cm−1 present. In the crosslinked
spectrum we can also see three weak peaks around 930 cm−1, 840 cm−1. These
two peaks along with the 1250 cm−1 peak are associated with epoxide group of the
EGDE [39], which suggests that there could still be some unreacted EGDE left in
the aerogel. Further, this could indicate that the gels should be washed for longer
to fully remove all the unreacted species. Peaks between 880 and 840 cm−1 peaks
have been associated with C–H deformation of the glucose ring [28]; however, the
C–H deformation most likely belongs to the peak at 986 cm−1 as it also can be seen
in the native CMC.

4.4 Morphology of Aerogels and Impregnated Aero-
gels

The morphology of aerogels and impregnated aerogels were investigated using SEM.
The following aerogels were analyzed:

• Aerogel frozen at -18 ◦C
• Aerogel frozen at -196 ◦C
• Aerogel frozen at -18 ◦C, injected with LNP solution (dry state)
• Aerogel frozen at -196 ◦C, injected with LNP solution (dry state)
• Aerogel frozen at -196 ◦C, injected with LNP solution (wet state)

The SEM images of the aerogel samples can be seen in Figure 4.3. It can be seen
(Figures 4.3A and 4.3C) that freezing the gel at -18 ◦C results in a large smooth
surface and larger pores with relatively thin walls. Decreasing the freezing temper-
ature to - 196 ◦C (Figures 4.3B, 4.3D, and 4.3E) results in gels with areas of large
smooth surfaces and areas with many smaller pores.

In Figure 4.3C, there are considerable amounts of micro-holes and micro-craters.
This can also be seen in Figure B.2 and B.3, but to a lesser extent. It is possible
that these holes and craters are formed during injection of LNP solution as well as
during freezing at -18 ◦C. The size of the holes and crates are between 2 µm and 100
nm. As it seems like both freezing the hydrogel at high temperatures and injecting
the aerogel in a dry state with LNPs causes these holes and craters to form, it could
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explain why the aerogel in Figure 4.3C has such a considerable amount of them. The
holes could be from air bubbles entrapped in the CMC walls (introduced either from
the synthesis or from injection) that have escaped during freeze-drying. However, it
may also be caused by interactions with LNPs have opened very thin parts of the
walls.

Figure 4.3: SEM image of the frozen aerogels. A) frozen at -18 ◦C, B) frozen at
-196 ◦C, C) injected in dry state with LNPs and frozen at -18 ◦C, D) injected in
wet state with LNPs and frozen at -196 ◦C, and E) injected in dry state with LNPs
and frozen at -196 ◦C. All aerogels have the same EGDE and CMC concentration
as well as synthesis conditions.
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In Figure B.1, there is a lot of small debris in the aerogel frozen at -196 ◦C. This is
most likely due to how the sample was cut and handled; however, it could also be
debris from cracking of the pore walls during freeze-drying due to a combination of
weak pore walls and strong capillary forces of water.

4.5 Preparation of LNPs
The LNPs synthesized via an anti-solvent method were analyzed with SEM. From
the SEM images, it was determined that the average particle size for the unloaded
LNPs was around 71.6 nm, while naproxen-loaded LNPs had an average particle size
of around 81 nm. As can be seen in Figure 4.4 there is quite a large variance in size.
The smallest particles were 31.5 nm for unloaded LNPs and 26.5 nm for naproxen-
loaded LNPs, while the largest particles were 127 nm and 140 nm, respectively.
The size increase has been observed in other studies [10, 33] when drug-loading
LNPs. This is due to the added molecules being entrapped in the LNPs during the
nanoparticle formation. This can be used as an indication of how good the drug is
to load using entrapment as the loading method. The better the drug is at being
entrapped (i.e. smaller and more hydrophobic), the more optimal the entrapping is
and a smaller average particle size should be observed [33].

From Figure 4.4, it is evident that the formed nanoparticles have a spherical shape,
regardless of if the LNPs were drug-loaded or not. However, the naproxen-loaded
LNPs (Figure 4.4B) have some elongated particles present.

Figure 4.4: SEM images of LNPs A) unloaded, and B) naproxen-loaded.

4.6 Loading Capacity and Encapsulation Efficiency
From the absorption data obtained from the UV-Vis measurements, the loading
capacity and encapsulation efficiency were calculated (see Table 4.2). The loading
capacity was calculated to be 10.3%, which was in expected. The encapsulation
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efficiency was calculated to be 47.6%, which was much lower than expected. The
yield was 47.4% which was much lower than expected.

Table 4.2: The calculated values of loading capacity, encapsulation efficiency, and
yield for naproxen-loaded LNPs.

Loading Capacity (%) Encapsulation Efficiency (%) Yield (%)
10.3 47.6 47.4

As was mentioned in Section 2.7, LNPs have a low loading capacity but a high encap-
sulation efficiency for hydrophobic drugs. Such a low loading capacity is expected for
LNPs; however, the low encapsulation efficiency is not expected. Although naproxen
is considered practically water-insoluble (solubility of 15.9 mg/L [40] in water at 25
◦C), it is much more water-soluble than the other drugs used by Alqahtani et al. and
Figueiredo et al.. This could be an explanation for the low encapsulation efficiency;
however, Li et al. used ibuprofen, which is more water-soluble than naproxen, and
achieved an encapsulation efficiency of 74%. This suggests that modification of the
LNPs or lignin is needed to increase the encapsulation efficiency and loading ca-
pacity. The drug-loading method may also influence the encapsulation efficiency
and loading capacity, making it possible that other methods are more effective than
entrapment.

4.7 Impregnation of Aerogel and Hydrogel with
LNPs

Two different ways of impregnating hydrogels and aerogels were tested: injection
and immersion. The immersed hydrogel and aerogels were after 3 days only brown
on the outside and white on the inside (see Figure A.5 and A.6. This indicates
that the LNPs did not penetrate deeply into the gels via diffusion. Longer diffusion
times may be required for deeper penetration; nonetheless, this would be even more
time-consuming, especially if the size of the aerogel is scaled-up.

In injection, on the other hand, LNPs can penetrate more deeply but the results
of injecting hydrogels and aerogels were quite different. When injecting hydrogels
with LNPs, the solution would only spread along "channels" and created a more
network-like spreading than a homogeneous one (see Figure A.9). Small pockets
of LNP solution would be created around the needle tip during injection, but they
would burst if too much solution was introduced at the same spot. Although the
injected hydrogels were left for 24 h to allow the LNP solution to diffuse, no ap-
parent changes were noticed after 3 days. Injection of LNP solution into aerogels
resulted in a more homogeneous color spread (see Figure A.7). As it can be seen,
the cross-section of injected aerogels is fully brown, indicating that the LNP solution
has fully penetrated the aerogels.

From the morphological studies of the impregnated aerogels, no LNPs were ob-
served. For the injected hydrogel, it is most likely that the LNPs are only present in
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the "channels" created during injection; thus, making it difficult to find any LNPs
elsewhere. It is also unclear if LNPs are not present in the injected aerogel, either
because the sample did not have any on the surface of the sample or it could be
that the LNPs have dissolved due to too high pH in the gel. The LNP solution was
allowed to diffuse for 3 days, which could result in the LNPs starting to dissolve
if the gel had a too high pH. Nonetheless, it is inconclusive if LNPs actually were
present or not.
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5
Conclusion

The aim of this project was to create a wound dressing impregnated with a pH-
responsive drug-loaded LNPs that can be used for chronic wounds.

The wound dressing was prepared by first producing an EGDE cross-linked CMC
aerogel and freeze-drying it. Different synthesis conditions were investigated to
better understand and optimize the aerogel. Increasing CMC and EGDE concen-
trations resulted in more stable aerogels that could withstand compression even
after swelling. Using CMC with high molecular weight resulted in less CMC be-
ing possible to dissolve and required higher EGDE concentrations to make a stable
aerogel, compared to a lower molecular weight CMC. Decreasing the NaOH concen-
tration during synthesis resulted in aerogels with higher swelling capacity; however,
decreasing the NaOH concentration below 0.1 M resulted in no gel formation. Us-
ing lower molecular weight CMC grades, a stable aerogel can be formed with lower
concentrations of EGDE, and the resulting aerogel have a high swelling capacity.

Drug-loading LNPs with naproxen via an anti-solvent precipitation method was
shown to be possible. The loading capacity was low and the encapsulation efficiency
was also quite low, which was unexpected. The synthesized LNPs, drug-loaded and
unloaded, were quite small in diameter and the size distribution was large. The
produced LNPs were in general spherical, especially for unloaded LNPs, but some
elongated particles were formed when loading the LNPs with drugs.

Impregnating the aerogels and hydrogels with LNPs was possible, however, the ef-
fect varied depending on the method used and the type of gel. Hydrogels were
overall more difficult to impregnate via immersion and injection compared to aero-
gels. When immersed the lignin did not diffuse deeply into the gel and was only seen
around the edges. Injection resulted in deeper penetration but did not spread homo-
geneously and only spread in specific network-like channels. Aerogels immersed in
LNP solution showed similar results to immersed hydrogels. Aerogels injected with
LNP solution showed a much more homogeneous spread. Nonetheless, no LNPs
were observed in SEM in either of the LNP impregnated gels.
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5.1 Future Work
Moving forward, it is important to investigate if the LNPs are actually present in
the aerogel after impregnation and do a release study to see how controlled the
drug release is and if it is pH-responsive. Furthermore, it should be investigated if
antibiotics can be loaded and study the drug release as well as loading capacity and
encapsulation efficiency.

It is also of interest to either further optimize the aerogel synthesis or try other
routes to synthesize aerogels. Due to LNPs not having high stability at alkaline
pH a more accurate way to measure the gel’s pH should be investigated—if EGDE
will be used as a cross-linker. Cryogelation (i.e. forming the gel under cryogenic
conditions) is an alternative route where the same chemicals can be used to form
the hydrogel. It has the advantage of requiring lower concentrations of cross-linker
since the cross-linker and CMC becomes concentrated in specific areas due to the
formation of ice crystals. The downside is the longer gelation time. Another route
would be using a cross-linker that forms a gel under acidic conditions such as citric
acid. It has the advantage of not requiring long washing times as the LNPs are
stable in acidic pH.

Due to injection and immersion not being optimal ways to impregnate aerogels or
hydrogels, it should be investigated if the LNPs can be added before the gel has
formed. Either the thermal stability of LNPs should be investigated due to most
cross-linkers requiring high temperatures or producing a physically cross-linked gel
or utilizing cryogelation with a cross-linker in acidic conditions.
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Figure A.1: Freeze-dried aerogel with needle-like surface holes.

Figure A.2: Freeze-dried aerogel (9 wt.% EGDE, 2.2 wt.% CMC, 0.1 M NaOH)
with surface holes
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Figure A.3: Surface of aerogel frozen at -196 ◦C after freeze-drying with a cracked
surface.

Figure A.4: Surface of aerogel frozen at -196 ◦C after freeze-drying with a non-
cracked surface.
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Figure A.5: Aerogel that have been immersed in LNP solution in a wet state and
then freeze-dried.

Figure A.6: Aerogel that have been immersed in LNP solution in a dry state and
then freeze-dried.

Figure A.7: Aerogel that have been injected with LNP solution in a dry state and
then freeze-dried.
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Figure A.8: Aerogel that have been injected with LNP solution in a wet state and
then freeze-dried.

Figure A.9: Hydrogel that have been injected with LNP solution that shows the
spreading behavior of the LNP solution.
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Figure B.1: SEM image of an aerogel frozen at -196 ◦C.

Figure B.2: SEM image of an aerogel frozen at -18 ◦C.

V



B. Appendix 2

Figure B.3: SEM image of an aerogel frozen at -196 ◦C. and injected with LNP
solution.
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Figure C.1: UV-Vis curve of Naproxen (0.0075 mg/mL) in 50 V/V% water and
acetone. The 330 nm peak belongs to Naproxen.

Figure C.2: Standard curve of Naproxen in 50 V/V% water and acetone.
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