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Summary

English

Chronic wounds can be a problem due to skin irritation and infection problems. Hy-
drogels are an efficient way to keep the wound clean and moist. If needed the gels can
be loaded with antibacterial drugs with sustained release over a period, resulting in less
dressing change and less stress for the wound. In this project the diffusion of prism and
spherical shaped silver nanoparticles through different concentration of monomer (acry-
lamide) and crosslinker polyethylene glycol diacrylate (PEGDA) gels were investigated.
Furthermore, the mechanical properties of the different gels were tested by compres-
sion and elongation to see how the change in monomer and crosslinker concentration
affected the strength of the gel. Swelling ratio and rheology of the different gels were
also measured and from the swelling and rheology results, mesh sizes were calculated.
SEM images were taken of both the gels and particles to characterize them. AFM was
also used to characterize the silver nanoparticles. The gels were loaded with with the
particles and tetracycline and tested on E. coli and S. cerevisiae on agar plates and E. coli
in LB-medium
From the SEM analysis the prism and spherical shaped particles used in the gel had
an average Feret’s diameter of 59.8± 22.8 and 16.97 ± 12.37 nm, respectively. The pore
size of the gels varied,and no conclusion can be made on how the concentration and
length of PEGDA affect the size due to inhomogeneous crosslinking. From compression
it was observed that more force is required to deform the gels when concentration of
monomer and crosslinker is increased. The length of PEGDA does not affect the com-
pression results compared to the change of PEGDA concentration. Compression and
swelling testing were performed on gels cured with nanoparticles. The cured gels could
withstand more applied pressure compered to gels without nanoparticles. Elongation re-
sults shows that with increased concentration of monomer and crosslinker more forced
is needed before the gels break but the Elasticity decreases. The results from rheology
and swelling were used to calculate mesh size and it showed the trend of increased con-
centration of PEGDA leads to smaller mesh sizes. The swelling further showed increased
PEGDA concentration leads to decrease in swelling ratio.
From diffusion experiment the gels consisting of 0.78% PEGDA and cured with tetracy-
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cline released the most, no prism shaped nanoparticles were released and a low concen-
tration of spherical nanoparticles were released. This explained the results when cured
gels were tested on agar plates and in liquid medium. Only gels cured with tetracycline
had a zone of inhibition for E. coli but when the cured gels were tested in medium all
kinds of gels had an effect. The gels cured with tetracycline killed at lower concentration
of E coli. The gels cured with prism and spherical AgNPs had an comparable effect on
bacterial growth with the normal gels.

Dansk

Kroniske sår kan være problematiske da hudirritation og infektionsproblemer kan op-
stå. Hydrogeler er en effektiv måde at holde såret rent og fugtigt på. Hydrogelerne kan
yderligere effektiviseres ved at inkorporere dem med antibakterielle lægemidler, som
kan frigive lægemidlet over længere tid. Dette resultere i mindre skift af bandage og er
mere skånsom over for såret. Fokusset i dette projekt er at undersøge diffusion af prisme
og sfæriske formede nanopartikler lavet af sølv. Yderligere vil vi prøve at kontrolere
diffusion gennem gelerne ved at ændre på koncentrationer af monomer (akrylamid) og
crosslinker (polyethylene glykol). Gelernes mekaniske egenskaber blev testet ved kom-
pression og udstrukket til de gik i stykker for at se, hvordan ændringen i monomer og
crosslinker koncentration påvirkede gelens styrke. Hvor meget gelerne udvidede sig
i vand og rheologi for de forskellige geler blev også målt, og ud fra resultaterne blev
gitterstørrelsen beregnet. Der blev taget SEM-billeder af både geler og partikler for at
karakterisere dem. AFM blev også brugt til at karakterisere sølvnanopartiklerne.
Gelerne blev fyldt med sølvpartikler og tetracyclin og deres antibacterial effektivitet
testet på E. coli og S. cerevisiae på agarplader og textitE. coli i LB-medium
Fra SEM-analysen havde prisme og de sfæriske formede partikler, der blev anvendt i ge-
len, en gennemsnitlig Feret-diameter på henholdsvis 59,8 ± 22,8 og 16,97 pm 12,37 nm.
Porestørrelsen på gelerne varierede, og der kan ikke drages nogen konklusion om, hvor-
dan koncentrationen og længden af PEGDA påvirkede størrelsen på grund af heterogene
binding mellem crosslinker og monomer. Fra kompression blev det observeret, at der
skal mere kraft til at deformere gelerne, når koncentrationen af monomer og crosslinker
øges. Længden af PEGDA påvirker ikke kompressionsresultaterne sammenlignet med
ændringen af PEGDA-koncentrationen. Test af kompression og gelens egenskab til at ud-
vide sig i vand blev udført på geler med inkorporeret nanopartikler. De hærdede geler
kunne modstå mere tryk samlignet med geler uden nanopartikler. Forlængelse af geler
med viser, at med øget koncentration af monomer og crosslinker er der behov for mere
kraft, før gelerne går i stykker, men deres evne til at forlænges mindskes. Resultaterne
fra reologi og gelens evne til at udvide sig i vand blev brugt til at beregne gitterstørelse,
og det viste sig at øget koncentration af PEGDA fører til mindre gitterstørrelser. Evnen
til at udvide sig i vand mindskes for gelerne når PEGDA concentrationen øges.
Diffusionseksperimenterne viste at gelerne bestående af 0,78 % PEGDA og indeholder



tetracyclin frigav mest, ingen prisme formede nanopartikler blev frigivet, og en lav kon-
centration af sfæriske nanopartikler blev frigivet. Dette forklarede resultaterne, for gel-
erne testet på agarplader og i flydende medium. Kun geler med tetracyclin havde en
hæmningszone for E. coli men når de samme geler blev testet i medium, havde alle typer
geler en effekt. Gelerne med tetracyclin var de mest effektive til at slå E coli ihjel. Gel-
erne med prisme eller sfæriske nanopartikler havde en sammenlignelig virkning med de
normale geler på bakterievækst.



AAM Acrylamide
AFM Atomic force microscopy
AgNP Silver nanoparticles
AgNPprism prism shaped silver nanoparticles
AgNPspherical spherical shaped silver nanoparticles
LB Lysogeny broth
NTA Nanoparticle tracking analysis
O/N overnight
PAAm Polyacrylamide
PEG polyethylene glycol
PEGDA polyethylene glycol diacrylate
PEGDA250 polyethylene glycol diacrylate average molecular length 250 Mn
PEGDA575 average molecular length 575 Mn polyethylene glycol diacrylate
PEGDA700 polyethylene glycol diacrylate average molecular length 700 Mn
PSSS Poly sodium styrene sulphate
PVP Polyvinylpyrrolidone
ROS reactive oxygen species
SDS Sodium dodecyl sulphate
TGA Thermal gravimetric analysis
TPO Trimethylbenzoyl-diphenylphosphineoxide
TSC Trisodium citrate
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Chapter 1

Introduction

Chronic wounds such as pressure ulcers and burn wounds require proper attention. For
these wounds traditional wound dressing such as gauze is not sufficient. Gauze can
attach to the wound and this results in tissue damage when the bandage is replaced,
causing pain and delay of the healing process [1, 2, 3]. Frequent contact with the wound
adds increased risk of infection and it is a well known phenoma with chronic wounds.
Therefore, there is a high demand for low-adherence antibacterial wound dressing.

Depending on the polymers used in the polymer network for hydrogels, they can
have a strong adhesion to surfaces, mediated through hydrogen bonding and capillary
adhesion [4]. Hydrogels posses strong sorption capabilities which help in debridement
of the wound and removal of wound excudate of chronic wounds[2]. Debridement of
wound area is the removal of death, necrotic tissue and bacterial cells, reducing in-
flammation of the wound area which helps with the wound healing process [1]. Since
wound excudate contains inflammatory elements and enzymes that hinder wound re-
pair, removal of the excudate is positive for wound healing [2, 1, 3]. Hydrogels also
provide a sealed environment which protects wounds against anti-microbial migration
to the wound area [1]. While sealing the area, it provides a moisture for the wound.
They can increase the wound healing actively and passively by incorporation of natu-
ral polymers [3]. These natural polymers can mimic signals that increase wound repair
processes. Synthetic polymers can still help the wound repair passively by covering the
wound with high water content. A wet environment has been shown to be enough to
speed up the wound healing process and is considered essential for burn and chronic
wounds [3, 1]. In addition, hydrogels are versatile in development, where stimulating
drugs for healing, enzymes and antibacterial agents such as antimicrobial peptides and
silver nanoparticles can be incorporated. [5, 3, 2].

Polymers can either be biological or synthetic, depending on the chosen polymer
different properties can be controlled such as stiffness, pore size, and the polymers in-
teraction with the environment. The control of properties makes hydrogels useful in
biological field such as tissue engineering, drug delivery or wound dressing [6, 7]. Hy-
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2 Chapter 1. Introduction

drogels are used in tissue engineering to mimic extracellular matrices. Since the cells
differentiate depending on stiffness and chemical stimuli [8, 9].

Drug delivery is also possible with hydrogels, since the drug can either be released
through diffusion or the gel can react with the environment and release insulin or other
drugs to the body [8, 10, 11]. Hydrogels are useful as wound dressing due to the large
amount of water that can be absorbed by the gels which keeps the wound moist. Fur-
thermore, the gel can work as a barrier for invading microorganism. Some synthetic
polymers do not interact with the underlying tissue, which means it can be taken off
without damaging the healing wound. With the right choice of polymer the hydrogel
can also enhance the wound healing as seen when comparing chitosan based gels with
chitosan free gels [2]. The presence of chitosan can elevate cell proliferation. Other
natural polymers such as collagen and hyaluronic acid show similar effects. Another
possibility is to mix the dressing with bactericidal agents such as antimicrobial peptide
or metal nanoparticles. Wound dressing can be used as a drug delivery system keeping
the wound clean while improving the healing process [2].

Although, hydrogels are already commercially available for difference usage like con-
tact lenses and aforementioned biological fields, research is still necessary to increase un-
derstanding of how to modulate the drug release by changing cross-linker or monomer
concentration used in hydrogels [12].

1.1 Polymers

Polymers can be classified by their origin which is either natural or synthetic. Each of
them having their advantages. Natural occurring polymers are often used in tissue engi-
neering since they either are components of or have similar properties as the extracellular
matrix. Synthetic polymers on the other hand are controllable and reproducible. Thus
it is possible to control cross-linking density, mechanical strength, gel formation dynam-
ics and degradation properties. This is done by producing different molecular weights,
block structures and cross-linking modes [13].

Often wound dressing consist of a combination of both natural and synthetic poly-
mers to get the advantages of both. Synthetic polymers do not actively help with wound
healing as natural polymers do. However, synthetic polymers does not get degraded
either. They can help with the stabilisation of the wound dressing and are often more
cost effective [1, 2, 13].

One of the most common synthetic polymer is acrylamide, often used in materials
such as contact lenses and gels used for protein separation. Acrylamide advantages is
its low cost, hydrophilicity and it does not interact with biological tissue. Mechanical
strength (Young’s modulus) of hydrogels made out of AAm can be tuned from 0.1 to 300
kPa. This can be done by increasing the monomer concentration, resulting in a higher
w/w% polymer-water concentration. In addition the amount of cross-linking can be
increased.[14, 15]. An advantages of being able to tune Young’s modulus is the ability to
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emulate soft tissue such as organs. The brain for example has a Young’s modulus on 100
Pa whereas soft cartilage is 100 kPa. PAAm gels is also used to study stiffness-dependent
cell behavior. [15, 16].

Poly ethylene glycol like acrylamide is bioinert and used in biological fields. The
molecular weight can differ and is a useful tool to change gel properties [14]. Caykara et
al. [17] studied PAAm-PEG gels with a difference in concentration and molecular size of
PEG (4000, 6000 and 10000 g/mol). They observed that the increase of molecular weight
led to larger pores and faster swelling. The change in concentration did not affect the
swelling ratio as much as the effect of the molecular weight.

Furthermore, an increase in polyethylene glycol diacrylate (PEGDA) concentration
increases the gel stiffness, therefor, decreasing the elasticity. This is due to higher cross-
linking density which results in a smaller distance between cross-linking points. The
smaller distances between cross-linking points does not only lead to a tougher gels, the
mobility of polymer chains is inhibited as well. This means the polymer chains cannot
stretch as much, meaning it takes up less water [17, 18, 19].

High concentration of cross-linker leads to a rigid gel due to inhomogeneous struc-
ture. When decreasing the cross-linker concentration the gel have more mobility which
result in better dissipation of the applied stress. Norioka et al. [20] used PAAm and
N, N′-methylenebisacrylamide as cross-linker. They discovered that high concentration
of monomer (5 mol/L) and a small concentration of cross-linker (0.005 mol% cross-
linker content) was the best way to make a stretchable and tough gel. They attributed
this toughness to physical chain entanglement of PAAm acting as mobile cross-linkers.
Another factor concerning hydrogel toughness besides length and concentration of cross-
linker is the amount of cross-link binding sites. For example Browning et al. [21] tried
to incorporate a 4-arm PEG cross-linker. The point was to make a though gel without
decreasing the mesh size due to higher cross-link density which is controlled by decreas-
ing molecular weight or increased concentration of cross-linker. An affect of mesh size
was observed with a 4-arm PEG cross-linker but to a smaller degree compared to change
in molecular weight and concentration of PEGDA. Still by using the 4-arm PEG it was
observed by tensile and compression testing the gel was tougher compered to gels with
the same amount of linear PEGDA [21].

1.1.1 Polymerisation of PAAm-PEG gels using TPO as photo initiator

Polymerisation of gels can be done in two ways either by physical or chemical cross-
linking. Physical cross-linking is binding of the polymers due to molecular interaction
such as electrostatic, hydrophobic and H-bonding.

Chemical cross-linking polymers creates the most stable gels due to the formation
of covalent bonds between polymers. However, the cross-linking initiators used is often
toxic, meaning it needs to be washed out before the gel can be used [22].

Trimethylbenzoyl-diphenyl phosphine oxide (TPO) is a water insoluble photo initia-
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tor (the cross-linking agent) and used to chemically cross-link the PAAm/PEGDA gels.
Before the cross-linking process can happen the TPO is made water soluble. For this to
happen, the TPO molecules are encapsulated by amphiphiles such as sodium dodecyl
suplphate (SDS) to increase solubility in water and Polyvinylpyrrolidone (PVP) to avoid
crystallization of organic compounds in water [18, 23]. (see fig. 1.1)

Figure 1.1: Water soluble TPO NPs

By encapsulating the TPO into micelles the water solubility is increased by 100 times
compared to bulk TPO. Furthermore, TPO is also efficient at visible range 400 to 420 nm
[23]. When TPO is exposed to light it creates radicals due to photo cleavage between the
carbon-phosphorus bond resulting in two initiating radicals (see fig. 1.2). [24].

Figure 1.2: Homolytic cleavage of TPO between phosphor and carbon creating two radicals adapted from
[24] chemsketch was used to draw the molecular structure [25].

The initiating radicals will propagate through the system and open the double bonds
on the acrylate groups of both PEGDA and PAAm forming permanently cross-linked
network as seen in fig. 1.3. Eventually the polymer solution will become a hydrogel. The
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termination step occurs when the radical react with another radical canceling each other
or the radical get entrapped by the entanglement of the cross-linked gel [18, 24].

Figure 1.3: The chemical structure of acrylamide (monomer) and polyethylene glycol diacrylate (PEGDA)
(cross-linker). R is the radical reacting with both polymers. n stands for the amount of ethanol group in the
PEGDA chain. Image on the right is how the polymers are chained together (adapted from [24] and drawn
with chemsketch [25]).

1.2 Freeze drying of hydrogel

SEM is used for imaging the morphology of hydrogels. Since vacuum is needed for SEM
imaging, the gels needs to be dried after polymerisation. Freeze drying is an opportunity
to both dry and change the morphology of the gel by adjusting freezing temperature [26,
27]. At high freezing temperatures (-20 ◦C) the ice crystals grow slower and bigger
crystal are formed, which leads to larger pores on the gel after freeze drying. At colder
temperature e.g. when gel is submerged in liquid nitrogen (-196 ◦C) the freezing results
in many ice nuclei which further results in small ice crystals [28]. Problems that can
occur during freeze drying is collapsing of the pores at the surface due to interfacial
tension caused by the evaporation [27].

1.3 Hydrogel structure and diffusion

1.3.1 Hydrogel mechanics

When hydrogels are considered for wound dressing their mechanical properties are of
importance. A strong elastic gel, with a decent adhesion to the skin is preferred as wound
dressing. This adhesion should only be due to mechanical attributes such as capillary
adhesion and hydrogen bonds formed between the water contained in the gel and the
surface it comes into contact with [4]. Strength ensures that a gel does not break easily
when applying it to a wound. Elasticity is nice for wound areas in places where the
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Figure 1.4: Different methods and forces used in measuring hydrogel/material strength

skin stretches, such as joints. By using compression, elongation testing and rheological
measurements a good mechanical impression can be derived from the gel.

In compression the gel is compressed by a uni-axial force (fig. 1.4 A). Resulting in
a negative deformation, where the reduction in height of the sample is taken as the
deformation. By dividing the applied force with the deformation, pressure is derived
expressed normally in Pascals.

σ = F/A (1.1)

ε = ∆L/L (1.2)

(1.3)

E =
σ

ε
(1.4)

In elongation (fig. 1.4), the gel is pulled by an uni-axial force, where the deformation
is the length increase. From this follows a stress strain curve, Stress, σ is the amount
of force applied on the cross sectional area. Strain, ε is the amount of deformation that
occurs in the structure as it elongates, given by the percentage increase in length, ∆L/L
[29].

For both compression and elongation a modulus can be given, which is a measure
of force per area vs deformation. In case of compression this would be the modulus of
compression to see how stiff a gel/material is. For elastic modulus it shows how far
a gel can be elongated with a certain force and thus how elastic this material is. The
Compression and elastic moduli are both considered to be the Young’s modulus[29].

Aside form the elastic modulus, rheology can be used to investigate the shear mod-
ulus (fig. 1.4 B). The shear modulus is another measure of how elastic or rigid the a
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material is [29]. With this method it is possible to investigate the viscosity of an ma-
terial and often used to see the conversion rate, or polymerization rate, of hydrogels.
Here again a force is applied that deforms the structure. instead of regarding the de-
formation in 1 direction, the force is applied on parallel planes in opposite direction.
When we regard this on a square, where the force is applied on the top and bottom in
opposing sideways direction. The angle between the two perpendicular planes will in-
crease/decrease forming a parallelogram. The deformation is assessed by the transverse
displacement, ∆x, in a length measurement. In rheology this is done by having a bottom
plate and the placing of a plate on top. The top plate is oscillating in both sideways
directions changing the ∆x, measuring the applied force over the sample area times ∆x
over the original height of the sample, Resulting in the G modulus.

G =
Fl

A∆x
(1.5)

There exist a relationship between the Shear modulus and elastic modulus which
uses the Poisson ratio, the measure of how much a material will deform perpendicular
to the applied force.

E = 2G(1 + ν) (1.6)

ν is the poison ratio which for hydrogels is often taken as 0.5 due to a high amount
of deformation upon stretching [29]. This leads to a relation: E=3G for hydrogels. These
moduli give a description of the forces the hydrogels can withstand and thus can be used
as a measure of their strength. In addition they can be used to calculate other parameters
of hydrogels such as the mesh size section 1.3.2.

1.3.2 Hydrogel structure

Hydrogels consist of polymers and water. These polymers form a network that retains
the water, hydrophilic nature of the network is decided by the used polymers. There are
different ways of making this network, either a pure polymer is used, an interpenetrating
network or a cross-linked network. Since the gels are designed to be wound dressings,
containing AgNPs, diffusion speed of these particles through the network is relevant for
their release rate. By knowing the mesh size in the polymer network the diffusion can
be estimated (fig. 1.5 A)

Before diffusion can be calculated the size of these pores need to be determined, this
is done by calculating the average distance between the cross-linkers, mesh size. There
are several ways to find values for this mesh size, one is from the swelling ratio and the
other is by using the G’, storage modulus, which is part of the shear modulus which tells
us how much energy is required to stretch the polymer network.

Swelling studies can be used to find the swelling ratio of the hydrogels. Placing the
gels of a certain weight in water and measuring the weight over the coming days till it
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reaches equilibrium. Rheology can be used to find the values for the G’modulus, where
E modulus can be found with uni-axial elastic testing of hydrogels [30, 31, 32].

Mesh size swelling

According to Peppas [31] the mesh size can be determined by the root mean square of
the un-perturbed end-to-end distance of a polymer chain.

ξ = a
√
< r2 > (1.7)

a is the length of deformation in the polymer network. Since Peppas et al. used the
swelling of hydrogels to derive the equation a represents the change in volume in a gel.
Where there is a change in every axis, axayaz for hydrogels the change in every axis
is assumed to be homogenous, ax = ay = az and thus leads to an increase of volume
(fig. 1.5 B), a3=V/V0. By taking the cubic root of the polymer volume fraction [31]:

a = v−
1
3

ps (1.8)

The increase in lattice length is found which is proportional to the increase of polymer
network volume of a swollen gel in equilibrium (< r2 >). Where < r2 > can be expressed
as for any specific polymer by:

< r2 >= nl2C∞ (1.9)

n is the number of bonds in the polymer chain and l is the length of the bonds in the
polymer backbone. In the case for acrylamide this is C-C bond, which has a bond length
of 0.154 nm. C∞ is the characteristic ratio specified for the monomer used, AAm, and
was taken as 12.5 [33]. It is an empirical measure for how rigid a polymer chains is. To
know the length or distance in between cross-linking points we need to find the number
of bonds in between the cross-linking location.

n =
2MC

Mr
(1.10)

The fraction finds the number of monomers, Mr, based on mass, in between cross-
linking points, Mc and considers PAAm which has 2 C-C bonds per monomer in the
polymer backbone.

Substituting equation eqs. (1.8) to (1.10) into eq. (1.7) allows for the calculation of
mesh size based on the Mc.

ξ = v−
1
3

ps l(
2MC

Mr
C∞)

1/2 (1.11)

The number of bonds per molecular weight in between cross-linking points, can be
approximated from the the w/w% between PAAm/PEGDA.

n = 2
w%AAm

MAAm
/

w%PEGDA

MPEGDA
(1.12)
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Figure 1.5: A) Schematic representation of a cross-linked hydrogel network. Where polymer strands of
AAm (a) are cross-linked with PEGDA (b) to other PAAm strands. cross-linking points are assumed to be
evenly spaced resulting in the MC (d), from which the distance between links can be calculated. During
polymerization there is a range a PAAm strand can grow in which is the root mean square unperturbed
end-to-end distance (c), for cross-linked networks, that use a separate molecule as cross-linker the same
is used to approximate the mesh size. B) A schematic of a swollen gel that swells equally in axayandaz
and that a3 is the increase in volume due to swelling Vr is the original volume and Vs is the volume after
swelling.

MAAm is the molar mass of AAm and MPEGDA is the molar mass depending on the Mn

of PEGDA. Where the molar ratio can be derived and thus the number of monomers per
cross-linker. From this number the number of bonds is determined.

Mesh derived from swelling ratio

Finding the molecular weight between cross-linking points from swelling ratios requires
a more complex calculation based on the volume fractions of polymer. To derive the
MC from a equilibrium swollen gel was discussed by Flory and Rehner back in 1943 [34,
30]. They derived the entropy of swelling in a polymer network based on 4 principles. 1)
dilution of active chains with a number of solvent molecules. 2) cross-linking of chains in
the presence of a solvent. 3) conversion of the cross-linked groups to polymer network in
the presence of a diluent/solvent and 4) Formation of long polymer chains, since rubber
molecules cross-link with the end of the chains increased length of the existing polymers
would lead to a decreased number of cross-links.

Flory and Rehner assumed that polymer chain configuration was not altered by the
swelling which allowed them to derive the length of the chains based on the swelling
deformations [34, 30]. With this assumption they constructed the entropy contributions
in the system based on swelling of polymer networks. Step 2 (SA), 3 (SB), and 4 (SC)
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represent the constraints of the model in a swollen state, where 1 (SD) represents the
change in network volume based on the added number of solvent molecules.

∆Sswelling = ∆SD + ∆SA + ∆SB − ∆SC (1.13)

∆Srelaxed = ∆SA + ∆SB − ∆SC (1.14)

They subtracted the entropy in a swollen gel from the entropy in a polymer network
before swelling, which results in the total entropy contributed by the swelling.

∆S = ∆Sswelling − ∆Srelaxed (1.15)

The components of ∆Sswelling use volume constraints for the model regarding the
amount of swelling, solvent molecules are added. Then subtracting ∆Srelaxed from the
entropy from swelling results in in ∆SD minus the volume difference produced between
the network before and after swelling. Resulting in the total entropy contribution of a
swelling network:

∆S = −kNln[
N

N + Zv
]− 3

2
kv[

Vs

Vp1

2
3
− 1] (1.16)

k is the Boltzmann constant, N the number of cells and Z the number of elastically
active chains in the gel. v is the specific polymer volume, the latter term therefore gives
the volume fraction of polymer depending on the number of solvent molecules added
and represents the contribution of the elasticity of the polymer chains to entropy. The
first term is the contribution of thermodynamic mixing by dilution of polymer chains.
Differentiation with respect to N, number of solvent molecules for the first term:

∂∆S
∂n
− kn[ln(

n
n + Zv

] = −R[ln(
n

n + Zv
)− 1

n + Zv
(

1
n + Zv

− n
(n + Zv)2 )]

= −R[ln(
n

n + Zv
)− (1− n

n + Zv
)]

(1.17)

n
n+Zv represents the solvent volume fraction and can be written as the volume fraction

of polymer 1− Zv
n+Zv , therefore,

− Rln(
n

n + Zv
)− (1− n

n + Zv
) = −R[ln(1− Zv

n + Zv
) +

Zv
n + Zv

] (1.18)

For the second term the derevative in respect to N:
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∂∆S
∂n
− 3

2
kv(

n + Zv
Zv

2
3
− 1) = −3

2
Rv(

2
3

1

Zv
2
3

1

(n + Zv)
1
3
)

= −Rv
1

Zv
2
3 (n + Zv)

1
2

= −Rv
Zv

(Zv
1

Zv
2
3 (n + Zv)

1
2
)

= −R
Z

Zv
n + Zv

1
3

(1.19)

combining the two terms:

∂∆S
∂n

= −Rln(1− Zv
n + Zv

) +
Zv

n + Zv
− R

Z
(

Zv
n + Zv

1
3
)

= R[n(1− vps) + vps]−
R
Z

v
1
3
ps

(1.20)

Where vps is the polymer volume fraction in swollen state.
The above statement includes the contributions of thermodynamic mixing of solvent-

polymer interaction and swelling of the polymer network to the total entropy, therefor,
we can substitute eq. (1.20) into eq. (1.21) which represents the change in free energy in
the system.

∆F = −T∆S∆H (1.21)

∆H = BV1v2
2

K =
2BV1

RT
Flory and Rehner Incorporated the enthalpy which is dependent in the thermody-

namic mixing term of the swelling entropy signified by K and ended up with eq. (1.22).

∆F = RT(Kv2
2/2 + ln(1− v2) + v2 + (ρV1/Mc)v

1
3
2 (1.22)

From the change in free energy we can calculate the Mc of a swollen gel in equilibrium
state, ∆F = 0

0 = RT(Kv2
2/2 + ln(1− v2) + v2) + (RTρV1/Mc)v

1
3
2

(−RTρV1v
1
3
2 )/Mc = RT(Kv2

2/2 + ln(1− v2) + v2)
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leading to an expression for the Mc which can be calculated from the entropy in the
system eq. (1.23).

Mc = −
ρV1v

1
3
2

Kv2
2/2 + ln(1− v2) + v2

(1.23)

1
MC

=
2

Mn
−

v
Vw
[ln(1− vps) + vps + χv2

ps]

v
1
3
ps −

vps
2

(1.24)

Where v is the specific volume of the polymer in other words, the reciprocal of the
density. MC the molecular weight between cross-links, Mn is the average molecular
weight of polymers in the solution.

This model by Flory and Rehner considered a polymer network where rubber was
vulcanized. Vulcanisation is a process where rubber is treated at very high temperatures
to cross-link the ends of already formed polymer chains. Aside from treatment, the
assumption this model gives is that it does not account for solvent molecules that are
present in the initial volume, cross-linking in solid state. After cross-linking they apply
stresses to the system due to swelling. Bray and Merril [35] modified Flory and Rehners
[30] work on swelling entropy with a reference point for volume where the cross-linking
occurs, a so-called relaxed state, already including solvent models in the initial volume
which can be also applied to hydrogels.

1
MC

=
2

Mn
−

v
Vw
[ln(1− vps) + vps + χv2

ps]

vpr[
vps
vpr

1
3 − vps

vpr
]

(1.25)

Here the polymer volume fraction in a swollen gel, vps is related to the polymer
fraction in relaxed state, vpr. Both models assume that there are already preformed
polymers in the solution of Mn. In the case of condensed cross-linked hydrogels this
is not the case. There are monomers present and cross-linkers of an Mn weight, in this
sense the equations proposed by Flory & Rehner and Bray & Merril do not apply in full,
since they state that polymers are present before cross-linking. Aside from that they also
used this model to describe polymer networks of 1 polymer, either rubber or PVA, not
including other molecules that are used to cross-link. Mn can be used to calculate the
number elastic active chains together with the average molecular weight, Mn between
the cross-links [36, 35].

1
MC
− 2

Mn
= ve(

v
Vp

) (1.26)

Substituting eq. (1.26) in eq. (1.25) it becomes:

ve(
v

Vp
) = −

v
Vw
[ln(1− vps) + vps + χv2

ps]

vpr[
vps
vpr

1/3 − vps
vpr

]
(1.27)
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Rewritting eq. (1.27) in terms of ve

ve = −
Vp

Vw

[ln(1− vps) + vps + χv2
ps]

vpr[
vps
vpr

1/3 − vps
vpr

]
(1.28)

Elbert et al. made a statement that the ve can be calculated from the total molecular
weight of polymer and the average weight between cross-links [36].

ve = (
v

Vp
)/MC (1.29)

This allows for the calculation of the number of elastic chains, dividing this number
by the polymer mass should allow us to calculate the molecular mass in between cross-
linking without using the number average molecular mass of polymers already present
in the solution.

Therefor,

ξswelling = v−1/3
ps l[

2( v
Vp

/ve)

Mr
C∞]

1/2 (1.30)

mesh calculation based on G storage modulus

Another way to approach the mesh size is based on the G’. By the equation from Peppas
eq. (1.7) [31], where we know that the mesh of a swollen gel can be derived from the
length of deformation and the root mean square length of unperturbed chains. For
rheological measurements a gel is used after cross-linking without swelling. Therefor,

there is no change in deformation a = a0, so the mesh size becomes equal to the
√

r2
0.

Resulting in a similar formula seen in swelling (eq. (1.11))

ξrheology =
√

r2
0

= l(
2Mc

Mr
C∞)

1
2

(1.31)

Flory et al. used a definition by Khun et al. to express a modulus of elasticity in terms
of Mc[34].

ε =
3RTρ

Mc

Mc =
3RTρ

ε

(1.32)

I was not specified which modulus should be used, however, multiple papers have used
the G modulus in combination with this expression [32, 37]. Although Flory introduced
the deformations in terms of uni-axial deformation, where the difference in length was
specified. Indication that the Young’s modulus should be used [30, 38]. Since eq. (1.6)
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exists the G modulus can still be used to calculate the average mesh size by substituting
equation eq. (1.32) into equation eq. (1.31) the mesh size from the elastic modulus can be
calculated.

ξRheology = l(
6RTρ

Mrε
C∞)

1
2 = l(

6RTρ

MrG
C∞)

1
2 (1.33)

Since the ρ in eq. (1.32) was originally added as the density of a rubber network, it is
replaced for the concentration of PAAm/PEGDA molecules in the hydrogel, c = ρvpr.

ξRheology = l(
6RTc
MrG

C∞)
1
2 (1.34)

and for the elastic modulus

ξRheology = l(
6RTc

MrG(2(1 + ν)
C∞)

1
2 (1.35)

1.4 Antibacterial effect of silver

Silver nanoparticles (AgNPs) have seen a resurgence in their use as biomedical applica-
tion. In the past decades investigation has been renewed into silver and its antimicrobial
activity, this includes the use of AgNP in wound treatment. AgNPs are a good alterna-
tive to antibiotics in treating antimicrobial infections. With a wide spread in effectiveness
against gram-positive, gram-negative and fungi, some of which are common in chronic
wounds [39, 40].

The wide killing range of AgNP is due to the mechanism through which they trigger
cell death, production of radical oxygen species (ROS) species. Literature describes the
rapid production of ROS species by Ag+ ions that accumulate in the cytoplasm which
results in apoptosis [41]. In addition, DNA damage and the inhibition of important pro-
teins, such as the reductases of the oxidative phosphorylation chain, have been named.
How the ROS is initiated is not fully understood.

Beer et al. [42] showed that the effect of large particles ∼70nm is mostly dependent
on the ions in the supernatant. In additions they show that smaller particles 15nm do
have an effect that does not rely on the ion concentration. This would mean another
mechanism is in play, the interaction between the AgNP and the cell wall/membranes
of organisms. The nanoparticles form pores in the cell wall and the membrane through
which the cytoplasmic content leaks out of the cells [43, 44].

The efficiency of AgNPs has been linked to their size and shape. The results sum-
marized in Liao et al. [41] show that particles below 15nm in size have a strong killing
effect. However, there are studies that also show an effect with larger particles [42, 43, 45,
46]. Although larger particles are still able to inhibit growth, the effective concentration
increases significantly with size. Where smaller particles are more effective either due to
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the increased release of Ag+ ions due the large surface to volume ratio, or the increased
contact of the AgNP to the cell wall [41].

It has been described that the shape of AgNP can have a significant effect on the
bactericidal effect. Pal et al. [45] compared rod-shapes, triangular-shaped/prisms and
spherical particles(∼50nm) in their ability to inhibit cell growth and showed that prisms
were more potent than spherical particles, whereas the rod-shapes barely showed any
effect. The increased effect of AgNPprism was ascribed to the {111} facet of the AgNP
crystal which is responsible for a stronger interaction with the cell surface of bacterial
cells [45, 46]. The {111} facet of the crystal has the most densely packed atoms and covers
most of the surface of AgNPprism, whereas the rod shaped particles have {111} facet on
the smaller ends, correlating with the effect. Raza et al. [46] showed a difference in shape
as well, using large AgNPprism (∼150nm edgelength). These particles showed a stronger
effect in a disk diffusion experiment compared to spherical particles (∼10-90nm). Where
the difference was more pronounced against Psuedomonas aeruginosa then Escherichia coli.
Ferrag et al. demonstrated the diffusion of differently shaped particles and the effect
against e.coli [47]. Where they demonstrate again the effect of prisms vs spherical vs
rod-shaped particles. Where rod-shaped showed the least effect.

In addition to the shape and size of AgNP the surface charge plays a big role and
can be positive or negative. This surface charge is dependent on the the capping agent
used to stabilize AgNP (section 2.1). These capping are often molecules that adhere to the
AgNP surface and carry a charge. Such as citrate which is a negatively charged molecule,
this results in a negative charge on the surface of AgNPs ensuring the dispersion of
AgNPs by electrostatic repulsion.

The relation between surface charge and toxicity/antimicrobial effect has been demon-
strated by Abbaszadegan et al. [48] whom showed increased effect of positively charged
particles in killing a range of gram-positive and negative bacteria. A suitable explanation
would be the negatively charged membranes of organisms, which would lead a stronger
attraction to positively charged particles, hence the increased effect of a positive surface
charge. A similar finding was reported before by Badawy et al. [49]. Where AgNP
with a citrate capping showed a decreased effect compared to neutral charge AgNP,
capped with Polyvinylpyrrolidone [49]. Cytotoxicity is something that has to be consid-
ered when changing the capping agents. Since AgNP, as discussed before, have a broad
distribution in cytocidal effect, including mammalian cells where the effect seems indis-
criminate [50]. Increasing the effect against prokaryotic cells based on the charge of the
capping agent should also increase the effect against mammal cell.

1.5 Synthesis and shape control of silver nanoparticles

There are multiple methods of synthesizing AgNPs such as physical deposition, wet
chemical and bio-based production. This report shall focus on the wet chemical synthesis
of spherical and prisms AgNPs. Wet synthesis was chosen, since it is a relatively easy
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process which requires a few steps. Although size distribution is easier to control with
physical synthesis and production is higher with bio-based synthesis methods, chemical
synthesis gives more control in shaping the particles [51]. Shape deciding components of
the synthesis are most commonly polymers that adhere to the surface and block growth
on one of the crystal faces more efficiently than other facets leading to an a-symmetric
growth of particles and thus different shapes [52, 53, 54, 55]. Synthesis of particles
require silver ions, Ag+ which are normally added in the form of a silver salt such as
AgNO3.

In solution the silver ions Ag+ are reduced to Ag0 and loses its solubility leading
to agglomeration with other neutral silver atoms forming nuclei. These nuclei cluster
together to form colloidal silver particles [56]. The use of capping agents in this process
is important to prevent the precipitation of silver metal from the solution. These capping
agents are often polymers or surfactant molecules such as citrate [57]. Adding a charge
to surface of the Ag colloid will increase the repulsion between particles, preventing
further agglomeration between particles and keeps the particles water soluble.

To control the size of particles the strength of the reducer is the determining factor.
Fast nucleation results in a relative monodisperse population of small particles, gener-
ally in the range of 5-10 nm. When a weaker reducer is added, the nucleation process
and subsequent clustering occurs slower. Larger AgNPs with a lower monodispersity
are produced in this fashion [56, 58]. Controlling the monodispersity of larger AgNPs
is, therefore, often done through seed mediated growing of particles. First seeds (small
AgNPs) are produced, AgNO3 reduced with sodium borohydride. In a second reaction
silver ions are reduced by a weaker reducer and the seeds are used to form bigger Ag-
NPs. The reason this works is the slow reduction of Ag+and having the available nuclei
in solution which form centers the silver can aggregate around[58]. Resulting in the
growth of the existing seeds and the formation of relatively monodisperse nanoparticles.

Majority of the shapes are dictated by the capping agent and the interactions it has
with the crystal facets of the AgNP crystal. When capping agents such as trisodium
citrate have a stronger preference to bind to a specific facet. The growth on this facet
will be blocked and growth follows another direction. In the case of citrate this would
be flat and it blocks the {111} facet, creating flat triangular and hexagonal plates [52, 54].
A combination of citrate and PSSS can be used to form silver nanoprisms, AgNPPrism.
Citrate Binds to {111} facet, hindering Ag atoms from attaching to this side, increasing
the rate of adsorption on the {100}, resulting in particle growth in that direction [52].
In addition to this the PSSS is determining in increasing the percentage of AgNPPrism
formed by disrupting the lattice formation in the earlier stages of seed formation. Al-
though, PSSS alone is not enough to form triangular NP, it does considerably reduce
the amount of trisodium citrate required [52]. By adjusting the seed volume it becomes
possible to control the size of AgNPPrism. Spherical particles, AgNPSpherical can be made
with citrate as well. Since citrate has a strong binding to the {111} facet, these particles
become quasi-spherical. Xing et al made use of ions to increase the elipticity of the parti-



1.5. Synthesis and shape control of silver nanoparticles 17

cles by providing a more evenly distributed capping during particle synthesis, from this
they selected Cl− as most effective [59, 60]. Further optimisation of these particles was
done by reducing the chemical potential of silver salt added, AgNO3. Adding ammonia
to this salt resulted in formation of ammonia-Ag complexes.

Combining both AgNP and PAAm/PEGDA leads to the formation of a AgNP-composite
hydrogel with a potentially increased antibacterial effect. Thoniyot et al. [5] mentioned
multiple methods to embed hydrogels with nanoparticles. 1) Swelling hydrogels in a
NP solution. Subsequent deswelling in acetone removes water while keeping NP in
[47, 61]. Repeating these steps to increase the concentration of silver in the gel further,
2) physically embedding of NPs after polymerization, 3) NP formation in the gel, 4)
cross-linking using NPs and 5) using polymer, NPs and a gelator molecule and 6) poly-
merizing hydrogels in the presence of AgNPs, forming AgNP-hydrogel composites. The
idea of producing AgNP-hydrogel composites is to stabilise the AgNPs and control their
release by controlling the diffusion through the gel, by adjusting cross-linking densities.
This creates a wound dressing that provides microbial protection over time, meaning
less frequent changing of wound dressings and less interaction with the wound [62].
The researchers goal is to find a combination of polymers optimal for wound dressing
while also providing control of AgNPs release. Previous attempts have been made with
alginate [63] and a combination of chitosan with polyvinyl alcohol [64].

AgNPs, beside being an antibacterial drug can also increase the mechanical proper-
ties of the hydrogels. This might be due the interaction of the AgNPs with the hydroxyl
group of PEG or physical entanglement with the polymers [65, 66]. In addition to the
antimicrobial effect of AgNPs, it was shown that AgNP improve the wound healing too.
[62, 65, 67].

Masood et al. [65] tested Chitosan polyethylene glycol (PEG) gel as wound dressing
on rabbits and observed that wounds healed faster by using the same wound dressing
infused by AgNPs. They, however, did not identify why the AgNPs assist in the wound
healing. Tian et al. [67] tried to check if the aid in healing was solely due to antimi-
crobial effect they compared AgNPs to amoxicillin and metronidazole, and still saw a
faster contraction of the wound. They conclude that AgNPs also has an effects on the
inflammatory phase of wound healing due to modulation of cytokines.

the aim of this study is to understand the diffusion of differently shaped AgNPs
through a hydrogel consisting of polyacrylamide (PAAm) and polyethylene glycol (PEG).
The release of AgNP is modulated by manipulating cross-linking density in order to
produce a long lasting wound dressing for medical application of chronic wounds.





Chapter 2

Material and methods

2.1 Silver nanoparticle synthesis

2.1.1 Nanoparticle prisms

To make Ag nanoprisms a seed solution was prepared. This seed solution contains small
spherical nanoparticles which provide a basis for Ag+ ions to aggregate. The solution
was made by adding 0.25 mL 0.5g/L Poly(Sodium StyreneSulphate) (PSSS) and 0.3 mL
10 mM Sodium Borohydride (NaBH4) to 5 mL 2.5 mM Trisodium Citrate. 5 mL 0.5 mM
Silver Nitrate Was added dropwise trough a burette at 2 mL/min. When the complete
volume of AgNO3 was added the seed solution was ready. Final color of the mixture was
a dark yellow color. For a further reaction to attain the Ag nanoprisms a new reaction
container was filled with 5 ml of MiliQ water, 75 µL of 10 mM Ascorbic Acid as the reduc-
ing agent and different volumes of seed solution were added. Bigger nanoprisms need
a lower concentration of seed, smaller prisms a higher concentration. To this mixture
3mL of 0.5 mM AgNO3 was added dropwise at 1 mL/min. The reaction was finished
when the total volume of AgNO3 was added. The reaction volumes changed in color
in respect to nanoprism size (bigger particles show a blue/light blue color, whereas the
smaller particles show a red/orange/pink color). 0.5 mL of 25 mM Trisodium citrate
was added to stabilize the particles.

2.1.2 Ag nanospheres production method

Nanospheres were produced by reducing a 10 mM SN solution with 10 mM Sodium
Borohydride in the presence of a stabilising agent, PSSS. An 10 mL 0.5 mM SN solution
was prepared and 1.5 ml 0.1mg/ml PSSS was added. The Solution was stirring vigorous
when the NaBH4 was added dropwise from a burette at a speed of 1 mL/min. A total
volume of 10 mL SBH was added. The color of the solution turned Dark yellow.

19
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2.1.3 Ag nanospheres production AG-ammonia complex method

A different synthesis for spherical particles was approached. Here the precursor AgNO3
was mixed with 28-30% ammonia to form Ag-ammonia complex. Slowing the reaction
rate of Ag+ reduction to Ag atoms. First a seed solution was prepared in 23.75 mL MiliQ
water which was brought to boil, 40 µL 0.1 M ascorbic acid was added. After 1 minute
a mixture of 500 µL 1 wt% Sodium citrate, 125 µL 1 wt% AgNO3 and 100 µL 20mM
NaCl which was mixed for 2 minutes. A second reaction was made for particle growth.
Here the 200 µL seed volume was added to 4.73 mL MiliQ. For different sized particles
different concentration seeds were used, where the seed solution was centrifuged at
6000 rcf (Eppendorf centrifuge 5804 R). 70 µL of the Ag-ammonia complex was added
to the reaction volume. Finaly 2 mL of 2.5 mM Ascorbic acid was added to the reaction
volume through a burrette. For increased reaction volumes of 20 mL the ratio between
miliQ water, seed concentration and Ag-ammonia were kept the same. The ascorbic acid
concentration was reduced to 1 mM and the addition speeds was also kept the same.

2.2 Characterization of silver nanoparticles

2.2.1 UV-spectra of silver nanoparticles

The samples prepared as described in section 2.1 were characterized by measuring ab-
sorbance spectra. The absorbance measurement were made with the UV-1800 Shimadzu
UV-spectrometer. absorbance spectra measured ranged from 300 nm to 1000 nm.

2.2.2 AFM

3 ml of the AgNP samples were centrifuged in eppendorf centrifuge 5804 R for 25 min at
3500 rcf. After centrifuging the liquid was split in supernatant and liquid pellet (precip-
itate). 5 µL of the precipitate was deposited on to a clean silicon wafer (see section 2.2.3)
and placed for 10 min before gently blow drying the wafer with nitrogen.

The AFM, Solver from NT-MDT was used, and the resolution of the AFM pictures
was set to 512 X 512 pixels. For characterisation of the nanoparticles a software WSXM
[68] was used. The AFM samples were further used in SEM (Zeiss gemini SEM). For
analyse the SEM images, ImageJ was used to measure Feret diameter.

2.2.3 Preparation of silicon wafers

Silicon wafers were sonicated for 15 min in acetone than 15 min in ethanol afterwards.
The wafers were put in a ozone chamber for 30 minutes. The surface was treated with
a drop of 25/75% APTMS/Tolene solution for 30 minutes in a vacuum chamber. The
vacuum chamber was flowed through 3 times with argon. at 5 minutes interval to create
an inert atmosphere. The particles were centrifuged and the pellet was deposited on the
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wafers, particles were adhered to the surface after 30 minutes. The wafers were rinsed
with miliQ and dried before use on the AFM or SEM.

2.3 TPO nanoparticles

2.3.1 TPO nanoparticle synthesis

The amount of chemical used to make TPO particles presented here is for a 50 mL 10%
TPO NP-solution and the recipe is from [23] 3.75 g of PVP was added to 13.375 mL
isopropanol in a bluecap bottle and stirred. The solution was heated to 50 ◦C to melt the
PVP for 30 min. When the PVP was melted 12.64 mL of butyl acetate, 3.75 g of pulverized
SDS and 0.85 g of TPO was added under continues stirring till SDS was dissolved (∼ 60
minutes). Next, 20 mL of water is added and an oil phase and water phase was obtained.
Stirrer the mixture until a clear solution with only one phase was visible and clear. The
solution was frozen in liquid nitrogen and freeze dried over night at 0.001 mbar (Christ
Alpha 1-4 LD plus).

2.3.2 Characterization of TPO nanoparticles

For the characterization of TPO NPs, the nanoparticle tracking analysis (NTA) NanoSight
LM12 were used. Firstly the freeze dried TPO NPs got dissolved in 75 mL milli-Q
water to make a stock solution. 1 mL of stock solution and a 1:4 dilution were made in
eppendorf tubes for measurement. The samples got further diluted 1:10 in the syringe
used for sample insertion. A laser beam gets through the sample to detect the Brownian
motion of the particles. After the first batch ran dry, the other TPO solution made
were filtered with 400µm filter to removes excess polymers or amphiphiles and analysed
with a spectrophotometer (Shimadzu UV1800) to see if the wanted TPO particles were
present.

2.4 Hydrogel preparation and characterisation

To investigate the influence of AAm and PEGDA concentratoins on mechanical proper-
ties. Gels with varying AAm concentration and PEGDA concentrations were made. The
first gels made consisted of 20, 15, 10 and 5 % AAm with a 1.56 % PEGDA/AAm ratio
with the number average molecular weight of 575 Mn. The next bunch of gels consisted
of 15 % AAm and either 0.78, 1.56, 2.34 and 3.12% PEGDA/AAm ratio (table 2.1. The
different length of PEGDA was 250, 575 or 700 Mn. PEGDA575 was used for when either
changing the monomer or cross-linker concentration. For gels with either PEGDA250 or
PEGDA700 only 0.78 and 3.12 % PEGDA/AAm ratio where made for further experimen-
tation, and it was assumed that 1.56 and 2.34 % PEGDA would give a result in between
those two extremes. The stock solution of AAm was 50 % monomer in water.
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Table 2.1: The amount of added chemicals to make different w/w% gels for a volume of 2 ml

AAm[%] Aam[ml] PEGDA[µL] TPO NP[mL] milli-Q water[mL]
20 0.8 6.24 0.827 0.375
15 0.6 4.68 0.62 0.78
10 0.4 3.12 0.413 1.187
5 0.2 1.56 0.207 1.593

PEGDA [%] Aam[ml] PEGDA[µL] TPO NP[mL] milli-Q water[mL]
3.12 0.6 9.36 0.62 0.78
2.34 0.6 7.02 0.62 0.78
1.56 0.6 4.68 0.62 0.78
0.78 0.6 2.34 0.62 0.78

The gels were made either in a syringe for compression testing, in a dogbone mold
for elongation test and petridishes for diffusion testing. After mixing the solvents, it was
placed in the desired mold depending on the usage. The mold where placed in Anycubic
wash and cure and cured at 405 nm UV-light until the solution became solidified gels.

2.4.1 SEM characterisation

hydrogel samples were frozen in liquid nitrogen (-196 ◦C before freeze drying at 0.001
mbar (Alpha 1-4 LDplus). Other samples were prepared as follows. The gels were frozen
than snapped before freeze drying. To make SEM measurement possible the gels were
goldsputtered for 1.5 minutes. The sizes and Feret diameters of the pores were analysed
by using ImageJ [69]. Both results were used to compare SEM result with calculated
mesh size.

2.5 Mechanical analysis

2.5.1 Compression

The hydrogels were compressed in DMA 850 by the company TA instruments. Before
compression 5mm thick disks with a diameter of 15 mm were cut and placed in the
apparatus. The DMA was set to apply force with incremental steps of 1 N/min starting
from 0 N and ending at 15 N.

2.5.2 Elongation

Gels polymerized in a 3D printed mold were manually elongated with 3D printed clamps
(Anycubic Photon 3D printer). Keeping one clamp stationary alongside a ruler and
pulling the other clamp in one direction with a newton meter. This allows for length
measurement and corresponding force measurements. These experiments were filmed
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and later analysed frame by frame producing a elongation force curve. The dog bone
had a middle part with the dimension 3 · 1 · 0.29 cm3 and two identically squares at the
ends with dimension of 2 · 1.5 · 0.29 cm3

2.5.3 Rheology

Rheology measurements were done with AR-G2 (TA instruments) on the 10, 15, 20%
AAm gel plus all of the PEGDA gels. 2.5 mL of the gel solutions were made and cured in
petridishes (diameter of 35 mm). Each of the gels were cut to the same size with a water
bottle cap. After the cutting the gels were placed on the AR-G2, where first oscillation
amplitude was measured followed by the frequency sweep with 1% strain through out
the measurement, the sweep ranged from 100 rad/s to 0.1 rad/s. Amplitude test were
done from 0.1% to 100% strain, where storage modulus and storage loss were assessed.

2.5.4 Swelling

The swelling test was done on gels with different concentration and length of PEGDA
and 15 % PAAm. The gels were made according to table 2.1 and cut into discs, 1.5cm
in diameter and 3 mm high and weighing 0.15-0.2 g. Gels were kept in petridishes with
abundant water and were weighed every hour for the first 8 hours, before measuring
them once daily for 48 hours. Weighing was done by placing the gel on a tissue paper,
removing all remaining liquid before putting it on the scale.

2.6 Bacterial growth and preparation

2.6.1 Growth medium

Two growth medium were prepared one for E. coli and S. cerevisiae. 1 L Lysogeny Broth
(LB)-medium was prepared by measuring 10 g of tryptone, 10 g of NaCl and 5 g of yeast
extract. The three compounds were added into a 1 L blue cap bottle and 1 L of milli-Q
water was added to the mixture and shook for a few seconds. For LB-agar plates 15g of
agar is added

For yeast culture 1L of YPD-medium was made with 20g of dextrose and peptone.
10g of yeast extract was added and for plates 20g of agar was used.

Both YPD and LB-medium were autoclaved at 121 ◦C for 30 min under 1 bar pressure,
where all coumpounds got dissolved. The liquid medium was stored at 4 ◦C and agar
medium was stored at 60 ◦C until usage.

2.6.2 Minimum inhibition concentration

5 mL of O/N E. coli culture was incubated for 24 hours. 100 µL of the E.coli culture were
transferred to 9 new tubes with 4 mL of LB-media and incubated at 37 ◦ for 2 hours.
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After 2 hours the cultures were taken out of the incubater and 1 mL of either spherical
or AgNPprism solutions was added. 4 different particle concentrations were taken per
shape, 2x concentrated, 1x, 0.5x and 0.25x. the cultures were incubated for 16-20 hours
at 37◦C. After two hours 100 µL of each culture tubes where spread on agar plate for
counting the next day.

2.6.3 Zone of inhibition

The antibacterial effect of the gels were also tested on both LB-agar and YPD-agar plates.
First an O/N culture was made for both E. coli and S. cerevisiae. 200 µL of the cultures
were spread on the plates and the plates were placed in incubator for 30 minutes before
a gel was placed upon the agar plates. The gels were loaded with prism NPs, spherical
NPs or tetracycline in them. After the gel where placed on the agar plates, they were put
back in the incubator overnight to be checked the next day. Images were taken and the
zone of inhibition was measured with ImageJ [69].

2.6.4 Segmented growth

The gels have been tested on dry medium (agar plates), however also in liquid medium.
For this experiment an O/N culture of E. coli was grown in 5 ml LB-medium, and gels
for the experiment were made. Only one concentration of gel was made to make the
experiments more comprehensible. The concentrations used were 0.78% PEG and 15%
AAm, they where made with either prism, spherical NPs, tetracycline or just water. 3 ml
of the gels where made in syringe with a 8 mm diameter.

The next day the O/N culture was used to make a serial dilution (10−1 − 10−8) in
4.5 ml LB-medium and the different gels where placed inside the dilutions. OD600 was
measured at 0 hours, 2 hours and every following hour, up to eight hours. After eight
hours the different cultures were left overnight to see if growth would still occur the next
day.

Eight dilutions, each with either prism NPs, spherical NPs or tetracycline gave 24
samples + 4 samples with normal gels. To make it easier and more comprehensible the
repeating of the experiment was done with dilutions of 10−2− 10−7. At the start of every
experiment, 100 µL of the dilutions from the negative control got plated for counting of
colony forming units (CFU).

2.7 Diffusion of particles

To understand how particles move trough the gel, 3 gels were made with quasi spherical
AgNP, Prism AgNP and tetracycline. Particles were made according to section 2.1 and
up concentrated by centrifugation (5500 rcf for AgPrisms and 6000rcf for AgNPSpherical
in eppendorf centrifuge 5804 R) and adjusting the supernatant volume to the desired
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concentrations, prisms 1:5 and spherical 1:3. A tetracycline solution was made of 0.2
mg/mL in MiliQ water. Gel solutions were made according to table 2.1 were particle and
tetracycline solutions replaced the water volume. The gel solutions were poured into a
petridish 4 cm in diameter and polymerized with 405 nm light emitted from anycube for
6 minutes. From this gel smaller gels were cut (0.2 0.3 gram), weighted and put into
cuvettes. 2 mL water was added to start the diffusion of the gel content. Measurements
were taken every hour for a duration of eight hours, followed by 1 measurement every
24 hours for 1 week.
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Results

3.1 Characterisation of nanoparticles

Characterisation of nanoparticles was done with AFM and SEM each instrument has
their advantages. AFM where used to measure height and SEM for width of the nanopar-
ticles. UV/vis measurements were conducted on the different sized of prism and spher-
ical AgNPs solutions to asses the maximum absorbance, giving information about shape
and size.

3.1.1 UV/Vis spectrum analysis of particles

UV/Vis spectra was used to get a fast insight in the particle dimensions and can be used
as an indication for particle shape. Trisodium citrate was used together with PSSS as cap-
ping agents to produce AgNP prisms. The spectra of particle solutions where a different
seed particle quantity was used is shown in fig. A.1. Here it can be seen that synthe-
sis with decreasing seed volume results in a red shift of the maximal absorbance peak.
This can also be observed in table 3.1 where the maximum absorbance has been linked
to the wavelength. Prism25µL shows a broad absorbance of low intensity with a maxi-
mal absorbance at 606 nm. Prism50µL maximally absorbed at 809 nm. An overal wide
ditribution was seen for Prism25µL where less than 200 µL seeds were used. Prism100µL

had a maximum abosorbtion at 684 nm where Prism150µL absorbed at 645 nm. Maximal
absorbance continued to decrease for Prism200µL, 559 nm, Prism400µL 520 nm and 518 nm
for Prism600µL.

It is common that AgNP are not stable over a longer period of time, therefor, the
solutions were measured again with UV/vis after two months. The resulting maxi-
mal absorbance peaks are broad, where the maximal signal is spread over a range of
wavelengths. in the 50, 100 and 200 µL seed synthesis solutions, only 1 peak could be
observed. The maximum absorbance was increased for all particles except for Prism150µL,
which remained the same and Prism600µL where the absorbance had decreased.

27
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Table 3.1: Table describes the maximal absorbance measured for the different NP solutions. For this maxi-
mal absorbance the wavelength was given. New spectra were recorded after 2 months.

25 µL
Prism

50 µL
Prism

100 µL
Prism

150 µL
Prism

200 µL
Prism

400 µL
Prism

600 µL
Prism

Wavelength 606 809 684 645 559 520 518
Wavelength
2 Months

614 824 677 645 565 537 502

3.1.2 Nanoprism

Height of the different was successfully measured with AFM, topography were used
to produce height histograms for the different sized prism particles (fig. 3.2). heights
are given in table 3.2, for Prism50µL, Prism100µL, Prism200µL and Prism400µL. The height
for these prisms were 6± 5.5, 7.18± 3.68, 3.11 ± 2.56 and 3.2 ± 1.56 nm respectively
(table 3.2.) The height was taken as the average of the histogram data, fig. 3.2 C for 400
µL, for the other samples topographies were used in the same way appendix B.

SEM images were taken of nanoprisms produced with different amounts of seed (ap-
pendix fig. A.2. From these images histograms of the Feret’s diameter were made fig. 3.1.
This diameter represents the edgelength of AgNPPrism and were used to compare size.
The average Feret diameter found for Prism50µL, Prism100µL, Prism200µL and Prism400µL

ul were, 47.19 ± 36.8, 39.41 ± 18.28, 24.89 ± 9.77 and 15.05 ± 7.13 nm, respectively. For
AgNPPrims50 a high distribution is seen, both visible on the histogram and in the stan-
dard deviation (fig. 3.1 A). More clear populations are seen in AgNPPrims100,200,400 where
the distributions are still high, clear peaks are visible (fig. 3.1 B-D).

Table 3.2: The mean height of the different NP samples and the amount of seed solution used to make
them.

Shape Seed solution [µL] mean height
Prism 400 µL 3.2 ± 1.56 nm
Prism 200 µL 3.11 ± 2.56 nm
Prsim 100 µL 7.18 ± 3.68 nm
Prsim 50 µL 6 ± 5.5 nm height
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Figure 3.1: The Feret diameter distribution for the nanoparticles prism made with different amount of seeds.
A) 50 µL, B) 100 µL, C) 200 µL, D) 400 µL

Figure 3.2: AFM image (4x4 µm2) of prism nanoparticles made with 400 µL seed solution is seen in A).
Height measurement of selected particles is seen in B) where the selected particles measured is seen by the
blue line in A). Height distribution of pixel is seen in C)
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3.1.3 Ammonia complex spherical AgNPs

Spherical particles were produced with citrate capping, from ammonia-silver complexes.
These particles were grown with different seed volumes to produce varying sized par-
ticles. Both SEM and AFM were used for analysing the particle size. AFM was useful
measuring heights whereas SEM could measure width. From AFM images histograms
were made and average sizes were calculated fig. 3.3, for AgNP45, AgNP60, namely 40.23
± 10.80 and 44.62 ± 15.03.

Figure 3.3: The distribution of particles size for A) AgNP45 and c) AgNP60 belonging to the AFM image B)
and D), respectively.

Additional SEM images were taken of AgNP45 and AgNP60, however, the particle
count was to low. No average Feret’s diameter was reported for these particles. SEM
image of seed particles were taken with high enough of count. A histogram was plotted
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and an average Feret’s diameter of 48.023 ± 15.301 was obtained (fig. 3.4).
fig. 3.6.

Figure 3.4: A) The Feret diameter distribution for the spherical nanoparticles. B) SEM image used to derive
the histogram of spherical nanoparticles

3.1.4 Scaling reaction volumes

Big batches were made for the prisms and spherical particles to be used in further ex-
periments. These particles were analysed again with AFM, UV/Vis and SEM to derive
their shape and size. fig. 3.5 B displays the AFM taken from the big batch of prisms, the
height distribution derived from two separate images was around 5.32 ± 2.99 nm. In
the AFM image it can be clearly seen that most of the objects have a low intensity. For
spherical particles the density of the wafers was lower, however, still a distribution was
made. 35.27 ± 9.85 nm was the size of the average particle. The histogram of fig. 3.5 B
shows a wide distribution of sizes.
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Figure 3.5: AFM imaging of big batch synthesis of spherical and prism particles. Histograms for A) prisms
and C) spherical particles were compiled from two separate areas, imaged on the same silicon wafer. B) For
prism two areas of 5x5µm were used, D) for spherical particles 2x and area of 10x10 µm.

Both SEM and AFM was used for analysing the particle size. AFM was useful
measuring heights whereas SEM could measure width. The size distribution is seen
in fig. 3.6.

The SEM analysis was done by taking the Feret diameter of the particles. The value
was associated with the edge length of prisms and diameter of the particles. The prism
had an average Feret diameter of 59.8 ± 22.8 nm and the spherical particles had an
average Feret diameter of 16.97 ± 12.37 nm.
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Figure 3.6: The Feret diameter distribution for A) the prism and B) seeds nanoparticles used for further
experimentation

3.2 TPO nanoparticles characterisation

NTA was used to determine the size of the synthesised TPO nanoparticles, fig. 3.7 A
shows the average of five samples where three regions were imaged for 45 seconds per
sample. The results per region can be seen in fig. 3.7 B. 255 nm was the highest peak
observed in all samples. When combining the results for the separate regions a global
average shows a peak at 256.8 nm with a high size distribution between 100 and 400 nm.

Figure 3.7: Size distribution of TPO nanoparticles measured with NTA, A) separate regions were imaged
for 45 seconds in five different samples, concentration was plotted against the calculated size. B) The tracks
were combined for an average size distribution. Current temperature measured at the end of imaging a
region and entered into the software. Track length was set to 12 frames and the jump distance to 5 pixels.

When comparing different analysis parameters such as letting the software confine
the track length and jump distance of tracked particles. The distribution stays similar
when jump distance is set to auto, peaks at 195 and 105 appear showing an increase in
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higher concentrations of smaller particles fig. A.3. The total amount of particles tracked
per frame increases as does the concentration calculated for the sample. The largest
population of particles stays the same in size, 253.8 nm.

When both jump distance and track length are set to auto, a smaller peak at 75 nm
almost forms a separate peak with a size distribution from 50 nm to 400 nm fig. A.4. The
result is that the average size of particles decreases to 205.1 nm. Also the largest fraction
of the particles has a size around 227.1 nm. The concentration increases in regard to
when the track length and jump distance were set manually, but decreased compared to
when only jump distance was set to automatic.

Figure 3.8: TPO particle characterisation. Solubility was probed with UV/Vis spectra to see the intensity of
TPO characteristic peaks at 360 nm and 380 nm. B) TPO20% and TPO10% particles were analysed with NTA
for average particle size. Three samples were measured for both particles, per sample 3 areas were imaged
over a 60 second time period.

A new TPO NPs solution was made with 20% TPO and new NTA measurements
were done. In figure fig. 3.8 the particle size distribution of TPO20% is compared to
TPO10%. The distribution is the average value of three experiments that measured three
positions over a time period of 1 minute. The particles counts from the measurement
were summed to form the particle size distribution. For TPO20% the highest peak is 288
nm and the average size is 298.47 nm. The particles size distribution ranged between 125
and 450 nm.
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Dissolving the particles in water, resulted in cloudy solutions that were filtrated with
a 400 µm filter, producing clear solutions. TPO20% was able to solve at a concentration of
1% w/w in water. Increasing the w/w ratio did not result in a stronger effect. TPO10%

was solvable at 2% w/w which resulted in a high intensity on the UV/Vis spectrum after
filtration (fig. 3.8 A) .

3.3 Hydrogels

Hydrogels were made with different concentrations of 20, 15, 10 and 5% AAm monomers
with a cross-linking density of 1.56% PEGDA. The gels were photo-polymerized at
405nm UV light by using TPO as photo-initiator. 5% PAAm/PEGDA gels were dis-
carded from measurements since the polymer content was not enough to form a gel and
remained a thick viscose liquid. Mechanical properties, such as toughness, elasticity and
rigidity of the gels were analysed with, compression, elongation and rheology testing.
Furthermore pore sizes and Feret’s diameter were derived from SEM images of freeze
dried hydrogels.

3.3.1 SEM image of hydrogels

Hydrogel samples were prepared in two different ways for SEM analysis, either by freez-
ing than lyophilization, or freeze snapping and than lyophilization.

For these SEM preperations different shapes were used. One used a flat gel, the
other method used a cylindrical shaped gel. Each method gave different results. The
gels which were frozen and dried are presented in fig. C.2 and snapped gels in figs. 3.10
and 3.11. The method giving the most consistently distributed pore size was the frozen,
snapped and then freeze dried gel. These gels were used for the network analysis.

On the SEM-images of varying PEG concentration (fig. 3.10), polymer network can be
observed, where as on the images with varying PEG length and concentration (fig. 3.11)
It was observed different network when changing the concentration from 0.78 to 3.12%
for both PEGDA250 and PEGDA700. Especially when the SEM images where magnified
further to 614x. The 614x magnification of all the gels shows further the heterogeneity of
pore sizes with area of large pores, and clusters with small pores (figs. 3.9 and C.5).
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Figure 3.9: SEM image of the hydrogel magnified by 614x consisting of A) 0.78, B) 1.56, C) 2.34 and D)
3.12% PEGDA575

Figure 3.10: All the gels consist of 15% AAm and A) 0.78% PEGDA/AAm ratio, B) 1.56% PEGDA/AAm
ratio, C) 2.34% PEGDA/AAm ratio D) 3.12% PEGDA/AAm ratio. PEG is 575 Mn
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Figure 3.11: All the gels consist of 15 % AAm and A) 0.78% PEGDA/AAm ratio with PEG 250 Mn, B) 0.78%
PEGDA/AAm ratio with PEGDA 700 Mn, C) 3.12% PEGDA/AAm ratio with PEGDA 250 Mn and D) 3.12%
PEG/AAm ratio with PEGDA 700 Mn.

Table 3.3: The average area and Feret’s diameter of the pores in the gels consisting of different concentration
and length of PEG at magnification 200x

0.78% PEGDA575 1.56% PEGDA575 2.34% PEGDA575 3.12% PEGDA575

Area 200x 17.42 ± 93.23 µm2 25.23 ± 73.13 µm2 29.89 ± 110.83 µm2 24.87 ± 74.98 µm2

Feret’s diameter 6.35 ± 7.22 µm 6.37 ± 7.45 µm 6.95 ± 8.39 µm 6.57 ± 7.53 µm
0.78% PEGDA250 3.12% PEGDA250 0.78% PEGDA700 3.12% PEGDA700

Area 200x 26.79 ± 52.67 µm2 70.87 ± 298.59 µm2 22.04 ± 61.97 µm2 26.56 ± 70.11 µm2

Feret’s diameter 6.4 ± 7.73 µm 6.95 ± 7.26 µm 6.36 ± 6.92 µm 6.25 ± 5.59 µm

The histograms shows distributions of pore sizes, and from the same date set average
pore sizes, feret diameter and the standard deviations have been calculated to get an
better overview. For the average calculations the fully data set were used, so the pores
above 80 µ m was taken into account.

To check how the pore sizes were affected by change in monomer and cross-linker
concentration or cross-linker length, Feret diameters and pore area were extracted from
imageJ [69] and size distributions were made in Excel. To make the histograms more
clear, only the pores ranging from 1 to 80 µm2 were displayed. In fig. C.6. Many pore
sizes were counted. 20% AAm gels had above 2500 pores in the size range 1 - 7 µm2, 15%
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had above 1500 in the size range 1 - 7 µm2 and 10% had under 1500 in the size range 1 -
7 µm2. The average pore size diameters were 16.39 ± 33.99 µm2, 17.34 ± 42.34 µm2 and
15.82 ± 46.30 µm2 for 20, 15, and 10% AAm gels, respectively.

An additional experiment was done to compare swollen vs non-swollen gels. Here
0.78% PEGDA575 was frozen and snapped before drying. Two areas are seen on the gel
as a result of the snapping, a smooth surface and a rough one (fig. 3.12 A). When the
different areas are magnified (200x) a surface with stretched pores and a surface with
intact pores can be seen (fig. 3.12 B and C, respectively). Swollen gel of 0.78% PEGDA575

was also presented (D), and fig. C.9 shows the difference in pore size of swollen vs non
swollen.

Figure 3.12: All the gels consist of 15% AAm and 0.78% PEGDA/AAm ratio with PEGDA 575. A) SEM
image of the 0.78% PEGDA gel, B) pores of the gel seen in A, C) pores of the gel seen in A but another area
and D) SEM image of same type of gel but swollen for 72 hours. B, C and D was taken at 200x magnification

The effect of increased concentration of cross-linker on pore size are presented in
(fig. C.7 A to D) The pore size in range 1 to 3 µm2 for 0.78, 1.56, 2.34 and 3.12% was
above 3500, 4000, 5000 and 4000 ,respectively.

SEM analysis was also done for PEGDA250 and PEGDA700 fig. 3.11. The pore size in
the range of 1-3 µm2 was just under 7000 for 0.78% PEGDA250 and when increasing the
concentration to 3.12% the count of the pore size in in the range of 1-3 µm2 was between
500 and 600 (fig. C.8 A and B). The pore size in the range of 1-3 µm2 was just above 8000
for 0.78% PEGDA700 and when increasing the concentration to 3.12%, the count of the
pore size in the range of 1-3 µm2 was just above 2500 (fig. C.8 C and D).
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For all the gels made the average pore size and Feret’s diameter can be found in
table 3.3

3.3.2 Compression

Compression was tested to see how changing concentration of monomer would affect
the toughness of the gel. Small disks of 5 mm high 15 mm in diameter was used to
measure the compression modulus. The average results are represented in fig. 3.13 A.
In the figure the mechanical response of gels of varying monomer concentrations with a
cross-linking density of 1.56% PEGDA575 was reported. PAAm10% has a flat curve, low
increase in stress with increasing strain. The applied stress at 60% strain was used to
make the curves comparable to each other table 3.4. At this point PAAm10% requires
a stress of 3.06·10−3 MPa. AAm15% needs a compression pressure of 6.14·10−3 MPa.
AAm20% has a very steep curve which starts increasing rapidly after 40% strain. This
was also seen at 60% strain where the stress was 1.60·10−2 MPa.

AAm15% was chosen to test the influence of cross-linker density and the length of the
cross-linker were also investigated to see whether they affected gel strength (fig. 3.13 B).
Stress at 60% was used to compare as well. The stress for the gels starts to increase at
the same level of strain, at 20% strain the applied pressure starts rising. At 60% a stress
of 5.70·10−3 MPa was measured for 0.78% PEGDA575. 1.56% PEGDA575 has a stress
of 6.41·10−3 MPa, 2.34% PEGDA575 9.93·10−3 MPa. 3.12% PEGDA575 demonstrates the
highest pressure at 60%, 1.51·10−2.

The gels with different cross-linkers PEGDA250 and PEGDA700 are depicted in fig. 3.13
C. For these gels the higher cross-linking densities of 3.12% were prone to breaking at
high strain levels as can be seen for the slight ’jumps’ at the highest point of the graph
(fig. 3.13 C). The other density tested for these cross-linkers was 0.78% showed a less
steep curve in general for all cross-linkers. Therefor, there was also a difference seen
at 60% strain. The lower cross-linking densities showed 4.68·10−3 and 4.19·10−3 MPa
for PEGDA250 and PEGDA700 respectively. The higher cross-linking densities showed
stresses of 1.40·10−2 and 1.55·10−2 MPa for PEGDA250 and PEGDA700.
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Figure 3.13: The average graph for the different compression test. A) show the strain-stress curve for
changing the amount of acrylamide monomer, B) the amount of cross-linker was changed and C) amount
and length of the cross-linker was changed. PEG has the average molecular number of 575, whereas PEG250
and PEG700 have the average molecular number of 250 and 700, respectively. All lines are the average from
3 experiments.

Table 3.4: Average stress measured at a strain of 60% for hydrogels with varying monomer concentrations,
cross-linking densities and cross-linker length

Hydrogel MPa
PAAm10%/PEGDA575 1.56% 0.00306 ± 0.00199
PAAm20%/PEGDA575 1.56% 0.0160 ± 0.00206

PEGDA575 0.78% 0.00570 ± 0.00252
PEGDA575 1.56% 0.00641 ± 0.00058
PEGDA575 2.34% 0.00993 ± 0.00429
PEGDA575 3.12% 0.0151 ± 0.00330
PEGDA250 0.78% 0.00468 ± 0.00268
PEGDA250 3.12% 0.0140 ± 0.00360
PEGDA700 0.78% 0.00419 ± 0.00216
PEGDA700 3.12% 0.0155 ± 0.00755

More compression tests were conducted, however, this time the gels were cured with
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either AgNPPrism or AgNPSpherical . The results are shown in fig. 3.14. Unlike the compres-
sion testing for cross-linking densities and length this experiment was only conducted
once. In general the curves generated by the gels containing spherical particles show
gradual increase of stress with increasing strain (fig. 3.14 A and B). Stress/strain curves
produced by gels polymerized with AgNPPrism have a rapid increase in strain to 40-60%
depending on the cross-linking density before the stress rapidly increases. Breaking of
the gel was observed for the higher cross-linking densities of AgNPSpherical gels at higher
levels of strain, + 65%, similar values were observed for AgNPPrism gels (fig. 3.14 C and
D). Although the stress in these gels rise at higher levels of strain and the higher con-
centration cross-linked gels break, the stress at 60% strain was still used as a reference
point table 3.5. For AgNPSpherical gels cross-linking densities of 0.78% PEGDA575 needs
1.23·10−2 MPa to reach a 60% strain, PEGDA250 required 7.20·10−3 MPa and PEGDA700

7.60·10−3 MPa.

Table 3.5: Stress measured at 60% strain for gels polymerized in the presence of either AgNPSpherical or
AgNPPrism at different cross-linking densities and by using different length cross-linkers.

Hydrogel AgSpherical(MPa) AgNPPrisms

PEGDA575 0.78% 0.0121 0.00566
PEGDA575 1.56% 0.0101 0.00931
PEGDA575 2.34% 0.0148 0.00150
PEGDA575 3.12% 0.0184 0.00134
PEGDA250 0.78% 0.0072 0.000337
PEGDA250 3.12% 0.0181 0.00841
PEGDA700 0.78% 0.0076 0.00219
PEGDA700 3.12% 0.0191 0.00895

Increasing the cross-linking concentration to 3.12% resulted in an increase of force
required to reach 60% for all PEGDA lengths. PEGDA575 demonstrated 1.84·10−2 MPa at
60% strain. PEGDA250 and PEGDA700 Showed 1.81·10−2 and 1.90·10−2 MPa respectively.
The cross-linking densities in between, 1.56 and 2.34% for PEGDA575 displayed 1.48·10−2

and 1.01·10−2 MPa at 60% deformation. For AgNPPrims this difference between the cross-
linkers was less clear. Here the lower cross-linking densities of 0.78% require stresses of
3.37·10−4, 5.66·10−3 and 2.19·10−3 for PEGDA250, PEGDA575 and PEGDA700 respectivly.
The higher cross-linking densities of 3.12% demonstrates strengths of, 8.41·10−3 MPa for
PEGDA250, 1.34 ·10−3 MPa to achieve 60% for PEGDA575 3.12% gel and 8.95 ·10−3 for
PEGDA700. cross-linking at 1.56% and 2.34% PEGDA575 reached 60% strain at stresses of
9.31·10−3 and 1.50 ·10−3 MPa.
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Figure 3.14: A) shows the compression of gel made with 0.78 to 3.12% PEGDA575 cured with spheri-
cal silver nanoparticles, B) shows the compression of gel made with either 0.78 or 3.12% PEGDA250 or
PEGDA700 cured with spherical silver nanoparticles, C) shows the compression of gel made with 0.78 to
3.12% PEGDA575 cured with AgNPPrism, D) shows the compression of gel made with either 0.78 or 3.12%
PEGDA250 or PEGDA700 cured with AgNPPrism. The lines in the graph represent 1 experiment

3.3.3 Elongation

A home made setup was used for the elongation testing of hydrogels. This resulted
in gels often breaking at the edges connected to the clamp instead of in the middle.
However, it was still useful to get an idea on which gel was the strongest and only gels
that broke in the thinnest part were taken along in the results. Just like with compression,
the concentration of monomer and cross-linker were changed and average molecular
number of the cross-linker was changed too.

Force vs elongation curves for the gels differing in monomer concentration are shown
in fig. 3.15. To compare the force required to break the gel and the elongation at which
the gels broke are reported in table 3.6, in addition the Young’s modulus was calculated
from these variables according to eq. (1.4). AAm10% broke at a force of 0.12 Newton
where it was 201% elongated and Modulus of 4.11 kPa was calculated. Increasing the
concentration to AAm15% resulted in a force at break of 0.23 N and elongation of 199.6%
with a modulus of 7.67 kPa. At the highest monomer concentration 20 w/w%, a 0.27N
force elongated the gel 196% resulting in 9 kPa as elastic modulus. For further testing
the gel consisting of 15% acrylamide was used.
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Figure 3.15: Shows the force it takes to elongate gels consisting of, A) 20% acrylamide, B) 15% and C) 10%.
All gels have the same amount of PEG 1.56 % with and average molecular number of 575. The end of each
graph is the breaking point of each gels.

When changing the length of the PEG to 250 the 3.12% gels were brittle and broke
while trying to take them out of the dog bone mold, or trying to get them in the clamps,
so no test was conducted on it.

15% AAm gels were made with varying cross-linking concentrations (fig. 3.16), in
addition cross-linker length was changed (fig. 3.17), similar to the compression testing.
Again gels were extended till the breaking point was reached, force and length of de-
formation were recorded at this point and used to compare (table 3.6. For the lower
cross-linking densities of 0.78% varying results are found. PEGDA250 required 0.33 N
to break where it was extended to 190% of it’s original length. PEGDA575 broke at 62%
with a applied force of 0.16 N where PEGDA700 was elongated with 167% and a force
op 0.39 N. Young’s modulus was calculated for all three, 11.49, 5.34 and 13.56 kPa, for
PEGDA250 PEGDA575 and PEGDA700 respectively. Increasing the cross-linking to 3.12%
demonstrated forces of 0.40 N for PEGDA575 and 0.39 N for PEGDA700 and respective
elongations of 90.84 and 35.17% with moduli of 14.02 and 13.45 kPa. For PEGDA575 two
additional cross-linking densities were tested in between 0.78 and 3.12%, namely 1.56
and 2.34%. 2.34% was the stronger gel, with a breaking force of 0.41 N at 90.68% exten-
tion. 1.56% needed 0.33N to break at 189.89%. Young moduli were calculated as 11.29
kPa for 1.56% and 2.34% had a modulus of 14.22 kPa.
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Figure 3.16: All gels consist of 15% acrylamide A Shows the force it takes to elongate gels consisting of
0.78% PEG, B 1.56% C 2.34% D 3.12%. The PEG used for all gels has an average molecular number of 575.
The end of each graph is the breaking point of each gels.

Figure 3.17: All gels consist of 15% acrylamide A) Shows the force it takes to elongate gels consisting of
0.78% PEGDA250, B) 0.78% PEGDA700 and C) 3.12% PEGDA700. The end of each graph is the breaking
point of each gels.
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Table 3.6: The average force, calculated modulus and elongation from each type of gel made at their
breaking point.

0. 78 % PEGDA250 0.78 % PEGDA575 0. 78 % PEGDA700 1.56 % PEGDA575 2.34 % PEGDA575 3.12 % PEGDA575 3.12 % PEGDA700 10 % AAm 15 % AAm 20 % AAm
Force 0.33 N 0.16 N 0.39 N 0.33 N 0.41 N 0.40 N 0.39 N 0.12 N 0.23 N 0.27 N

Elongation 90.62 % 62.25 % 164.07 % 189.89 % 90.68 % 90.84 % 35.17 % 201.11 % 199.6 % 196.63 %
modulus 11.49 kPa 5.34 kPa 13.56 kPa 11.29 kPa 14.22 kPa 14.02 kPa 13.45 kPa 4.11 kPa 7.67 kPa 9 kPa

3.3.4 Rheology

To further understand the mechanical effect of cross-linking density and length of cross-
linker in a PAAm/PEGDA hydrogel, rheology measurements were done. From these
measurement the G modulus was derived and plotted against increasing strain (fig. 3.18
A. From the amplitude test it was determined to use 1% strain during the frequency
test, where the rad/s is increased while keeping the strain constant (fig. 3.18 B). For
all gels it goes that the when the G storage decreases, the G storage loss increases (not
depicted on the graph). The amplitude was taken to understand the amount of strain
could be used during the frequency sweep. This strain was set at 1%, this was a strain for
all gels. The frequency sweep show constant values for the G modulus storage against
increasing frequencies. Indicating that the measurements were conducted in the linear
visco elastic region and only the elasticity of the polymer strands was tested. The values
of the G’ are given in table (table 3.7), showing similar values for the higher density gels,
PEGDA250 3.12% 0.563 kPa, PEGDA575 3.12% 0.527 kPa and for PEGDA700 3.12% 1.003.
The intermediate cross-linking densities for PEGDA575 had G’ of 0.506 and 0.538 kPa for
1.56% and 2.34% respectively. The lower density gels PEGDA250 0.78%, PEGDA575 0.78%
and PEGDA700 0.78% had the lowest G’, namely 0.246, 0.325 and 0.341 kPa

Figure 3.18: Rheology was done for PEGDA575, PEGDA250 and PEGDA700. At the different cross-linking
w/w% 0.78%, 1.56%, 2.34% and 3.12%. For each gel an A) amplitude and B) frequency sweep was taken.
Amplitude curve shows the G storage modulus vs increasing strain %, whereas the frequency curve depict
the Storage modulus vs increasing frequency of oscillation at 1% strain. every curve is an average of three
experiments.
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Table 3.7: Shear modulus storage (G’) and loss (G") obtained during frequency sweep, the values were taken
at 1 rad/s

Hydrogel G’(kPa) G" (kPa)
PEGDA575 0.78% 0.325 0.0340
PEGDA575 1.56% 0.506 0.0515
PEGDA575 2.34% 0.538 0.0460
PEGDA575 3.12% 0.527 0.0534
PEGDA250 0.78% 0.246 0.0452
PEGDA250 3.12% 0.563 0.0231
PEGDA700 0.78% 0.341 0.0310
PEGDA700 3.12% 1.003 0.0771

3.3.5 Hydrogel swelling

The swelling rate of the hydrogels was established by measuring the water uptake every
hour by weighing the gels and calculating the percentile increase of weight. For this
experiment three different number average molecular weights of PEGDA were used,
250, 700 and 575 Mn at 4 different cross-linking concentrations, 0.75%, 1.56%, 2.34% and
3.12%. The swelling of these gels was measured for 48 hours to make sure equilibrium
was attained. For all gels there is a fast increase in weight, where the gels gained 90% of
their total weight in the first 8 hours. More liquid is taken up the next 16 hours and at
48 hours no more uptake is observed and the gels are in equilibrium state. PEGDA575 as
said (fig. 3.19 A), grow fast in the first 8 hours and then slowly to their maximum volume
in 48 hours. Low density cross-linking, 0.78% shows the largest increase in size, 288%
of the volume/weight at cross-linking. 1.56%, 2.34% and 3.12% have a lower increase
in weight of 148%, 123% and 144% respectively. When the lower Mn weight PEGDA,
PEGDA250 (fig. 3.19 B), is used, 0.78% shows the highest increase as well with an increase
of 300%. Increasing the cross-linking density to 1.56% reduces swelling percentages to
231%. Gels with 2.34% and 3.12% cross-linking swell with 175% and a 150% respectively.

Using PEGDA700 the weight of 0.78% cross-linked gel increases with 340%. 3.12%
PEGDA700 increased with 160%. 2.34% and 1.56% PEGDA700 both grew with 175%
(fig. 3.19 C). The overall swelling ratios of the gel (fig. 3.19D), show 4x increase for
the 0.78% gels, 2.7x for the 1.56% gels. 2.34 and 3.12% have ratios close to 2.5x.
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Figure 3.19: Hydrogel swelling was assessed over a period of 48 hours. Hydrogels with different cross-
linker size were used, A) PEGDA575, B) PEGDA250 and C) PEGDA700. For every gel 4 different cross-linker
w/w% to monomer were used, 0.78%, 1.56%, 2.34% and 3.12%. D) Final swelling ratios for the separate gels
are given as the ratio between the weight at the start of the experiment and the final weight after 48 hours.
All data points are the average of 3 separate experiments.

3.4 cross-link dependent diffusion

Gels loaded with tetracycline, prisms and spherical particles were placed in water. The
liquid was measured with a UV/vis spectrometer. The maximum absorbance at char-
acteristic wavelengths, 360 nm for tetracycline, 415 nm for spherical AgNP and 550nm
for AgNP Prisms, were used to calculate the concentration from standard curves of the
respective substances. Concentrations released per gram of gel were plotted against
time, over a period of days. During the diffusion of the AgNPPrism a release was not
enough to observe with the UV/Vis spectra. Spherical particle diffusion showed a burst
release in the first 8 hours releasing 7.64% of total AgNP concentration in the gel. Where
the concentration of particles in water increased 3.48x for 0.78% PEGDA575 in 96 hours
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compared to the measurement at hour 1, for a total release of 9.07% (fig. 3.20 A). Af-
ter 8 hours 1.56% PEGDA575 released 5.09% which further increased to 5.70% in 96
hours. 2.34% PEGDA575 AgNP release was 4.22% after 8 hours and in 96 hours 5.93%.
For 3.12% PEGDA575 2.8% of the total AgNP was released after 8 hours, resulting in
3.60% in 96 hours. Final concentrations for the gels,0.78% PEGDA575, 1.56% PEGDA575,
2.34% PEGDA575 and 3.12% PEGDA575, were 0.038 µg·mL−1g−1

gel , 0.027 µg·mL−1g−1
gel , 0.028

µg·mL−1g−1
gel and 0.016 µg·mL−1g−1

gel respectively.

Figure 3.20: Diffusion of loaded drugs. Gels loaded with nanoparticles and tetracycline were placed in
water, diffusion occurred over a period of 96 hours. Gels with PEGDA575 0.78%, 1.56%, 2.34% and 3.12%
cross-linking, loaded with A) spherical particles and C) tetracycline. For PEGDA250 and PEGDA700 the low-
est and highest cross-linking densities, 0.78% and 3.12%, were used and loaded with B) spherical particles
and D) tetracycline. Curves show the increase of percentage released (of original content) versus time. All
values are an average of 3 experiments.

When changing the PEGDA Mn the first 8 hours still show the highest release, which
continues to 96 hours. At 72 hours 0.78% PEGDA250 and 0.78% PEGDA700 show a higher
release rate then their more densely cross-linked counterparts 3.12% PEGDA250 and
3.12% PEGDA700 (fig. 3.20 B). 5.6% was released in the first 8 hours for 0.78% PEGDA700

increasing to 7.03% in 96 hours, equal to a concentration of 0.027 µg·mL−1g−1
gel . 3.12%

PEGDA700 released 4.47% in 96 hours, 0.021 µg·mL−1g−1
gel , of which 4.18% was released in

the first 8 hours. 0.78% PEGDA250 released 7.22%, decreased to 6.52%, 0.036 µg·mL−1g−1
gel ,

3.12% PEGDA250 the total amount release from 3.12% PEGDA250 grew to 4.37 % in 8
hours, with a final concentration of 0.023 µg·mL−1g−1

gel , 5.15% in 96 hours.
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Similar to the spherical particles the majority of tetracycline release took place in the
first 8 hours. After these first hours the speed of release slowed down. Over a period of
96 hours the 575 gels showed similar increase in tetracycline concentration, 0.066, 0.71,
0.70 and 0.076 mgmL−1g−1

gel for increasing cross-linking density. These concentrations
are represented in fig. 3.20 C as percentages of total tetracycline content of the respec-
tive gels. For 0.78% PEGDA575 33.88% was released after 8 hours, decreasing to 33.04%.
1.56% PEGDA575 released 31.50% in 8 hours time, while after 96 hours this increased
to 35.31%. 2.34% PEGDA575 and 3.12% PEGDA575 released 33.05 and 32.69% in 8 hours
respectively and after 96 hours 34.93 and 38.06%.
For PEGDA250 and PEGDA700 there was a bigger difference between the cross-linking
densities (fig. 3.20 D), 0.78% PEGDA700 with a total release of 0.097 mg·mL−1g−1

gel , 40.98%

of the total tetracycline content, and 3.12% PEGDA700 with 0.043 mg·mL−1g−1
gel equal to

27.07%. A similar difference was observed while using the 250 Mn PEGDA cross-linker,
the concentration for 0.78% PEGDA250 was 0.084 mg·mL−1g−1

gel and 3.12% PEGDA250

0.060 mg·mL−1g−1
gel corresponding to 41.94% and 29.89% after 96 hours.

The total swelling ratio of the gels used in diffusion was also measured by weight-
ing them before and after the experiment (fig. 3.21). PEGDA575-Seed composite gels
at cross-linking densities of 0.78, 1.56, 2.34 and 3.12% showed swelling ratios of 2.79,
2.40, 2.24 and 2.12. For PEGDA575-AgNPPrism these ratios were slightly higher for the
respective gels, 3.08, 2.46, 2.58 and 1.92. Tetracycline containing PEGDA575 of the differ-
ent cross-linking densities had swelling ratios of 3.57, 3.03, 2.76 and 2.27 for increasing
cross-linking percentage.
Swelling of the different Mn PEGDA, were 3.38 and 2.00 for PEGDA250-AgNPSpherical
at densities of 0.78 and 3.12%, AgNPPrism showed and volume increase of 3.60 and
2.00 where tetracycline gels had an increase of 3.25 and 2.18. PEGDA700-AgNPSpherical
had swelling ratios of 3.15 and 1.95 for the cross-linking percentages 0.78 and 3.12%.
The ratios for PEGDA700-AgNPPrism 0.78% and 3.12% were 3.19 and 2.01. PEGDA700-
tetracycline showed a swelling ratio of 3.69 and 1.92 for the respective cross-linking den-
sities of 0.78% and 3.12%.
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Figure 3.21: Swelling ratio’s of gels loaded with tetracycline, AgNPPrism and AgNPSpherical . The values were
taken as an average of three experiments.

3.5 Bacterial growth and inhibition

3.5.1 Minimal inhibitory concentration

The antibacterial effect of AgNPPrism and AgNPSpherical , was tested on E.coli in liquid cul-
tures. Four different concentrations of AgNP were used and the cultures were incubated
over night. After 2 hours a difference in growth was observed for AgNPPrism and the cul-
tures were plated on LB agar plates. After 18 hours of incubation growth was observed
in all cultures, including those that showed a difference after 2 hours. The plates that
were plated 2 hours after initiation of the experiment showed an inhibitory effect (see
table 3.8) when counting the CFU. From this data the MIC for AgNPPrism was in between
1x(47.73 µg/mL) and 2x(95,46 µg/mL). AgNPSpherical did not show a inhibitory effect at
the highest concentration of 1.944 µg/mL.

Table 3.8: Colony forming units per concentration of AgNPs after two hours of incubation

AgNPprism AgNPSpherical

2x 1.00 · 107 2.60 · 108

1x 2.60 · 106 5.70 · 108

0.5x 7.27 · 107 2.40 · 108

0.25x 1.30 · 108 4.80 · 108
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3.5.2 Zone of inhibition

To see if the drug or particle could diffuse out of a PAAm/PEGDA hydrogel and pre-
vent growth of E. coli and S. cerevisiae. The gels cured with either tetracycline, water,
AgNPPrism or AgNPSpherical were tested on agar plates with either LB or YPD-medium.

Figure 3.22: Zone of inhibition experiment. A) all the yeast experiment with different length and concen-
tration of PEG gel and cured with either AgNPPrism, AgNPSpherical or tetracycline. B) same experiment but
on E. coli instead.

All types of gels inhibit growth under them but not around them. In fig. 3.22 It is seen
that yeast grow well on all the agar plates. For E. coli, however, a small zone without any
colonies can be observed around the gels cured with tetracycline. The zone of inhibition
was better visible in fig. 3.23.

For the gels consisting out of PEGDA575 cured with tetracycline, the concentration
0.78, 1.56, 2.34 and 3.12% had a zone of inhibition with a length of 3.49, 2.59, 2.35 and 4.28
mm, respectively. For the gels with PEG of average weight 250 or 700 and concentration
of 0.78 or 3.12% the zone of inhibition was 1.21 mm (0.78% PEGDA250), 2.84 mm (3.12%
PEGDA250), 2.07 mm (0.78% PEGDA700) and 1.3 mm(3.12% PEGDA700)
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Figure 3.23: A) agar plates with gels made with different concentration of PEGDA with a molecular weight
of 575 MN. Concentrations of PEGDA are 0.78, 1.56, 2.34 and 3.12% clockwise rotation. B) made from
PEGDA with molecular weight of 250 or 700 MN with either a concentration of 0.78 or 3.12%. all gel consist
of 15% PAAm

3.5.3 Segmented growth experiment

The antibacterial effect of the gels was also tested in pre-culture tubes with different
concentrations of E. coli diluted from an O/N culture, 10−2 − 10−7. These concentra-
tions were then co-incubated with hydrogels loaded with, AgNPPrisms, AgNPSpheres and
tetracyline for 8 hours.

The starting amount of the bacterium from each dilution of the negative control was
counted from the agar plates and are seen in table 3.9. From these plates it could be
determined that O/N culture on average contained a 109 cells/mL. In all three experi-
ment it was seen that an inhibitory effect from the gels when the dilutions are equal or
bigger than 10−3. The results of the first experiment as seen in fig. 3.24 shows almost no
growth at different dilutions for E. coli with tetracycline gel, the same goes for the other
experiments as seen in figs. 3.25 and 3.26.
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Figure 3.24: OD600 of the different gels cured with either tetracycline, water, prism or spherical nanoparticles
and their effect on bacterial growth in different dilutions. One measurement was taken every hour for 8
hours. The dilutions of O/N culture are A) 10−3, B) 10−4, C) 10−5 and D) 10−6. The gels used had a volume
of 1 ml

The experiment was repeated 2 times, however, the 0.78 % PAAm/PEGDA575 were
placed in tubes with higher concentrations of E. coli.

Looking at the inhibitory effect of AgNPPrism and AgNPSpheres, it was observed after
8 hours an OD600 absorbance under 2 and just above 2.5 respectively. For the gel control
an absorbance of 1 was measured at OD600 (fig. 3.25 A). At a dilution of E. coli 10−6

(fig. 3.25 D) the OD600 value for all sample except for negative control seem to be at the
same value after 8 hours, under 0.02
For the third experiment the gel control had an absorbance of 1 was measured at OD600

(fig. 3.26 A). At a dilution of E. coli 10−6 (fig. 3.26 D) the OD600 value for all sample except
for negative control seem to be at the same value after 8 hours, under 0.05

Table 3.9: The colonies counted for each dilution of the negative control from each experiment. 100µL was
put on the agar plates

10−8 10−7 10−6 10−5 10−4

Experiment 1 1 181 84 679 2812
Experiment 2 0 17 126 242 3336
Experiment 3 3 14 157 809 3432
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Figure 3.25: OD600 of the different gels cured with either tetracycline, water, AgNPPrism or AgNPSpherical
nanoparticles and their effect on bacterial growth in different dilutions. The lowest concentration of cross-
linking was used 0.78%, to produce an anti bacterial effect since diffusion would be the highest for these
gels. One measurement was taken every hour for 8 hours. The dilutions of O/N culture are A) 10−3, B)
10−4, C) 10−5 and D) 10−6. The gels used had a volume of 0.5 ml

Figure 3.26: OD600 of the different gels cured with either tetracycline, water, AgNPPrism or AgNPSpherical
and their effect on bacterial growth in different dilutions. One measurement was taken every hour for 8
hours. The dilutions of O/N culture are A) 10−3, B) 10−4, C) 10−5 and D) 10−6. The gels used had a volume
of 0.5 ml
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After the eight hours the cultures tubes were left over night in incubator 37 ◦ to see
if all bacterium was death or not. No OD600 was measured but as seen in fig. 3.27 only
the tube with tetracycline gel was clear compared to rest.

Figure 3.27: The culture tubes after 24 hours incubation. From left to right was culture with 0.78 % PEG
and 15 % AAm gel, negative control, gel with AgNPPrism, gel with AgNPSpherical and lastly a gel with
tetracycline.





Chapter 4

Discussion

4.1 Particle synthesis

4.1.1 AgNP synthesis

A fast chemical synthesis was chosen to produce AgNPPrism and AgNPSpherical . The
Produced NPs were examined with Uv/vis spectra, AFM and SEM to define shape and
size.

Right after synthesis of AgNPPrisms UV measurements were done and the maximal
absorbance was assessed. It was shown that the maximal absorbance grew with decreas-
ing seed volume used. In addition it was seen that the broadness of the peak also grew
with decreasing seed volume, suggesting a larger distribution of sizes. Since there was
a big red shift between seed particles and the produced particles, it was assumed that
these particles was shaped as a prism. This was confirmed with SEM and topography
(AFM), where both triangular and hexagonal shapes were present. Most importantly,
topography combined with SEM, showed a low height compared to the edge-lengths,
with an average height below 10 nm (table 3.2). Lower seed concentration resulted in
larger AgNPPrism, hence, a longer average edge-length.

Arhene et al. showed the increase in maximum absorbance wavelength for bigger
AgNPPrism and decrease in intensity [52]. Transmission electron microsopy done by them
showed that 90% of the particles were shaped as a prism. Results presented here show
a high distribution in shape, where high percentage of the particles have a hexagonal
shape fig. A.2. This might have been due to the stability of the AgNPPrism solutions.
Where particles seem to grow over time (table 3.1).

Diffusion of particles through a hydrogel was to be tested and the antibacterial effect
of particles Prism200µL were used for further experimentation with the AgNPSpherical ,
since they were comparable in size.

The increase in hexagonal particles is especially seen in particles produced in big-
ger reaction volumes. Where an even higher number of hexagonal particles were seen.

57



58 Chapter 4. Discussion

These particles were bigger and had a higher deviation, to what was expected from the
small volume reaction. These difference are undesirable and might have been caused
by keeping the addition speed of the AgNO3 the same for the smaller volume and the
bigger volume. The result might be due to the addition of a to small volume, leading to
improper mixing of the Ag+ throughout the reaction resulting in uneven growth.

4.1.2 Spherical particles

Multiple methods were used to produce AgNPSpherical , such as seed depended growth
with seeds capped with either, TSC, or PSSS. TSC resulted in flat particles with a high
variety in shapes. PSSS capping showed more AgNPSpherical , however, were not repro-
ducible. Therefor, AgNPSpherical were produced from ammonia-Ag complexes. This
method produced particle seed particles with high ellipticity. The obtained sizes in the
topography differed from what has been shown in Xing et al. [59]. Here we found sizes
of 40 and 44 nm, whereas they concluded sizes of 45 and 60 for the same seed volume
added. This might be explained by the amount of precipitation that is visible in the
reaction volumes during the reaction. Precipitation of silver ions resulting in fewer ions
aggregating to seeds in the solution, leading to smaller particles. Due to the presence of
Cl− in the reaction volume, it can lead to the formation of AgCl. This salt is not solvable
in water and thus leads to the aggregation and precipitation of silver. Xing et al. used
Cl− to increase the control over the shape of particles formed and mention a maximal
concentration that can be used [59, 70]. Removing the salt from the initial seed formation
leads to an increased polydispersity of formed seed particles. Further growth reactions
show no difference compared to the presence of Cl−, the aggregation of silver remains.
Increasing the concentration of TCS seems to increase the stability of the reactions.

When increasing the scale of the AgNP production, an increase in aggregation is
observed. Reducing the molarity of ascorbic acid seemed to alleviate this problem for
20 mL reaction volumes. Further increasing the reaction volume resulted once more in
aggregation. Due to increasing effort to produce particles where size could be controlled.
It was opted to use the seeds produced in the ammonia-complex method, however, the
addition of NaCl was removed, resulting in an increased concentration of particles with
a bigger size distribution.

4.1.3 TPO nanoparticles

Monodisperse TPO nanoparticles were required to initiate the polymer radicalization
evenly throughout the solution. Size should be relatively small, however the main point
is increasing the solubility of TPO. The solubility was increased to 2% w/w with water,
which is a large improvement from 0.01% w/w solubility of TPO powder. This solubility
was only found for particles with a TPO content of 10%. TPO20% were barely solvable in
1% w/w in water.
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Analysis with nanosight offered several adjustable parameters within the software
[71]. Adjusting these parameters, blur size, jump distance and track length greatly influ-
ence the data representation. This is clearly shown in the figs. 3.7, A.3 and A.4, using the
right parameters to remove background signal from particles is important. Resulting in
one smooth peak representing the hydrodynamic size distribution of the TPO particles,
ranging from 150 to 400 nm with an average size of 255 nm. When leaving these pa-
rameters for the algorithm to decide the curve looses its smoothness, showing more size
populations within the 150 to 400 nm range. When closely observing how the algorithm
tracks the particles it shows that some artifacts are included, such as the accumulation
of particles <100 nm when there is no minimum track length which could be noise.
These are mostly small spots of signal that appear for a few frames before disappearing
again, either produced by background noise or small fast moving particles. By setting
the minimum track length to 12 frames the 75nm peak disappeared.

When the particles is hit by the laser, the light scatters often results with blurring
of the signal shown as multiple spots that represent the same particle. The algorithm
occasionally jumped between these spots, increasing the average speed of the Brownian
motion resulting in a smaller particle readout. Increasing the jump distance to 5 pixels
removes the jumping between the blurred spots reducing the particle populations at 105
and 185 nm. The tweaking of these parameters does come with a risk, adjusting to much
where the data is no longer representative for imaged sample. Therefor, it is important
how the parameter adjustments change your data representation. In this case the peak
at 255 nm stays constant with changing parameter settings, leaving the conclusion that
TPO10% have an average hydrodynamic size of 255 nm. For TPO20% a value of 288 nm
was found. This size does differ from [23] where they found a hydrodynamic size of
2̃50 nm for 10% w/w TPO nanoparticles. For Higher TPO concentration particles they
showed significant deviation in size ranging from 180 to 350.

Pawar et al. [23] also shows that the concentration of TPO in the nanoparticles can
be increased to 25% w/w, this was valuable for their research to increase the speed
on curing during 3D printing. In this study increasing the TPO concentration affected
the solubility of the particles, reducing the total amount of TPO in the solution upon
polymerisation. Simply increasing the concentration of Particles with lower TPO content
had a higher effect.

4.2 Mechanical characteristics of PAAm/PEGDA hydrogel

12 gels were made with change in either AAm, PEGDA concentration or PEGDA chain
length to see how it affected mechanical properties of hydrogels. In general the gels
felt more stiff and brittle when increasing PEGDA concentration. Reducing the PEGDA
chain length had a similar effect where smaller chains produced more brittle gels. First
the amount of AAm was changed, 5, 10, 15 or 20% AAm, cross-linked with 1.56%
PEGDA. 5% w/w AAm was not used for measurements, although polymerization oc-
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curred the result could not hold shape, therefor, it could not be considered a gel. During
the handling of the gels it was noticed that the adhesion of gels to surfaces decreased
with increasing concentrations of AAm.

Compression and elongation experiments were conducted on the gels to see how
the mechanical properties changed as a result of the increasing AAm concentration. In
fig. 3.13 A, it was observed that it takes more force to deform the gels with higher
percentages of AAm. Even though, the strongest gel consisted out of 20% AAm, the 15%
AAm gel was chosen for further research. This was due to the adhesion were better,
which is important when used in wound dressing and it is stronger than the 10% AAm
gel.

Increasing the concentration of PEGDA (fig. 3.13 B) increased the strength while
decreasing the adhesion of PAAm/PEGDA gels. Lastly the PEGDA chain length were
changed from 575 Mn to 250 or 700 Mn using 0.78 and 3.12 w/w% ratio’s of PAAm/PEGDA
(fig. 3.13 C). At lower concentrations of cross-linker, it seems that the PEGDA chain
length does not affect the strength, however, at higher concentrations the length of
PEGDA seems to have an effect where larger chains produced a stiffer gel. The effect of
chain length is not as dominant compared to the change in PEGDA concentration.

The gel consisting of 0.78% PEGDA575 is the weakest and highest strain occurs at an
applied stress between 0.005 and 0.01 MPa. The strongest gel is 3.12% of PEGDA575 and
PEGDA700 at a stress applied between 0.02 to 0.025 MPa.

The elongation of gels (figs. 3.15 to 3.17 tests their tensile strength. For gels consist-
ing of 10, 15 and 20% AAm a force of 0.12, 0.23 and 0.27 N were applied, respectively,
before the gels broke. Increase total polymer content in the gel makes it stronger, since
it takes more force to stretch the gels. The average forces presented in table 3.6 were
used to calculate the Young’s modulus. The elasticity is reduced with increasing AAm.
Increasing the PEGDA concentration the elongation becomes bigger from 0.78% to 1.56%
PEGDA, where it becomes smaller between 1.56% and 3.12%. The force increases with
the increase of PEGDA concentration which stops at where 2.34% is comparable to 3.12%
in regard to force and elongation at breaking point. This is also seen in fig. 3.16. The
resemblance of 2.34 and 3.12% of PEGDA575 might indicate that the PEGDA concentra-
tion of 2.34% is the minimum concentration needed to make the strongest gel with 15%
AAm.

In (fig. 3.17) Both PEGDA250 and PEGDA700 require more force to stretch compared to
PEGDA575 with cross-linking densities of 0.78%. Increasing the amount of PEGDA700 to
3.12% takes the same amount of force to break as 0.78% but stretches less than the gels
with 3.12% PEGDA575. Since the 3.12% PEGDA250 gels were brittle and broke before
testing, there were no stretching tests conducted for this gel.

Mechanical studies of PAAm-PEGDA gels were also conducted by Zhang et al. [18]
who 3D printed their gels. They concluded that increase in PEGDA concentration re-
sutled in a more stiff gel at the cost of being less stretchable. When they decreased the
PEGDA length to either 250 or 550 Mn the gel became less stretchable and increased in
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modulus. The opposite was observed when increasing the PEGDA length.
The increase in PEGDA concentration results in a stronger gel, due to a higher cross-

linking density. As a result of the increased cross-linking density, the average PAAm
chain becomes smaller because of more cross-linking points. This shorter chain length
reduces the elasticity of individual polymer strands. Increased PEGDA length also re-
sults in a more stretchable gel since the chain is longer, which leads to decline in stiffness
of the gels. Our results show the the same effect, however, not as consistent as Zhang et
al. [18]. As mentioned they use 3D printed gels, whereas our gels are photo-polymerised
in bulk. Perhaps the fact when getting the gels out of the mold it gets more damaged,
thus introducing weak spots in the polymer network, compared to taking it off a 3D-
printer. Their gels also consisted out of 20% AAm which is stronger than 15% AAm.
They further used a lower cross-linking concentration of 0.625 w/w% PEGDA/AAm
ratio and as Norioka et al. [20] observed, tougher gels were made with higher concentra-
tion of AAm and a low concentration of cross-linker, since a to high cross-linking density
lead to a brittle gel. Another factor beside monomer/cross-linker ratio could be, that 3D-
printed gels have an altered polymer network compared to gels photo-polymerised in
bulk, due to the layer by layer polymerisation. The compression test are more in agree-
ment with Zhang et al. [18], which might be because the compression tests were made by
a machine and the tensile tests were done by hand giving human errors like the pulling
speed and dragging forces. There are automated options to measure tensile strength but
not available to us.

Mechanical testing were also performed on the gel loaded with AgNPs. It was seen
during the compression that the gels with AgNPs are more though compared to the
gels without AgNPs. It is inconclusive which type of particle stabilised the most since
it varied from sample to sample. The reason for more though gels could be that the
particles interact with the polymeric network by H-bond or entanglement as suggested
by Yissar et al. [66].

4.3 Swelling of hydrogels

Swelling studies were conducted on all of the gels made (see fig. 3.19). It was observed
that lower amounts of cross-linker lead to a higher degree in swelling. As the concen-
tration of cross-linker increases it seems that the length of PEGDA had less influence on
the swelling. Especially, if the lowest concentration, 0.78%, is compared with the highest
concentration, 3.12% PEGDA. Here a clear difference can be seen after 48 hours, where
the lower concentration swells 2x more than the highest concentration. A similar differ-
ence is observed for the different PEGDA lengths. At 0.78% PEGDA250 and PEGDA575

swell almost 4 times bigger compared to their original, relaxed state, whereas PEGDA700

almost becomes 4.5 times bigger. At 3.12% there is still a difference between the PEGDA
length but less prominent compared to 0.78%.

Caykara et al. [17] did similar swelling experiment but with longer cross-linkers at
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higher concentrations of PEGDA. They concluded that change in PEG length has bigger
influences over swelling compared to change in concentration. The results in fig. 3.19
show a clear difference in swelling when comparing 0.78% PEGDA to the rest of the
PAAm/PEGDA w/w% (fig. 3.19 A and C). In fig. 3.19 B the deviation in swelling of the
different PEGDA 250 gels becomes more noticeable. At higher concentrations of PEGDA,
the length of the cross-linker seems to decrease its effect on swelling. This is clearly seen
in fig. 3.19 D when the swelling of 0.78% PEGDA is compared to 3.12%. The reason
of inconsistency between Caykara et al. [17] results and those obtained here, might be
due to the concentrations used. They used 4.8 w/w% PAAm/PEGDA as their lowest
cross-linking concentration. As discussed for fig. 3.19 A and C there seems to be less of
an influence on the swelling when increasing the PEGDA w/w% from 2.34 and above.
A suggestion for these results might be that at a certain point of PEGDA concentration,
the gels cannot be more densely packed, hence the gels cannot swell less. Another factor
is their usage of 4000, 6000 and 10000 Mn PEG, which is longer compared to the PEGDA
used in this project. Swelling of a gel is determined by two forces, water interaction with
the hydrophilic chain, and the counter force of the cross-linked network trying to pulling
the chain together [30]. The longer chains used compered to our experiment enable their
gels to swell more due to the increased elasticity of the polymer chains.

The swelling experiments can also be used to indicate which gels have the largest or
smallest mesh size, which normally correlates with cross-linking density [31]. Since the
mesh size was calculated based on volume fractions of polymer and the swelling ratios,
0.78% PEGDA700 which has the highest swelling ratio, should also have the largest mesh
size [36, 31]. At higher concentrations of PEGDA the structure of the gels becomes tighter
and hinders the mobility of polymer chains, minimizing their water uptake. Yacob and
Hashim [19] tested this phenomena on hydrogels and saw more dense structures led to
lower water uptake. Caykara et al. [17], mention that smaller PEG also leads to lower
water uptake. They further state that the polymerisation process leads to heterogeneous
structures. This heterogeneity might explain the big standard deviation seen in table 3.3.

4.3.1 Diffusion through PAAm/PEGDA gels

This experiment was made to check at which rate the particles or antibiotic were released
from the gels and how the PEGDA length and concentration affect the diffusion. The data
from AgNPPrism showed no release and it might be due to their shape and size making
it harder for the prisms to travel through the gel. This is observed by the difference
in concentrations for AgNPPrisms and AgNPSpherical that were used to polymerise the
hydrogel-composite gels. Even when AgNPPrisms-hydrogels contained 50x more total
silver content, hardly any release was observed.

Most of the release takes place during the first eight hours, which coincides with
rapid swelling of the hydrogels. In fig. 3.20 A, B, a slow increase can be seen after 24
Hours for AgNPSpherical . For tetracycline fig. 3.20 C and D, the concentration is fluctuat-
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ing after 24hours, indicating equilibrium of tetracycline concentration within the gel and
water. At equilibrium just as much that comes in comes out of the gels which is why the
intensity seems to be pretty similar throughout the experiments after 24 hours. A big-
ger initial release was observed for tetracycline compared to AgNPSpherical . This is most
likely due to the smaller size of tetracycline. This makes it less likely to get entrapped
in the polymeric network of the gel, resulting int a faster release. PEGDA575 0.78% has
the highest release rate over time and continues releasing nanoparticles after the first 8
hours. This release rate, however, was low. As the concentration of PEGDA575 increases
the amount of particles released decreases. This is seen in the initial burst which is lower
for increasing cross-linking densities (fig. 3.20 A). For tetracycline it is different, where
the release seems to be the same for all PEGDA575 concentrations used (fig. 3.20 B).

For PEGDA250 and PEGDA700 an similar trend was observed. A clear difference
between the initial burst of the 0.78% and the 3.12%, where 0.78% shows a higher release
(fig. 3.20 C and D). This release did not appear to be dependent on the cross-linker length,
since the release percentages are similar for PEGDA250, PEGDA575 and PEGDA700 at the
same amount of cross-linker concentration (fig. 3.20 C and D). PEGDA length also did
not influence the release rate of AgNPSpherical (fig. 3.20 B).

The intensity drops at 8 hour before increasing again in addition high standard devia-
tions are recorded for tetracycline release (fig. 3.20 C and D). This fluctuation is explained
by the swelling we see for the tetracycline gels, which is higher than that of the particle
gels. Swelling increases the distance between polymer chains, leading to the reduction
in steric hindrance of particles and eventually the release of particles or tetracycline.
It might also be the interaction of AgNPs which either get entrapped or binds to the
polymeric network due to its capping agent.

When comparing the swelling of particles loaded gels (fig. 3.21) with unloaded gels
(fig. 3.19) the ones with AgNPPrism and AgNPSpherical have swelled less compared to their
counter parts without any particles. As discussed, a more dense structure inhibits the
mobility of polymer chains (section 4.3) and as a result less water is able to penetrate the
gel. The addition of AgNPs into the gels makes them tougher and more stress is needs
to be applied to deform the gels (fig. 3.14). A reason for that might be the nanoparticles
binds to the polymeric network stabilising it even more compered to gel without the
particles. However, stabilising the polymer chains means a lower mobility, offering an
explanation as to why the gels with particles have a decreased swelling ratio compared
to unloaded hydrogels. A decrease in swelling ratio for gels loaded with AgNPs was
also observed by Masood et al. [65]. No effect of tetracycline is seen for swelling of
PAAm/PEGDA hydrogels.

4.4 Polymer network structure

Deriving pore size from SEM images of hydrogels depends on the sample handling dur-
ing the freeze drying process. It is well known that deformations to network can occur



64 Chapter 4. Discussion

during the freezing process [27]. Further, during the lyophilization water evaporates
through the pores on the surface which can cause a collapse of pores. Since liquid ni-
trogen has a low heat capacity, it is important to freeze the gel sample long enough, not
doing so will result in large shrinkage of the gel. Not doing so will still leave a surface
which shows pores, however, the interior of the gel is entirely collapsed. Freezing them
longer, preserves the inner structure better while freeze drying.

Other than freeze drying the gels could be dried via super critical drying, This tech-
nique is commonly used to produce aerogels, of which the gels retain most of their 3D
structure. In order to use supercritical drying, water needs to be removed from the hy-
drogel, prior to the supercritical drying. Removal of water is essential for the liquid
CO2 to fill the gel, since liquid CO2 cannot exchange with water in the gel. Water was
extracted with several a-polar solvents with lower densities such as, ethanol acetone and
isopropanol. All of them resulted in a collapsed gel. The a-polar solvent used were not
useful for drying the gels due to the collapse.

When SEM images were taken of the surface, collapse or debris of the pore structure
was quite often observed, resulting in images that were not possible to correctly analyse.
This coincided with frequent collapse of small pores leading to a approximation of the
average pore size being bigger than it should be.

By freezing the gels for a longer period, 5-15 minutes, and subsequently breaking
them indiscriminately, shards were collected and freeze dried. This process obtained
representative images of how the polymer network is formed. Where no dangling ends
can be seen, as in fig. C.1 C and D, which are present on the surface of the gel. Remov-
ing these artifacts results in a better image analysis that is more representative for the
polymer network.

Still it is not without flaws in fig. 3.12 A, the surface has a rough and a smooth side.
Magnification on 200x was made on both sides, where B displaces the rough side and C
the smooth side. C has a more uniform surface and B a smeared surface. The difference
of those two sides is due to before freezing the gel many small cuts are made along the
cylindrical shaped gel to make weak spots when breaking it.

Table 4.1: Mesh size in Å calculated from swelling and rheology data compared to w/w% molar ratio and
Feret’s diameter obtained from SEM analysis

PEGDS575 PEGDS250 PEGDS700

% 0.78 1.56 2.34 3.12 0.78 1.56 2.34 3.12 0.78 1.56 2.34 3.12
Meshswelling eq. (1.30) 443.40 199.93 158.44 191.57 446.26 312.12 234.56 196.07 535.41 244.63 233.68 217.69
MeshRheology eq. (1.34) 59.98 48.14 47.00 47.16 69.21 x x 46.06 58.90 x x 34.58
MeshRheology eq. (1.35) 34.63 27.79 27.14 27.23 39.96 x x 26.59 34.00 x x 19.96
Meshw/w% 249.95 176.74 144.31 124.97 164.81 x x 82.41 275.78 x x 137.89
Feret’s diammeterpore µm 6.35 ± 7.22 6.37 ± 7.45 6.95 ± 8.39 6.57 ± 7.53 6.4 ± 7.73 x x 6.95 ± 7.26 6.36 ± 6.92 x x 6.25 ± 5.59
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Table 4.2: Mesh size in Å, derived from swelling data of hydrogels containing particles and tetracyline

PEGDS575 PEGDS250 PEGDS700

% 0.78 1.56 2.34 3.12 0.78 3.12 0.78 3.12
Prism 329.68 225.89 228.19 156.68 440.19 159.05 293.48 151.99
Spherical 248.83 243.311 194.94 150.40 354.31 161.66 402.83 140.272
Tetracycline 487.51 418.49 325.543 223.86 424.52 392.65 478.88 199.53

Pore size for hydrogels of different cross-linking density are reported in table 3.3 and
are compared to values calculated for mesh size using equation (eq. (1.30) eq. (1.33)) and
shown in table 4.1. These calculations used values obtained during the swelling and
rheology experiments. Additionally the mesh was calculated for gels containing silver
nanoparticles shown in table 4.2. It is important to note that the mesh size is not equal to
pore diameter and only correlates with the increase in pore size. From table 4.1 it can be
seen that there is a difference in mesh size between the cross-linking densities of 0.78%
and 3.12% for the cross-linking densities in between 1.56 and 2.34% only a difference is
seen for PEGDA250, where there appears to be a linear dependency on the cross-linking
density and mesh size. For PEGDA575 and PEGDA700 there were little difference in
swelling between the higher cross-linking density and only a significant difference was
seen in the 0.78% which showed a higher swelling ratio. This difference is translated into
mesh sizes. For rheology a difference can be seen again between the two cross-linking
densities of 0.78% and 3.12% for the all 3 PEGDA cross-linker lengths. The cross-linking
densities of 1.56% and 2.34% of PEGDA575 seem to affect the mesh length in the same
line, increasing in cross-linking density, resulting in a smaller mesh size. However, the
impact on the mesh above a density of 1.56% is low.

MeshRheology calculated with the Young’s modulus shows an obvious decrease in
mesh size compared when using the G modulus. Where the G modulus is generally
3x lower than the elastic modulus, although, the same trend holds (table 4.1).

When both the mesh calculated from the rheology and swelling are compared to the
mesh size calculated based on the molar ratio between PAAm and PEGDA a difference
is seen. Meshw/w% has a clear dependence on the concentrations used. This cross-
link concentration dependence was missing in the experimental data for swelling and
rheology. The difference between 0.78% and 3.12% for the experimental does hold up.
The values of the different calculations clearly differ. MeshRhoelogy is much lower than
Meshw/w% and Meshswelling approximates the mesh slightly higher. Both are relatively
close to the simple calculation for MC based on the w/w%. It has to be said that the
Meshw/w% is a crude approximation of the mesh size since it only considers the ratio
of monomer vs cross-linker molecules, whereas swelling introduces the change in free
energy in the system and the expansion of the network upon dilution with a number
of solvent molecules. For both swelling and rheology other forces are included in the
experimental values, such as physical cross-linking and polymer entanglement.

Meshswelling was also calculated for the gels cross-linked with particles and tetracy-
cline (table 4.2). Here a increase in mesh can be seen dependent on cross-linker density,
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similar to what was seen for PEGDA250 swelling. In addition there was a difference seen
between the AgNPs and the tetracycline gels, where AgNPSpherical showed the overall
smallest mesh sizes. 0.78 w/w% PAAm/PEGDA showed the biggest difference where
AgNPSpherical had a mesh of 249, AgNPPrism 330 and with no particles 443 Å. Seemingly
the particles increase the cross-linking density of the hydrogels.

All mesh sizes are considerably smaller than the Feret diameter. This is not surprising
because of how cross-linked networks forms. Where mesh size gives an approximation
where the polymer backbone is intersected with a cross-linking molecule and thus where
it is connected to. The actual formation of the network can produce big pores since the
cross-linker is not limited in 2D space fig. 1.5.

From average pore size in µm2 a similar trend, growing pore size with decrease in
cross-linking density, was not found. On the contrary it seems that the average pore
remains the same with cross-linking density when we look at images with 200x magnifi-
cationtable 3.3. It has to be noted that all values have very high standard deviations due
to the big variation in pore sizes that can be seen on the SEM images in fig. 3.10. The
large distribution in pore sizes might have been caused by improper mixing of the gel
components, monomer, cross-linker and photo-initiator before polymerization. Clusters
of high density of small pores were observed for all hydrogels. A possible reason for
these clusters could be higher concentrations of radicals were formed in these areas, or
the concentration of cross-linker was higher in these regions. PEGDA575 and PEGDA700

solutions had a high viscosity. During the preparation of hydrogel reaction volumes it
was made sure that these were properly mixed in the reaction volume. TPO was made
soluble by emulsification and soluble up to 2 w/w%, resulting in a clear solution after
filtration. It might have been that the TPO particles were not evenly spread throughout
the reaction volume.

The histograms of the gels were made from multiple SEM-images of same magni-
fication (200x). Since there was a high spread in pore size µ2 (hence the big value for
standard deviations) the histograms were made from values of 1 to 82 µ2 and represented
in figs. C.6 to C.8. The 20% AAm gel has more small pores compared to the 15% AAm
gel and the 10% AAm gel has the lowest amount of small pores fig. C.6.

A similar trend is observed when PEGDA concentration is increased, except when the
concentration is increased from 2.34 to 3.12%. As seen and discussed for the elongation
results, these two are comparable in their results (see table 3.6). This indicates again that
2.34% PEGDA might be the minimum concentration needed for the optimal strength of
15% AAm gels. For PEGDA250 and PEGDA700 the opposite was observed, which might
have been due to the freeze drying process. In the representative figures fig. 3.11 C and
D The pores are less compared to A and B and there is more collapsed area resulting in
lower amount of pores measured. This might explain why the 3.12% PEGDA575 has less
pores and does not follow the trend like 0.78, 1.56 and 2.34% PEGDA575. With higher
concentration of cross-linker more cross-linking points follows which should results in
smaller pores, reducing the permeability of water. When freeze drying the water is
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removed due to sublimation, so the smaller pores reducing the permeability of water
might collapse which would explain lesser pores on the SEM-image.

Difference between swollen and non swollen gels are represented in figs. C.2 and C.3.
These gels were freeze dried. Because of different sample handling these gels cannot
be compared to the gels that were frozen, snapped and dried figs. 3.10 and 3.11. The
comparison was still made between swollen and non-swollen gels, see fig. 3.12, that
were treated in the same way here it was demonstrated that a swollen gel had a higher
amount of smaller pores (see fig. C.9). This should not be the case since when the gel
takes water up it swells and stretches both the PAAm and PEGDA resulting in bigger
pores.

4.5 Antibacterial effect PAAm/PEGDA hydrogel

Although hydrogels can seal off a wound and protect the region from bacterial growth,
increasing the antibacterial effect would be an great asset, for uses in an infected wound
or for drug delivery purposes. The antibacterial effect of silver particles is widely dis-
cussed in current literature and used in real world applications [5, 41, 42, 46]. Particles
are also being used in combination with hydrogels for a stronger effect of the wound
dressing [64, 65, 66]. In this study AgNPSpherical and AgNPPrism particles were used
in combination with PAAm/PEGDA hydrogels of varying concentration in a effort to
control diffusion of said particles. MIC experiments were done to investigate the an-
tibacterial effect of the particles on their own. Although, the particles were not able to
completely stop the bacterial growth, there was a difference after 2 hours in colony form-
ing units, most notably for the AgNPprism, AgNPspherical showed no impact on growth.
The difference between particles can be explained by difference in concentration, where
the AgNPprism were at a higher concentration when starting the experiment. During the
MIC it showed that the particles were interacting with the cells in the media, where grey
aggregates were visible 16 hours after incubation in the media, This grey pellet was not
seen in LB media with particles incubated for the same duration. This is a strong indi-
cation that the particles do interact with bacterial cells, most likely by aggregating to the
cell wall [43, 44].

Concentrations of the particles were not adjusted when used in the synthesis of the
hydrogels. An experiment was designed to observe the effect of gels loaded with parti-
cles at different concentrations of bacterial cells. While observing growth over a period of
8 hours, all gels showed an effect, including the negative gel control. For every bacterial
concentration the growth observed with AgNP-composite gels showed a slight inhibitory
effect compared to when no gel was present. However, the effect of the neutral gel was
stronger than what was seen for either particles gels (specially for the higher concentra-
tion cell cultures, as seen in fig. 3.26). Therefor, the antibacterial effect was attributed to
the gel itself and not the particles involved. Presumably the swelling of the gel allows
for bacteria to enter the cells or get stuck on the porous surface of the hydrogel, reduc-
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ing the number of bacteria in the media from the start. Resulting in a slower growth
whenever a gel is present in the media [72]. When a bigger volume gel was used in the
same volume of culture, 1 mL, a bigger effect was visible for the particle gels (comparing
fig. 3.24 and fig. 3.25). Increasing the total amount of particles should have an effect on
bacterial growth, instead, the increased volume of the gel has a negative impact on the
experiment, where the gel takes up a big portion of the culture volume. Therefor, the
volume of the gel was reduced to 0.5 mL.

Zone of inhibition is another method used in literature to showcase the effect of load-
ing a drug into a hydrogel and demonstrating a zone of inhibition. Hydrogel will seal the
area beneath it from air, resulting in no growth of bacteria underneath. A gel loaded with
a drug will show a zone of inhibition. This effect is clearly visible for tetracycline where
clear regions are depicted and measured. For the particle gels this is lacking. No zones
are observed, showing that the particles have no suppressing effect on the bacterial cells.
A similar thing was observed by Ferrag et al. where they used PAAm/PEGDA-AgNP
composite gels and no zone of inhibition was observed [47]. However, they showed that
no bacteria were able to grow on top of the gel [47]. For both the segmented growth
and zone of inhibition no obvious effect is displayed by the particle gels. This might be
explained by the diffusion we see relating to the gels. Diffusion is strongly related to the
swelling in the first 8 hours, where the majority of the drug/particle was released. Here
it can also be seen that the burst release of AgNPSpherical is lower than the tetracycline,
this difference is assumed to be linked to the size of the particles. More clearly demon-
strated for the AgNPPrism, where the release of particles was not possible to measure.
Another possibility is that a smaller concentration is released compared to AgNPSpherical ,
eventhough, the gel itself contains a higher concentration of silver.

After the initial burst release a slow release is observed over 96 hours, after which,
the measurements become unreliable due to a loss of water, which affects the UV/vis
measurements. No matter how big the burst is, the total amount of silver released is 8%
of the total content inside 0.78% PEGDA575 after 8 hours. Where a considerable amount
of particles are trapped in the polymer network, it becomes hard to obtain a concen-
tration sufficient enough to prevent bacterial growth through the release mechanism.
This makes it difficult to obtain a concentration sufficient enough to prevent bacterial
growth through the release mechanism. This method to demonstrate the bactericidal
effect might also not be sufficient. Loo et al. demonstrated that incorporation of AgNP
in the gel prior to polymerisation can have a negative effect on the bactericidal effect of
the nanoparticles, despite high diffusion of particles [72]. In addition they report that
hydrogels with a higher surface concentration of AgNPs are more effective against bac-
terial cells. These bacteria were derived from the gel after swelling in a culture media.
The medium in the gel was squeezed out and re-cultured on agar plates to count CFU´s.
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4.6 Particle interaction with PAAm/PEGDA network

From the compression and swelling data it can be seen that gels with particles behave
differently. They become tougher and swell to a lower degree. Since they gels take
up less water it seems that the network elongation is restricted when particles are in
them. Indicating an interaction between the particles and the polymers in the hydrogel.
Possible interactions that the particles can form with the gel are electrostatic, hydrogen
bonding and van der Waals interactions. Since there no charges in the polymer network
it is not possible to form electrostatic interaction. Citrate that is present as capping
agent on the AgNPs can potentially form hydrogen bonds with the amide groups of
the PAAm fig. 4.1. Although not many sources mention AgNPs capped with citrate
as a potential cross-linker, it has been mentioned that there might be interactions with
hydrogen bonds. For example a breathing in, breathing out method, developed to load
gels, or polymer networks with particles based on swelling is explained through this
principle. Citrate capped particles enter the gel during swelling, deswelling in acetone
extracts the water, however particles remain inside the gel due to steric hindrance of the
network and hydrogen interaction between citrate and polymer network [72]. in Ferrag
et al. breathing in and out is used to load hydrogels with citrate-capped AgNPs. Gels
with these particles show an increase in tensile strength, no explanation is given [47].
Hydrogen bond cross-linking has shown to be able to increase the strength of a gel.
Particles with hydroxyl groups that increase in branching, more hydroxyl groups, have
shown to increase tensile strength [73]. Since particles without hydroxyl groups were
unable to show a similar result, the increase was dependent on the hydrogen-bonds.
Hydrogen-bond cross-linking mediated by citrate could explain the increase in strength
seen in [47] and in compression tests shown here. Citrate by itself is also mentioned as
a chemical cross-linker in conjunction with a host of polymers, however, PAAm is not
mentioned [74]. Since chemical cross-linking with citrate would involve the formation of
an ester bond, this is unlikely to happen in PAAm/PEGDA hydrogel.
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Figure 4.1: Schematic representation of the cross-linked polymer network including AgNPspherical .
AgNPspherical can act as additional cross-linker through hydrogen bonds forming between the polymer
network and the capping agent, PAAm and citrate.

It is not unreasonable to assume that these also hinder the release of the AgNPs.
Yissar et al. [66] used breath in breath out technique to encapsulate nanoparticles and
they also suggest h-bond formation between polymer chain and the citrate or just phys-
ically entanglement with the network. Diffusion of the particles is dependent mostly on
the interruptions made by the polymer network. In the PAAm-PEGDA the mesh size is
sufficiently large compared to the particles that this should not affect the diffusion that
much. Also shown in the burst release that is present. However, only 8% of the particles
was released. The remaining 90% seems to be stuck in the gel, hydrogen bonding can
be a possible explanation for the low amount of release. Swelling of the particle gels is
also reduced. This ultimately results in the lack of bactericidal effect that is visible in
the segmented growth experiment. The reduced swelling ratio due to AgNPs, was also
reported by et al. [65], whom suggested the AgNPs can form interaction with polymeric
networks.



Chapter 5

Conclusion

The PAAm/PEGDA gels were cross-linked by TPO nanoparticles. The mechanical prop-
erties were tune-able by either increasing the concentration of monomers (AAm) or in-
creasing the concentration of cross-linker (PEGDA). In general more force was required
to break or deform the gels with higher concentration of either AAm or PEGDA. This
increase in strength came at the cost of elasticity. The change of concentration had an
impact on swelling too. Length of cross-linker did not show an clear effect, where there
was an increased swelling of PEGDA700 compared to the shorter cross-linkers. However,
compression and similarly rheology did not show a clear difference between the cross-
linker lengths. Showing that cross-linking density is a more dominant factor deciding
hydrogel strength compared to cross-linkers of different length. This change in mechan-
ical properties was not reflected in the polymer network observed in the SEM images.
Here pore sizes were analysed and found to be the same for all gels. The structure it-
self showed patterns of small pores clustered together separated by big pores. This was
caused by unequal distribution of the photo-initiator throughout the gel. When the gels
where cured with AgNPs (AgNPSperical with Feret’s diameter 40 nm and AgNPPrism with
Feret’s diameter of 24.89 nm) their mechanical strength increased. Furthermore, curing
the gel with particles decreased their swelling ability compared to normal gels.

This decreased swelling affected the diffusion of particles where a lower percentage
was released with increasing cross-linker concentration. Only 10 % of the AgNPSpherical
were released. No release was observed for AgNPsPrism. Although containing the smaller
tetracycline released up to 50% this difference was not only contributed to the size of the
components.
Bactericidal capabilities of the gel cured/uncured were tested on E. coli. A zone of
inhibition was only observed for the gels cured with tetracycline. In LB-medium the
observed inhibition of growth seen for the particle cured gels was due to the swelling of
the gels. At the highest concentration of bacteria used only tetracycline had an visible
effect. Although AgNPPrism particles were able to impede bacterial growth, the release
from the hydrogel was to low.

71
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It has been shown that drug release from a PAAm/PEGDA hydrogel polymerized
with TPO can be regulated by cross-linking density. This is strongly dependent to the
size of the loaded drug as can be seen for the particles. However, the concentration
particles released from the hydrogel do not contribute to the killing effect of the gel
itself, independent of shape.
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Appendix A

Particle shape and size characterisa-
tion

Figure A.1: UV vis spectra are depicted of a series of nanoparticles of varying sizes spherical (Dark grey),
600 µL Prism (Maroon), 400 µL Prism (Dark blue), 200 µL Prism (Green), 150 µL Prism (Light blue), 100 µL
Prism (Yellow), 50 µL Prism (Light grey) and 25 µL Prism (Orange) A) Right after synthesis the spectra was
assesed B) and after 2 months the spectra was redone. C) the spectrum of spherical particles with different
seed volumes, 400 µL (Light grey), 200 µL (Orange) and 100 µL (Blue) with a 1 M PSSS concentration. On
the y-axis the absorbance and x-axis the wavelength is given.

81



82 Appendix A. Particle shape and size characterisation

Figure A.2: SEM image of the different nanoparticles made with different seed amount added during
growth. a) 50 µL, b) 100 µL, c) 200 µL and d) 400 µL

Figure A.3: Size distribution of TPO nanoparticles measured with NTA, a) separate regions were imaged
for 45 seconds in five different samples, concentration was plotted against the calculated size. b) The tracks
were combined for an average size distribution. Current temperature measured at the end of imaging a
region and entered into the software. Track length was set to 12 frames and jump distance was set to
automatic
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Figure A.4: Size distribution of TPO nanoparticles measured with NTA, a) separate regions were imaged
for 45 seconds in five different samples, concentration was plotted against the calculated size. b) The tracks
were combined for an average size distribution. Current temperature measured at the end of imaging a
region and entered into the software. Track length and jump distance were set to automatic





Appendix B

Nanoparticle AFM and SEM image anal-
ysis

Figure B.1: a) shows the AFM image of the citrated capped spherical nanoparticles made from 400 µL seed
solution. Height measurement of selected particles is seen in b) where the selceted particles measured is
seen by the blue line in a). Height distribution is seen in c).
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86 Appendix B. Nanoparticle AFM and SEM image analysis

Figure B.2: a) shows the AFM image of the citrated capped spherical nanoparticles made from 200 µL seed
solution. Height measurement of selected particles is seen in b) where the selceted particles measured is
seen by the blue line in a). Height distribution is seen in c).

Figure B.3: a) shows the AFM image of the citrated capped spherical nanoparticles made from 100 µL seed
solution. Height measurement of selected particles is seen in b) where the selceted particles measured is
seen by the blue line in a). Height distribution is seen in c).

Figure B.4: a) shows the AFM image of the citrated capped spherical nanoparticles made from 50 µL seed
solution. Height measurement of selected particles is seen in b) where the selceted particles measured is
seen by the blue line in a). Height distribution is seen in c).
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Figure B.5: SEM image of the spherical nanoparticles at 45.39 k magnification





Appendix C

SEM images and histogram of pore
size

Figure C.1: SEM images of gels consisting of A) 5 % AAm, B) 10 % AAm, C) 15% AAm and D) 20 %
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90 Appendix C. SEM images and histogram of pore size

Figure C.2: Pores compared to each other at the same percentage of PEGDA non-swollen vs swollen for 24
hours. A) non swollen 0.78 % PEGDA/AAm ratio, B) swollen 0.78 % PEGDADA/AAm, C) non swollen
1.56 % PEGDA/AAm and D) swollen 1.56 % PEGDADA/AAm
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Figure C.3: Pores compared to each other at the same percentage of PEGDA non-swollen vs swollen for 24
hours. A) non swollen 2.34 % PEGDA/AAm ratio, B) swollen 2.34 % PEGDA/AAm, C) non swollen 3.12 %
PEGDA/AAm and D) swollen 3.12 % PEGDA/AAm

Figure C.4: The same gel but different sides C), A) the side which the water got sucked out and B) the side
in contact with the Greiner tube.



92 Appendix C. SEM images and histogram of pore size

Figure C.5: SEM image of the hydrogel magnified by 614x consisting of A) 0.78 and B) 3.12 % PEGDA250
whereas C) and D) consist of 0.78 and 3.12% PEGDA250, respectively.

Figure C.6: All the gels consist of 1.56% PEGDA/AAm-ratio. The histograms are for gels consisting of A)
20, B) 15 and C) 10% AAm
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Figure C.7: All the gels consist of 15% AAm The histograms are for gels consisting of A) 0.78, B) 1.56, C)
2.34 and D) 3.12% PEGDA/AAm



94 Appendix C. SEM images and histogram of pore size

Figure C.8: All the gels consist of 15% AAm The histograms are for gels consisting of A) 0.78% PEGDA 250
Mn, B) 3.12% PEGDA 250 Mn, C) 0.78% PEGDA 700 Mn and D) 3.12% PEGDA 700 Mn
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Figure C.9: The histograms show gels consisting of 15% AAm and 0.78% PEGDA/AAm ratio with PEGDA
575. A) histogram of 0.78% PEGDA gel and B) histosgram for same type of gel but swollen for 72 hours
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