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Sammendrag

Kombinasjonen av cellegift med mikroboble og ultralyd har vist potensiale i å forbedre ek-
stravasasjon av medisiner over blodåreveggen. Derimot er penetrasjon av medisiner gjennom
ekstracellulært matriks (ECM) fortsatt en utfordring, og er per nå en av de aspektene ved denne
behandlingen som er minst forsket på. I ECM er diffusjon den viktigste transportmekaniskmen.
Hovedbarierene for diffusjon i ECM er elektrostatiske og steriske interaksjoner med kollagen,
og redusert hydraulisk konduktivitet på grunn av glykosaminoklykaner. I dette prosjektet ble
en gel laget av 5 mg/mL kollagen, 1 mg/mL hyaluronsyre og 10% kondensert melk brukt som
en fantom for å undersøke diffusjonen av to typer PEGylerte polymeriske nanopartikler i et ak-
ustisk felt. Partiklene ble levert av SINTEF. Kondensert melk ble valgt som en tilsetning etter å
ha optimalisert et akustisk attenuasjons-oppsett, og undersøkt effekten av forskjellige konsen-
trasjoner av bovint serumalbumin og kondensert melk i agarosegeler. Agarosegeler ble brukt
fordi leverandøren ikke klarte å levere kollagen. Målinger av diffusjonskoeffisienten til nano-
partiklene i kollagengel-fantomet ble gjort med et selvbygd oppsett. Det var en positiv trend
mellom diffusjonskoeffisient og ultralydtrykk og -driftssyklus. Derimot var oppsettet sensitivt
for vibrasjoner, og mer arbeid er nødvendig før det gir pålitelige resultater.
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Abstract

Combining chemotherapy with microbubbles and ultrasound has shown great promise in im-
proving the extravasation of drugs across the blood vessel wall. However, penetration of the
drugs through the extracellular matrix (ECM) remains a challenge, and is so far one of the
least researched aspects of this treatment. In the ECM, diffusion is the most important transport
mechanism. The main barriers for diffusion in the ECM is believed to be electrostatic and steric
interactions with collagen, and a reduced hydraulic conductivity due to glycosaminoglycans.
In this project a gel consisting of 5 mg/mL collagen, 1 mg/mL hyaluronic acid and 10% evapor-
ated milk was used as a phantom to investigate diffusion of two types of PEGylated polymeric
nanoparticles in an acoustic field. The particles were provided by SINTEF. Evaporated milk
was chosen as an additive after optimizing an acoustic measurement setup, and investigating
the effect of different concentrations of bovine serum albumin and evaporated milk in agarose
gels. Agarose gels were used due to the manufacturer being unable to ship collagen. Measure-
ments of the diffusion coefficient of the nanoparticles in the collagen gel phantom was done
with a custom built setup. There was a positive trend between diffusion coefficient and the
ultrasound pressure and duty cycle. However, the setup was sensitive to vibrations, and more
work is needed before it can be reliably used.
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Chapter 1

Introduction

Cancer is the collective term for several diseases where the body’s own cells start dividing ab-
normally and begin eliciting parasitic behaviour. Since the cancerous cells are similar to the
body’s own cells, they will not be recognized as harmful by the immune system. Addition-
ally, the cancerous cells usually have a high mutation rate, which further promotes their own
growth at the cost of the host’s health. This makes any treatment challenging as the cancer
will over time adapt to, and become more resistant to most treatments.

If left untreated a cancer diagnosis means certain death, but in the recent years advances
have been made, and several treatment options are available. Chemotherapy is the most com-
mon, often in conjunction with other treatments such as radiation therapy, surgery, hormone
therapy, or others depending on the specific type of cancer. However, these treatments are
lacking in efficacy and specificity, and often will target both healthy and cancerous cells. Thus
sequential treatments at lower doses are necessary to prevent serious side-effects. Addition-
ally, some forms of cancers are situated in areas with a complicated physiology, increasing the
risk of complications for some treatment options. For these reasons, many cancer types still
have a poor prognosis, especially if not discovered early [1, 2]. Although the prognosis for
those diagnosed with cancer improves every year, this improvement is less pronounced when
compared to other diseases. For instance, in 2016 cancer surpassed cardiovascular diseases as
the most common cause of death in Norway [3].

To improve the outcome of cancer treatments, more efficient ways of delivering drugs to
tumours are needed. Several nanoparticle platforms have been suggested used as drug car-
riers. Nanoparticles are larger than free drug molecules, and thus experience a lower renal
clearance. This leads to a heightened retention in the blood. Additionally, the particles can
be functionalized in ways to improve their targeting to tumour sites. This could allow for the
delivery of larger doses of drugs, with less side-effects. However, few of the so far proposed
nanoparticle platforms have reached clinical applications. There are several possible reasons
for this. Firstly, since the nanoparticles are relatively large, they seldom penetrate far into
tumour tissue. Secondly, the nanoparticles usually rely on the enhanced permeability and re-
tention effect. This is an effect where the endothelial cells aligning the capillary wall show an
increased penetration of the nanoparticles as compared to healthy tissue, and experience an
increased retention due to lacking lymphatic system [4]. However, a lot of the evidence for
this effect is from studies on mice, and in the recent years several studies have stated that this
effect might have been overestimated in human tumours [5, 6].

There is a search for novel strategies for improving the delivery of drugs to tumours. One
suggested solution is the combined usage of focused ultrasound with gas bubbles and nano-
particles. The gas bubbles display physical phenomena in combination with ultrasound, which
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2 Kim Andre Ulvik:

has the potential to increase the nanoparticle penetration over the vasculature wall and into
the bulk tissue. This will exclusively happen in the area near the focus of the ultrasound, and
thus larger localized drug doses with a deep tissue penetration can potentially be achieved. One
variant of this treatment, Acoustic Cluster Therapy, has shown a deep penetration of drugs and
a complete tumour regression for immunodeficient mice with a xenografted human prostate
tumour [7]. These results are promising, but the treatment is not equally efficient for all forms
of cancer. Additionally, the full mechanism of the deep tissue penetration is poorly understood.
Understanding the effects of the treatment parameters is very important for translating it to
clinical applications, and generalize it to more types of cancers [8]. There are currently sev-
eral clinical trials ongoing which combine chemotherapy with microbubbles and ultrasound[9,
10].

One knowledge gap that requires investigation is how gas-bubbles together with ultra-
sound creates an interstitial fluid flow. The driving force for this flow is hypothesized to be
vibrations in the endothelial wall induced by the treatment [11, 12]. A gas bubble is lodged in
the capillary and the pressure differences induced by the ultrasound causes it to expand and
retract. During the expansion phase the capillary wall is stretched leading to an increased pen-
etration of nanoparticles through it. In the interstitium, three forces interact: acoustic stream-
ing, pressure gradients and concentration gradients, all of which are caused by the acoustic
field. The asymmetry toward a net outward flow is caused by volume conservation and asym-
metric boundaries. The aim is to investigate this hypothesis, and eventually arrive at a predict-
ive model of ultrasound-mediated transport of nanoparticles through tissue. This work will
be done in collaboration with Centre of Excellence PoreLab, St. Olavs hospital, SINTEF and
several international parties [13].

To create this predictive model, a physical model with predictable characteristics is neces-
sary. The physical model will provide experimental data which can be used to test the predic-
tions of the theoretical model. During my project assignment fall 2020, I worked on creating
an ultrasound phantom for use in transport experiments, which included characterizing its
acoustic, structural, and rheological properties. From that project, a gel containing 5 mg/mL
collagen and 1 mg/mL hyaluronic acid was chosen as an appropriate phantom. However, fur-
ther work was needed as there was some uncertainty in the results, especially with the acoustic
attenuation measurements, which did not seem to follow a power-law frequency dependency
as they should. This is believed to be due to the low sensitivity of the experimental setup. The
setup will thus be optimized, and new measurements will be made. If the attenuation is not
high enough, the attenuation of the gel will be improved with the addition of additives. In
parallel, a setup for imaging nanoparticle behaviour under the influence of ultrasound will
be designed. And through that, attempt to measure the effect of ultrasound on nanoparticle
transport in gels. The setup will use a 1 MHz transducer since this is thus far the most relevant
transducer in clinical and pre-clinical studies [9, 10, 14–18]. This setup will be characterized
and used together with the gel phantom to establish if ultrasound has any noticeable effect on
the transport of nanoparticles. Thus, the overall aim of the master thesis is to establish a model
for the interstitium to be used to obtain new knowledge on ultrasound-mediated transport of
nanoparticles, and to characterize acoustic attenuation in various gel phantoms and measure
transport of nanoparticles in collagen gels.



Chapter 2

Theory

2.1 Tumours and drug delivery

One of the most common treatments for cancerous tumours today is chemotherapy, where
cytostatic or cytotoxic drugs are introduced with repeated injections at low concentrations.
These drugs are designed to inhibit the growth of, and/or kill, the tumour cells, but have a
limit in their non-specific targeting due to systemic injection in blood [1]. Cancerous cells are
very similar to healthy cells, which proves a challenge since efficient treatment needs to either
take advantage of some biological effect restricted to cancer, or needs a specialized method of
delivery[2].

2.2 Enhanced Permeability and Retention effect (EPR)

The Enhanced Permeability and Retention effect (EPR) is a phenomenon seen in cancerous
tissue. Tumours grow rapidly, and has an up-regulated release of pro-angiogenic factors, lead-
ing to disorganized and hastily built vascular network [4, 19]. The capillaries in tumour tissue
are often overly fenestrated, leading to a higher permeability and thus retention of the drugs
in the tumours. Additionally, due to the rapid growth, tumours often have a poorly developed
lymphatic system, which further increases the retention of drugs. However, newer studies sug-
gests that parts, if not most, of the enhanced permeability is due to an increase in transcytotic
behaviour in the vasculature’s endothelial cells [20, 21].

A lot of the evidence for the EPR effect comes from research on mice. For mice the pore
sizes in the capillary wall can be two to three orders of magnitude larger in tumours compared
to healthy tissue. However, murine tumours grow more rapidly than human tumours relative
to the hosts size, has a higher rate of metabolism, and the host has a significantly shorter
lifespan. This, combined with the limited success in taking advantage of this effect in clinical
applications, has incited some doubt on whether mice are a good model for predicting response
to some cancer treatments [5, 22, 23].

2.3 Nanoparticles as drug carriers

As a way to improve cancer treatment, nanoparticles are studied heavily due to their promise as
a means for specific targeting and enhanced retention in blood, drawing more utilization of the
EPR effect than free drug molecules [24]. Nanoparticles are particles which exhibit nano-scale
phenomena. This is typically true for particles with a size below around 200 nm. These particles
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4 Kim Andre Ulvik:

are on a biologically relevant size scale and have a big surface-to-volume ratio. Nanoparticles
can be made of several different materials, but the most investigated in a biological context are
metal oxides, metals, lipids and polymers. Other characteristics which are of importance in a
biological context are the zeta-potential, which is a measure of the surface charge of a particle,
and the dispersity, which is a measure of how uniform the size distribution of the particles is.
For polymeric nanoparticles, dispersity is often given as a Poly-Dispersity Index (PDI), where
a lower number means a more uniform size distribution.

The nanoparticles can be functionalized in different ways to take more advantage of the
small dissimilarities between cancerous and healthy tissue. Some typical particle functional-
izations are for instance through drug loading, implementation of drug release mechanisms,
surface modifications to inhibit immune responses, or attachment of targeting ligands [25].

The efficacy of nanoparticles as drug carrier has been shown with great success in labor-
atories. However, there has been limited success in translating this to clinical situations [23].
One noteworthy nanoparticle platform in use clinically today is Doxil®, which are PEGylated
liposomes loaded with the cytostatic doxorubicin. They utilize passive targeting through the
EPR effect, and show superior targeting efficacy compared to free doxorubicin. [26].

PEGylation

PEGylation denotes the processs of attaching polyethylene glycol (PEG) on the surface of a
nanoparticle. The general structure of PEG is a long chain of polyether with hydroxyl groups
at each end, which can be attached to the nanoparticle both covalently and non-covalently.
The PEG coating will increase the hydrodynamic radius of the particle which prevents renal
clearance, and thus increases circulation time. Additionally, the PEG molecules lowers the
zeta-potential, and provides steric hindrance, which shields the underlying nanoparticle from
recognition by the immune system. Both by preventing the attachment of antibodies, as well
as preventing the recognition by immune cells. Studies have shown that the circulation time of
nanoparticles can be increased from only a few minutes or a couple of hours at most, to several
hours or even days [27]. This allows the particle to take more advantage of the EPR effect, as
the increased retention time in blood increases the likelihood of particle accumulation at the
tumour site.

However, the PEG coating has also been shown to prohibit the uptake of the nanoparticles
into the tumour cells. This leads to varying results in studies, where some show that PEGylation
leads to an overall increase in uptake, while others show no effect on the uptake, or even a
reduction [28].

2.4 Extracellular Matrix (ECM)

The extracellular matrix (ECM) is the medium in the interstitium between cells, and forms a
scaffolding in which they are attached. It is dominantly produced by fibroblasts in connective
tissue, chondrocytes in cartilage, and osteoblasts in bone. The ECM is heterogenous within
tissue, and depending on tissue type it can be either anisotropic or isotropic. [29].

The ECM contains two classes of macromolecules: fibrous proteins and proteoglycans. The
fibrous proteins include collagens, laminin, elastin and fibronectin, and they imbue the matrix
with its tensile properties, such as strength and elasticity [29]. Collagen is the most abundant
of the fibrous proteins, and exists in many variants with different abundances in different
tissue types, whereas type I is the most common. It is a protein with sequential hydrophobic,
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positively charged and negatively charged regions. Three such proteins get together in a tri-
helical structure to form a fibrill, and the fibrills combine together to form large fibers. These
fibers function as a scaffolding for other ECM constituents to bind to, and is thought to be the
main inhibitor of the transport of larger particles through the matrix. [30].

The other group of macromolecules are the proteoglycans which are Glycosaminoglycan
(GAG) molecules covalently attached to a protein backbone. GAG is a polysacharide comprised
of repeating units of disacharides. The GAG is negatively charged and usually adapts an ex-
tended configuration which imposes a high viscosity and compressive resistance to the matrix.
The proteoglycans have a wide variety of functions depending on bodily context. However,
they generally play an importance in hydrating and buffering the ECM, and in intercellular
signal transduction. Additionally, The charge and the steric occlusion imposed by the exten-
ded conformation acts as another mechanism to inhibit transport in the ECM, especially for
small or negatively charged particles. [29].

One notable exception of the proteoglycan group is Hyaleronic acid (HA) which is a GAG
that does not covalently attach to proteins, but creates complexes with other proteoglycans
through linker proteins. It is also the largest polysacharide produced by human cells, with
molecular weights of 100,000 - 10,000,000 Da. HA also has a high turnover in the tissue,
and while 30% is expected to be metabolised locally, the rest is removed through lymphatic
routes [31]. Since it has superior water-binding properties relative to its molecular weight
it is believed to be a major contributor in maintaining water homeostasis, and one of the
contributors to a fluid flow in the cell interstitium [32, 33].

An illustration of the ECM can be seen in figure 2.1.

Figure 2.1: Simple illustration of the ECM close to a cell. The collagen (purple) is the tri-helical
structure connected to the integrin proteins on the cells surface, and GAG’s (green, branched)
are dispersed between the fibers. (Other ECM constituents not shown)

ECM in tumours

Due to space-inhibited growth the tumours are usually more dense, with a more tightly packed
ECM. This, in addition to other factors such as the EPR effect, and an underdeveloped lymph-
atic system, leads to increased interstitial fluid pressure (IFP) and thus a heightened resistance
against drugs [34, 35]. Additionally, collagen and HA in tumours vary in amount and structure
between different types, which is one of the reasons leading to varying response to treatment
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to the same drug [36]. The relative amounts of HA and Collagen in different tumour ECMs can
be seen in table 2.1, and some data for GAG and collagen content in healthy tissue can be seen
in table 2.2. Furthermore, HA is an important indicator of cancer severity. An over-expression
of HA has been linked to a poor prognosis for people with many different forms of cancers.
Additionally, the HA found in cancers is generally of lower molecular weight as compared to
healthy tissue [37, 38].

Table 2.1: Concentration of hyaleronic acid and collagen in different tumour ECM grown in
mouse dormal chambers. Adapted from [39], based on data from [36]

.

Tumour name Tumour type Collagen [mg/mL] HA [mg/mL]

MCaIV Mammary carcinoma 9.0± 2.5 0.80± 0.15
LS174T Human colon adenocarcinoma 9.0± 2.5 0.55± 0.10

U87 Human glioblastoma 44.5± 21 0.55± 0.15
HSTS26T Human soft tissue sarcoma 29± 5.5 0.80± 0.10

Table 2.2: Concentration of GAGs and collagen in different human tissues, relative to intersti-
tium weight. Adapted from [33]

.

Tissue Collagen [mg/g] GAG [mg/g]

Vitreous body 8 0.5
Myocardium 14 1.2

Skeletal muscle 50-100 2.5 - 7.5
Dermis 300 - 400 1.2 - 5.5
Sclera 240 4.8

Subcutaneous tissue 112 1.0 - 3.5

2.5 In vitro ECM phantoms

Doing studies on phantoms, which acts analogues to real ECM can be beneficial in several
ways. Phantoms are compared to animal studies; often cheaper, require less ethical concidera-
tions, more reproducible, and can be tailored to highlight the exact properties under investig-
ation. Noteworthy phantoms which can mimic ECM include different gels which may or may
not contain ECM-constituents and cells, ECM from mono-layered cell-cultures, and spheroids
which are small aggregations of cells dispersed in solution. In the latter cases, with cell-grown
ECM, there is a trade-off in higher accuracy against less control of the ECM constitution and
simplicity [40, 41].

2.6 Hydrogels

Hydrogels are made of long hydrophilic polymers, with water as dispersion medium. These
polymer chains cross-link to form a large porous network, and the water helps stabilize a 3D
geometry. Hydrogels have the advantage in that a large amount of control can be exerted on its
constitution and fabrication parameters. The exact constitution of each gel is usually adapted
to the exact properties which it will be used to measure, and can include both biological and
synthetic polymers, as well as different additives. Hydrogels have been extensively used, with
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success, in different medical sciences to emulate tissue [42–44]. Additionally, the ECM is a gel
and as such a synthetic hydrogel made of ECM constituents can be a good approximation [45].

Collagen hydrogel formation

Collagen reconstitution and experimental conditions such as pH, temperature and ionic strength
has been studied in great detail. The collagen monomers, which exist as triple helices, cluster
together and form aggregates of 5-17 helices. These assemble into fibrils, which might bundle
into fibers consisting of two or more fibrils. The process is driven by an increase in entropy in
the solvent. The collagen is usually stabilized by both covalent and non-covalent cross-linking
between the fibers, but in vitro the stabilization is mainly due to entanglement of the fibers,
making it a physiochemical gel [46].

The gelling process is consistent with a nucleation and growth mechanism.During the nuc-
leation phase most of the fibers are formed and their thickness is determined. Generally a
higher concentration, increased pH, lowered ionic strength and lower gelling temperature
leads to more nucleation cores and thus more, but thinner fibers. After the nucleation phase
a growth phase is initiated in which the fibers grow in length, intersect, and form complex
networks. This process continues until the collagen is used up in the solution. The amount of
nucleation cores and collagen concentration is thus the determining factors in the length of
the fibers achieved [47–49].

Collagen-HA-composite hydrogel

A collagen-HA gel is expected to be a better phantom for investigating transport in ECM than
pure collagen gels. This is due to being one of the most abundant molecules in the ECM, and
including it in the gel is expected to lead to a more tissue-similar response to the ultrasound.

HA in collagen gels has not yet been widely studied because it is believed to have less of
an impact on the microstructure of collagen gels than other proteoglycans [50, 51]. However,
it has been shown that collagen fiber formation kinetics and fiber thickness is affected to some
extent by the addition of HA. Gels with HA display shorter, thinner and more numerous fibers.
This can be explained by HA having an inhibitory effect on the formation of collagen fibers.
[52].

Agarose gel

Agarose is a polysacharide consisting of repeating units of D-galactose and 3,6-anhydro-L-
galactopyranose. Agarose usually comes as a white powder which can be dissolved in water
near the boiling point. When the agarose solution cools, the agarose forms helical fibers which
again form a porous 3D network. The pores in this network typically have a diameter of 50-200
nm depending on the agarose concentration.

The network is stabilized by hydrogen bonds, and the gel can thus be re-melted. Agarose
exhibits thermal hysteresis, so the melting temperature is significantly different from the gel-
ling temperature. Agarose comes in different types based on the extraction source and the
degree of methylation. Depending on the specific type, the gelling temperature typically lie
between 30-50°C, while the melting temperature lie between 85-95°C.

Agarose has seen wide adoption in research for use as molecular sieves for protein separ-
ation, gel electrophoresis[53], and scaffoldings for 3D cell cultures[54]. It has also seen some
usage as a tissue substituting phantom for ultrasound experiments [55, 56].
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2.7 Brownian motion and Diffusion

Brownian motion is the random movements seen for particles suspended in a fluid. The move-
ment of the particles arise because of anisotropic momentum transfer from the surrounding
fluid molecules. Due to the apparent randomness in how individual molecules move in the
fluid, this also translates to an apparent random motion of the suspended particles. An illus-
tration of this effect can be seen in figure 2.2.

Figure 2.2: An illustration on how the random motion of fluid molecules (blue) can impart a
force, and a transfer of momentum, to a suspended particle (yellow).

For an ensemble of particles, the random motion gives rise to a tendency for the particles
to spread out and become homogeneously dispersed in the fluid. This effect is called diffusion,
and explains at which rate an ensemble of particles move from an area of high concentration
to an area of low concentration. Diffusion is modelled mathematically through the diffusion
equation,

∂ φ(r, t)
∂ t

= D∇2φ(r, t), (2.1)

where φ is the particle concentration at a given position and time, and D is the diffusion
coefficient.

For non-interacting nanoparticles diffusing through a homogeneous liquid, the diffusion
coefficient can be estimated through the Stokes-Einstein relation,

D =
kB T

6πηrH
, (2.2)

where kB is the Boltzmann constant, T is the temperature, η is the viscosity of the medium,
and rH is the hydrodynamic radius of the particle [57]. The viscosity is usually also to a large
extent dependent on the temperature, and this needs to be taken into account when using this
relation. The viscosity of water at a selection of different temperatures is included in Table 2.3.
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Table 2.3: The viscosity of water at different temperatures. Taken from [58]

Temperature [°C] Viscosity [µPa s]

20 1002
25 889
30 796
35 718
40 652

2.8 Transport in ECM

Transport of particles and molecules in the ECM is mediated by two main phenomena: con-
vection and diffusion. The equation governing this for nanoparticles is

∂ φ(r, t)
∂ t

+ v∇φ(r, t) = D∇2φ(r, t) + R, (2.3)

which is an extension of equation 2.1 which also takes into account the convection flow ve-
locity, v, of the fluids through the second term on the left-hand side, as well as a constant
term, R, on the right-hand side which captures the behaviour of removal of particles through
adhesion to the matrix constituents, degradation of particles or uptake into cells.

For cancer tissue the IFP is usually homogenous in the core, so the convection flow velocity
is usually negligible except at the periphery. In addition to this, the IFP is high near the tumour
boundary. This leads to a diminished, or in some cases reversed, pressure gradient from the
capillaries and into the tissue. With the extinction of the influence of IFP, diffusion becomes
the most important mechanism for particle transport through cancerous ECM. [22].

While diffusion is the most important transport mechanism in the ECM, it is severely
hampered by the GAG and collagen content of the matrix. GAG content has been shown to
be inversely correlated with the hydraulic conductivity of the tissue[32]. Furthermore, the
diffusion coefficient is inversely correlated with the collagen content. However, the the full
transport limiting effects of GAG and collagen likely arises from an interplay between the two,
where collagen acts as a scaffolding for the GAG to bind to, and thus strengthen its negative
impact on the hydraulic conductivity [33, 36].

Due to the hampered diffusion, it alone is not a strong enough mechanism to provide
efficient drug delivery to tumours. There is a need to increase the transport through some
other means. Using high intensity ultrasound is a proposed method to achieve this. Ultrasound
exhibits mechanical effects which potentially can be utilized in a drug-delivery system, and it
has additional benefits such as being non-invasive, and its usage is to some extent already
established in the health sector.

2.9 Ultrasound in diagnostics

Ultrasound (US) is any sound wave that has a frequency which is greater than the capabil-
ities of human hearing. This is generally true for any sound with a frequency above 20 kHz.
Sound waves are pressure waves in some medium with areas of low and high density which
travel in some direction. US has been widely employed for diagnostic imaging due to being
non-invasive, soft tissue displaying little acoustic absorbance, and the capability of ultrasound
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to reflect off interfaces between tissue types which can be caught by a receiver. It has wide-
spread application, and is for instance commonly used to image fetuses during pregnancy or
to discover kidney and gall stones, but can also be used to measure the elasticity of different
tissues and the flow of blood in the vascular system [59, 60].

Contrast agents can be used to expand upon the capabilities of ultrasound imaging. This has
successfully been employed to image for instance soft tissues and vasculature. To make a good
contrast agent, an interface between materials with different acoustic impedance is important,
and for that reason gas-filled microbubbles are the preferred choice. The microbubbles will
show a big reflectance to the US waves and can therefore easily be imaged. [61]

Ultrasound waves are governed by the wave-equation,

∂ 2u
∂ t2

= C2∇2u, (2.4)

where u is the spatial distribution of the wave, t is time, and C the speed of sound in the
medium.

2.10 Ultrasound in drug delivery

US has not only shown promise for its diagnostic modalities, but also as a means for enhancing
therapeutics. It’s being actively utilized to treat kidney stones by shattering them with high in-
tensity waves[62], and has also been shown to increase bone regeneration. Likely through the
activation of mechanosensitive ion channels [63]. In addition to this, a novel therapeutic ap-
plication is being investigated. The microbubbles traditionally used as contrast agents display
several interesting effects besides being reflective in an acoustic field. The bubbles will absorb
or redirect some of the energy in the acoustic field, and can begin to compress and expand,
and or impart momentum to the surounding medium. These effects can be utilized as part of
a drug delivery system to possibly overcome the poor diffusion and convection seen in most
tissues. There are several studies which are looking into utilizing ultrasound for better delivery
to for instance both tumours, and through the blood-brain barrier [64, 65].

Several parameters of the US are important in which effects microbubbles and tissue dis-
play during treatment. The most important are the frequency, the pulse repetition frequency,
the pulse length and the mechanical index (MI). [66] The pulse repetition frequency is how
often a pulse is sent, the pulse length is the duration of the pulse and MI is a parameter defined
by the peak negative pressure of the wave and its frequency. It was initially used to predict the
occurrence of cavitation, but has found use as a general prediction tool in ultrasound related
effects of microbubbles in tissue[67]. MI is defined as

M I =
Pneg
p

f
, (2.5)

where Pneg is the peak negative pressure of the US wave, and f is the frequency. A brief
summary of some of these parameters can bee seen in figure 2.3.
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Figure 2.3: Illustration of some of the most important ultrasound parameters. The pulse repe-
tition frequency (PRF), pulse length and frequency are shown.

Hyperthermia

Deposition of energy from the acoustic field from the US induces a localized heating of the tis-
sue. In the context of drug delivery this has been utilized with some success together with nano-
particles which are functionalized with thermosensitive drug-release mechanisms. For instance
thermosensitive liposomes loaded with doxorubicin, under the tradename ThermoDox®, has
gone through phase 1 trials. In that study, 7 of 10 patients had a more than a doubling of
intratumoural doxorubicin with the exposure of ultrasound, as compared to without [68, 69].

However, in methods which rely on the mechanical effects of the ultrasound, hyperthermia
is generally an unwanted effect. This is due to the necrotic effect that thermal ablation can have
on cells. In a mechanical context where pressure and frequency are fixed, hyperthermia can
be mitigated by a reduction of the pulse repetition frequency or pulse length.

Cavitation

High intensity US, which has a high MI, can induce cavitation in microbubbles if the frequency
is close to the resonant frequency of the bubble. These bubbles will oscillate with the acoustic
field, and at lower pressures the oscillation can be with a stable amplitude. When the cavitation
is close to a surface, such as a capillary wall, the bubble oscillation can induce microstreaming,
which is a net flow of the surrounding medium. [70, 71]. Additionally, the capillary wall can
begin to oscillate with the same frequency as the ultrasound [11, 12].

If the MI is sufficiently high, and the frequency is at the resonance frequency of the bubble,
the oscillations can have an increasing amplitude over time. Eventually, if the amplitude gets
great enough, the bubble will implode violently, causing supersonic shockwaves. This latter
effect is termed inertial cavitation, and can cause high localized heating[72], rupture nearby
cells[66], and induce the formation of reactive free radicals[73]. There is an active search
to utilize this mechanism in drug delivery [74]. Figure 2.4 illustrate how caviation in micro-
bubbles in principle could help with drug delivery.
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Figure 2.4: Illustration of the cavitation effect when MBs are exposed to an acoustic field. They
start to oscillate, implode and release their drug payload to the surrounding tissue.

Acoustic Radiation Force (ARF)

Acoustic Radiation Force (ARF) is a non-linear effect seen with intense US treatment, leading to
a transfer of momentum from the acoustic field to the medium. The general requirement is that
there is a gradient in acoustic energy through attenuation mechanisms. ARF is proportional
to the absorption coefficient of the medium, and the rate of energy applied [75]. If the the
ARF is high enough, it is capable of inducing local displacements in tissue. The degree of this
displacement is dependent on the Young’s modulus [76]. In fluids, ARF can lead to acoustic
streaming, a net movement along the acoustic field which is capable of transporting particles
[75, 77].

ARF’s relevancy in drug delivery hasn’t been extensively investigated. However, one study
utilized ARF-forces to improve the targeting efficacy of lipid nanoparticles with targeting lig-
ands in an in vitro capillary model[78]. However, an earlier study which looked at the influence
of ARF of displacements of nanoparticles in a collagen gel found that the effect was negligible.
It is believed that the lack of displacement is due to the low attenuation of the collagen gels
[79].

Acoustic attenuation

Acoustic attenuation is a measure of how much energy is lost from a sound wave through
different mechanisms when it propagates through some medium. The mechanism by which
this energy is lost include the ones listed in the previous sub-sections as well as others, but can
be broadly separated into the following categories: scattering, reflection and absorption. The
acoustic intensity, I , at a point z in a medium relative to the starting intensity, I0 is governed
by this relation:

I = I0e−αz , (2.6)

where α is the acoustic attenuation coefficient. The attenuation coefficient shows a frequency
dependence by this relationship:

α( f ) = α0 f c , (2.7)
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where α0 is the attenuation constant derived from material properties, and c is some exponent
denoting that the attenuation has some power-law scaling with frequency. c has a value of 2 for
water, but typically lies in the range of 1 to 1.6 in soft tissue [80]. The attenuation coefficient
for different tissues can be seen in table 2.4. Additionally, the expected acoustic attenuation
of gels similar to the ones used in this report, as found from literature, is listed in table 2.5.

Table 2.4: List of density and attenuation coefficient for some tissue types. Adapted from [80].

Material Density [mg/mL] Attenuation [dB/cm/MHz]

Blood 1060 0.2
Bone, Cortical 1975 6.9

Brain 1040 0.6
Breast 1020 0.75

Fat 950 0.48
Soft tissue (average) 1043 0.54

Table 2.5: The acoustic attenuation measured for agarose and collagen gels similar to the ones
used in this report. The data for the agarose gels is adapted from [81], and the data for the
collagen gel is calculated from the power law fit, 0.024 f 1.5 (equation 2.7), provided by [82]

.

Gel α1MHz α3MHz α3.5MHz α5MHz

dB cm−1

2% Agarose 0.18± 0.14 0.23± 0.19 - 0.26± 0.14
5.5% Agarose 0.33± 0.22 0.39± 0.18 - 0.80± 0.30

4 mg/mL Collagen 0.02 - 0.16 0.27

2.11 Increasing acoustic attenuation of gels using additives

There has previously been some success in using evaporated milk as an additive to agar and
gelatin gels to increase their acoustic attenuation. The attenuation in the evaporated milk was
found to be 0.8 dB/cm/MHz, which exceeds the values in soft tissue (Table 2.4). Replacing
some of the water content in collagen-HA gels with evaporated milk could be a way to increase
the attenuation [83, 84].

Bovine Serum Albumin (BSA) is another additive which has seen some usage in ultrasound
phantoms. Though it is mostly used as a dosimetry test, as the BSA will become opaque when
denautered. It does however increase the acoustic attenuation of a polyacrylamide gel signi-
ficantly. The acoustic attenuation at 1 MHz of a 40% polyacrylamide gel With 9% BSA was
measured to be 0.18 db/cm, while a similar gel with 3% BSA was measured to 0.08 db/cm
[85].

2.12 Experimental techniques

2.12.1 Fluorescence and Stokes’ shift

Fluorescence is the process in which a molecule is put in an excited state by a photon, relaxes
to a slightly lower energy state, and emits a photon of a lower energy than the initial absorbed
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photon. This disparity between the emission and absorbtion spectra of the molecule is termed
the Stokes’ shift, and can be utilized to detect certain marker molecules by using band-pass
filters which only allows the emitted light through. The benefit of this is that unmarked parts of
the sample will not be visible, and it is possible to resolve even single molecules. Fluorescent
molecules of different types are often attached to nanoparticles to be able to detect them
beyond the resolution limit of the microscope.

2.12.2 Confocal Laser Microscopy

Confocal microscopes, in contrast to traditional widefield microscopes, utilize lasers and a
pinhole to image a sample. By positioning the pinhole in the conjugate aperture plane it limits
the focal depth and leads to a more precise depth focus. Also, the laser has a very constrained
xy-distribution, and an image is obtained by scanning it over the sample. This minimizes the
contribution from out of focus planes above and below the focal plane. In effect this leads to
an image with less background noise.

Confocal Reflective Microscopy (CRM) is a technique sometimes used on a confocal mi-
croscope which utilizes the inherent reflectance of materials and boundaries, and thus does
not need any staining procedures for contrast. However, this comes at the cost of not being
able to image features aligned vertically at some cutoff angle [86]. An illustration of the work-
ing principle behind confocal microscopy can be seen in figure 2.5, and an illustration of the
cutoff-effect, when looking at collagen gels, can be seen in figure 2.6.

Figure 2.5: Illustration of the working principle behind a confocal microscope. The laser light
is reflected off a dichroic mirror and hits the sample. The light reflected off the sample passes
through the objective and a pinhole positioned in the aperture plane before hitting the detector.
The pinhole blocks the rays emitted from outside the focal plane.
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Figure 2.6: An illustration of the cuttoff-effect perceived when doing confocal reflectance mi-
croscopy or second harmonic microscopy. Fibers aligned at an angle below the cutoff angle will
not be visible in the images. Based on figure from [87].

2.12.3 Second Harmonic Generation (SHG)

Second Harmonic Generation (SHG) is a two-photon process in which two photons of equal
wavelength interact with a sample, are combined, and released as one photon with twice the
energy/frequency. SHG requires a material with a non-linear suceptibility that experiences
induced dipole moments. Collagen fibers is one such material, and SHG can be used to image
the fiber structure, analogous to CRM. The added benefit by using SHG over CRM is that the
SHG signal will predominantly measure collagen fibers in tissue, while CRM will give an output
for most material over a certain size. [88, 89] SHG has similar issues as CRM when imaging
fibers aligned vertically above some critical angle [87].

Pore size in isotropic random networks imaged by SHG and CRM

Collagen gels have been shown to closely resemble ideal isotropic random networks [90]. The
pore sizes of such networks can be estimated through the nearest object distance (NOD), which
is the distance to the nearest network fiber at any given point in the matrix. The NODs in such
a network are distributed through the Rayleigh distribution:

p(rnod) =
rnod

�q

2
π rmean

�2 exp





r2
nod

2
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2
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�2



, (2.8)

where rnod is a particular NOD, p(rnod) is the probability of observing that particular NOD,
and rmean is the mean NOD.

To estimate the mean NOD of a network, voxels (3D analogue of a pixel) can be randomly
distributed in a skeletonized 3D representation of the network, and the NOD for each of the
voxels can be measured. Since the NOD distribution will closely resemble the Rayleigh distri-
bution, the mean NOD can be extracted through a curve fit. However, due to using CRM and
SHG to image the collagen microstructures, fibers oriented at a polar angle less than the cutoff
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angle will be invisible on the images. Thus, the measured rmean will be directionally biased,
and give the appearance of an anisotropic network [87].

Since the fibers in CRM and SHG images have differing brightness dependent on their
orientation in relation to the objective, calculating the second moment (variation around the
mean) of the voxel intensities will normally show a uniform distribution in the azimuthal
direction, and a sine distribution in the polar direction. The cutoff angle can be determined
from the difference between the integrals of the idealized sine distribution and the second-
moment polar distribution, and be used to unbias the measured NOD through the relation

rmean,unbiased = rmean,biased

q

cosθcuto f f . (2.9)

This value can be converted to give similar results as the more widely established Covering
Radius Transform (CRT) by multiplication with a constant:

rcr t = 1.82rmean. (2.10)

The CRT is more widely used in literature, and is normally found by estimating the the
largest spheres that are possible to fit into the pores of a skeletonized network.

2.12.4 Particle tracking

To get an estimate of the diffusion coefficient of a particle in some medium, a widely used
technique is individual particle tracking. By imaging the system at multiple, constantly separ-
ated, time points, and measuring the displacement of each particles in that time, it is possible
through statistical means to extract a diffusion coefficient.

The diffusion coefficient, Di , of an individual particle can be calculated through its relation
to the particle’s mean square displacement (MSD) in two dimensions,
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2
�

= 4Di t, (2.11)

where
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2
�

is the mean of all the measured, and squared, displacements for a particle,
within a given time t.

The diffusion coefficient for the ensemble of particles can then be estimated by either
taking the mean of all the individual particles’ diffusion coefficients, or by a linear curve fit of
the mean square displacements plotted over several time separations.
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Materials and Methods

3.1 Preparation of Collagen and Hyaleronic Acid composite gel

A HA stock solution was made by dissolving 4.24 mg sodium hyaleronan (2.0-2.2 MDa from
recombinant Streptococcus Equi, Sigma Aldrich) per 1 mL 4X Phosphate Buffered Saline
(PBS, Sigma Aldrich) at 4 °C , which would result in a 1 mg/mL concentration of HA when
the solution is diluted to 1X. The dissolving took place in a large eppendorf on a shaker-board
at 4 °C over-night. Before preparing the solution, pipette tips and eppendorfs were cooled on
ice for at least 30 minutes. The finished stock solution was stored in a fridge at 4 °C for a
maximum of one week.

As with the HA stock solution, all required tools and chemicals were cooled on ice for
at least 30 minutes before preparing the gels. The required tools which were chilled includes
sample holders, eppendorfs, pipette-tips, pH-electrode (SenTix® Mic-B), de-ionized water (DI-
water), NaOH, and evaporated milk. Additionally, an effort was made to minimize the handling
time when material had to be taken off the ice during the following procedures.

Depending on the exact collagen (COLLAGEN TYPE I High Concentration 8-12 mg/mL,
CORNING®) concentration in the batch used, the exact volumes of chemicals added were
adapted, so the gels reached a target concentration of 5 mg/mL collagen. The preparation
started by pipetting out HA stock solution to an eppendorf so it would reach a concentration of
1X in the final gel, this corresponds to 1X

4X = 25% of the total volume. The HA solution was di-
luted with DI-water such that the solution would dilute the collagen to its target concentration
when combined with it, subtracted for other ingredients not yet accounted for. 1M NaOH was
added to the HA solution at volume of 16 µL per mL of target volume, since by experience
it is roughly the amount necessary to reach a target pH of 7.4± 0.2 in the gels. In the cases
where evaporated milk was used in the gels, most of the DI-water was replaced, so the final
gel had a concentration of 10% evaporated milk (Tørsleffs’®, unsweetened) by volume. The
solution was then thoroughly mixed with a pipette tip. This step was done carefully to avoid
formation of gas bubbles.

To complete the preparation of the gel, the required volume of collagen was reverse-
pipetted into the HA-solution, and it was mixed with a pipette-tip. To verify that the pH was
acceptable, at least three measurements were done with the pH-probe, and if necessary 1M
NaOH or 1M HCl was added to adjust it. The added volume from any adjustments (0-2 µL/mL
) was deemed to have a negligible effect on the final concentration of the other constituents
in the gel.

In the cases where nanoparticles were included in the gels, the nanoparticles were added
to the gel solution in a fume hood to their desired concentration. This was typically 60 µg/mL

17
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, which corresponds to a volume increase of 0.77-2.31 µL/mL . Two types of polymeric nan-
oparticles were used. They were both made from the same monomer and were fluorescence
labeled, but had different PEGylation and size. They are referenced by their batch-name from
the manufacturer as TT-28 and ENP-135. Their characteristics are shown in table 3.1.

The finished gel solution was reverse-pipetted into the desired sample holders depending
on further processing, and incubated for an hour at 37 °c . A timer was started at the moment
of mixing the collagen with the HA solution, and the time it took from then until the gels were
in the oven was in the range of 15-30 minutes. The gels were either used immediately or stored
in a fridge at 4 °C for a maximum of 24 hours.

Table 3.1: A list of relevant characteristics of the two types of nanoparticles used in the exper-
iments.

Characteristic TT-28 ENP-135

Manufacturer SINTEF SINTEF
Batch name TT-28 ENP-135

Material Poly(Ethylbutyl Cyanoacrylate) Poly(Ethylbutyl Cyanoacrylate)
Hydrodynamic diameter 172 nm 94 nm

Poly-Dispersity Index 0.11 0.18
PEGylation Kolliphor & Pluronic Jeffamin & Brij

Zeta potential -1.5 mV -
Fluorescence label NR668 NR668

Stock concentration 78 mg/mL 26 mg/mL
Stock solution pH ∼ 3 ∼ 3

3.2 Preparation of agarose gels with additives

Due to obstructed deliveries of collagen, some experiments were done with agarose gels as sub-
stitutes. The gels were made by first measuring out the required amount of agarose powder
(Agarose, BioReagent, for molecular biology, low EEO, Sigma-Aldrich). Agarose gels were
made in concentrations of 2% (20 mg/mL) and 5% (50 mg/mL). The powder was then mixed
with DI-water, and dissolution took place in a water bath kept right below boiling temperature,
and under constant stirring using a magnetic stir bar. The gels were ready when the liquid had
become clear, and there were no visible gas bubbles.

Several types of additives were included in the gels. In those cases, the DI-water content
was reduced and replaced with appropriate amounts of the additive. The used additives were
evaporated milk and Bovine Serum Albumin (Bovine Serum Albumin, lyophilized powder,
BioReagent, suitable for cell culture, Sigma-Aldrich) (BSA). In the case of BSA, it was first
dissolved in water, such that the target concentrations of both BSA and Agarose could be
reached when combined at appropriate proportions. The dissolution took place in glass flask
with a magnetic stir bar, and the finished BSA solutions were stored in the fridge at 4 °C .

3.3 Imaging the collagen gels

A Leica TCS SP8 Confocal Microscope was used with a 25x water immersion objective (HCX
IRApo, NA = 1.95) to image the microstructure of the gels. The microscope is equipped with
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a Coherent® TiSp-laser Chameleon Vision-S multiphoton-laser (MP) which uses an electro-
optical modulator (EOM) for intensity control. The MP laser is used together with a hybrid
detector (HyD) for SHG imaging. CRM was done with a white-light laser (WLL) at the 410
nm spectral line, using photomultipliter tube (PMT) detectors. The gels were prepared by
pipetting 200 µL gel solution into WillCo® Glass-bottom dishes covered by a glass cover-slip,
and placed on the microscope sample stage. Brightfield microscopy was used to focus near the
bottom of the sample by finding the well-edges. CRM was used to precisely locate to bottom
cover glass to micrometer precision. This can be done due to the high reflectance of the glass
which gives a clear indication. The focus was then moved 20 µm into the sample to minimize
boundary effects. Z-stacks (a series of images at different focal position, but same xy-position)
were taken with both CRM and SHG at three different positions in each gel with an area of
116.45x116.54 µm2 distributed over an image size of 512x512 px2 in the xy-plane. Each
stack contains 46 images with a z-resolution of 0.23 µm, thus imaging the gel in the depth
range of 20.00-30.57 µm. The optical section was kept at 1.0 µm for all images. The WLL and
MP laser were not in the same focal position and thus the MP laser’s focal point had to be
manually shifted 2.84 µm into the sample relative to the WLL to image the same layer.

3.4 Estimating gel pore size from collagen images

Image stacks of gels were opened in ImageJ, and each image in the stack was stored as an in-
dividual bitmap-file, without any meta-data such as the Look-Up Table (LUT). A script was
written in python which automated the process of thresholding, skeletonizing, and NOD-
measurements on the collagen gel images. The script made several calls to binaries which
were compiled from the source code provided by Krauss et al. [91]. For each image stack, the
binaries returned a histogram of NODs, and equation 2.8 was curve-fitted to the histogram to
give a mean NOD. The final pore size estimate was calculated as the mean of all NOD meas-
urements, with equal weights on each sample. The NOD measurement was then transformed
to a CRT equivalent value by equation 2.10.

The cutoff-angle was similarly estimated by calls to compiled binaries from source code
provided by Krauss et al., and by taking the mean between all measurements. The measured
cutoff angle was then used to unbias the measured pore size with equation 2.9.

3.5 Acoustic attenuation measurements of gels

The acoustic attenuation, α, through the gels were measured as the loss of power in decibels,
as compared to a reference:

α=
1
d
(20 log10 Sref − 20 log10 S), (3.1)

where S is the frequency-domain signal received through a media, Sre f is the frequency-
domain reference signal received, and d is the length the sound travelled through the material.
The frequency-domain signals, S and Sref, were calculated by taking the absolute value of the
fast fourier transform of the raw signal. This results in a vector containing the signal intensity
at different frequency bins. The frequency bins correspond to the time step sampled divided by
the total amount of samples in that time. It follows from this that α is also a vector that contains
the attenuation at the same frequency bins. Due to the broad bandwidth of the transmitted
signal arising from the short pulse length, a measurement of the attenuated signal is also
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possible some distance away from the center frequency. However, the signal-to-noise ratio
rapidly decreases further away from the center frequency.

Experimental setup for attenuation measurements

The same setup as used in A. Finnøys’s master’s thesis [92], which had previously been adapted
for measurements of gels, were used. The measurement setup works by emitting an ultrasound
beam which travels through the sample positioned 7o mm away from the transducer, gets
reflected off a 25 mm thick acrylic slab positioned 27 mm behind the sample, and goes back
through the sample before hitting the transducer. The transducer is wired with a t-junction
to a LeCroy Wavesurfer 44Xs oscilloscope and an Agilent 33500B Series waveform generator.
This ensures that the oscilloscope is able to measure both the signal from the generator and
the reflected signal from the transducer. Attaching the waveform generator to the trigger on
the oscilloscope ensures that the reflected signal shows up as a peak with a constant time
delay relative to the initiating signal (Tbase). Three transducers optimized for the frequencies
1 MHz, 3.5 MHz and 5 MHz were used. Characteristics of the transducers can be seen in table
3.2, and an image of the setup can be seen in figure 3.1.

Table 3.2: The three different ultrasound transducers used, and some of their important char-
acteristics.

Type Optimal frequency Aperture size Focused Focus distance

MHz mm mm
Ultran WS-1P85 1 32 Yes 85

Panametrics V381 3.5 19 Yes 70
Panametrics V309 5 13 No 70

To prepare the experimental setup, the ultrasound transducer was attached (using an ad-
apter if necessary) to the chamber. Then, the chamber was filled to above the transducer with
room-temperature degassed de-ionized water, which was degassed by bringing the water to
the boiling point and letting it cool. The water was poured in slowly to prevent the absorption
of air. The waveform generator and the oscilloscope was configured according to table 3.3.
The considerations going into these parameters included having a short pulse length to ensure
a high bandwidth of the emitted signal, as high as allowed voltage to increase the signal-to-
noise ratio, and a high degree of averaging to further reduce the impact of noise. After turning
it on, several peaks could be seen on the oscilloscope corresponding to the primary signal,
reflections of the sample stage, reflections from the acrylic back-slab and other secondary re-
flections. The oscilloscope was focused on the reflection from the slab, as this will be a signal
that has traversed the sample exactly twice.

A MATLAB[93] script was used to communicate with the oscilloscope and store the raw
signal data as .mat-files.
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Table 3.3: List of configuration for the waveform generator and oscilloscope for the three trans-
ducers used. The Tbase is approximate, as there might be some slight variation in the delay
before the arrival of the reflection from the acrylic slab.

Parameter Ultran WS-1P85 Panametrics V381 Panametrics V309

Waveform generator
Waveform Sine Sine Sine

Driving frequency, MHz 1 3.5 5
Amplitude, Vpp 10 10 10
Burst period, ms 10 10 10

Oscilloscope
DC Coupling, Ω 50 50 50

Averaging, sweeps 200 200 200
Max samples, kS 500 500 500

Sampling rate, GS s−1 2.5 2.5 2.5
Amplitude per division, mV 2 5 10

Time per division, ns 1000 200 200
Time delay (Tbase), µs ∼139 ∼137 ∼134

Figure 3.1: The setup used for the attenuation measurements. The ultrasound is emitted from
the transducer on the right, passes through the sample in the middle, and is reflected off the
back acrylic wall on the left. The ultrasound them returns the same way it came, back through
the sample and is reabsorbed by the transducer. This reabsorption creates an electric signal
which is detected on the oscilloscope. Note that the setup shown here is with the old, small,
sample holder
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Optimizing the attenuation measurement setup

Previous measurements done on gels with this setup had shown conflicting results. To en-
sure reliable results, a full re-design of the sample holder was merited. The previous sample
stage was not large enough to accommodate the beam profile of all the transducers. So a
sample holder with larger dimensions was designed. The new sample holder was designed for
a volume of 3.125 mL , and the exact dimensions can be seen in figure 3.2.

Furthermore, it was discovered that the mylar sheet which was previously glued to the
faces of the sample holder had a relatively large attenuation compared to the gels. Therefore,
it was replaced with plastic wrap (Toppits®). Instead of using glue, double-sided tape (0.1
mm thick) was used and the plastic wrap was taped under tension on a table before adhesion
to the sample holder. This ensured a smooth surface, mitigating the risk of an uneven thickness
of the gel. Additionally, when gels were introduced to the sample holders, a piece of mylar was
cohesed to the surface of the plastic wrap with a drop of water, to prevent the plastic wrap from
deforming before and during the cross-linking. Before measurements, the mylar was removed,
and the surface of the plastic wrap gently wiped clean with a tissue.

Figure 3.2: Schematic of the old (left) and the new (right) sample holder used in the attenu-
ation measurements. All dimensions are given in mm , and the holder is shown from the top
(top) and the front (bottom). The focus area of the ultrasound transducers were 5 mm from
the bottom.

Attenuation measurements of collagen and agarose gels

To ensure that the reference signal is from the same sample holder as the gel, the full meas-
urement procedure was repeated twice. Once for the empty sample holder, and once for the
same sample holder filled with gel. To fill the sample holders, 3.125 mL gel solution was
reverse-pipetted into them. The gels were covered with parafilm to prevent solvent escape,
and incubated in an oven at 37°C for an hour.

Three measurements with no sample holder in the stage were done before and after the
measurements of both the empty sample holders and the ones containing gels. In other words,
reference measurements were done with only water in the ultrasound path. This allows for
the calculation of the attenuation through equation 3.1 independently for the empty sample
holder and the sample holder containing the gel. To get the attenuation of the gel itself, the
attenuation of the empty sample holder was subtracted from the attenuation of the sample
holder containing gel.

To do the measurements, the sample stage was taken out of the chamber and the sample
holder was slid into it. The sample stage was slid back into the instrument and a pasteur
pipette was used to remove entrapped air in the sample holder, as well as remove any air
bubbles adhered to the surfaces inside the chamber. Between each measurement the sample
stage was removed from the chamber and put back in. Before taking the next measurement,
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the memory of the oscilloscope was cleared, and given enough time to record at least 200 new
ultrasound pulses. To switch to the other transducers, the chamber was first emptied of water,
and new degassed water was poured in.

The data files created by the MATLAB script were opened in Python[94], and a Fourier
transform was done on each of the measurements. All the measurements for the same trans-
ducer have equal frequency bins, so the mean was taken first between measurements from
the same gel solution, then between all gels of the same type. The attenuation was calculated
according to equation 3.1. The error was calculated as standard deviation between samples.
The results were plotted using the Matplotlib[95] library in Python. The frequencies plotted
were limited to the distance around the center frequency before signal noise started to visibly
dominate the result.

3.6 Measuring temperature dependent diffusion in gels and water

Collagen samples with HA and evaporated milk were prepared according to section 3.1. Gels
with both types of nanoparticles were used. The gels were prepared by pipetting out 200
µL gel solution in WillCo® Wells, and covered with a glass cover slip. The nanoparticle-water
solutions were prepared with an equal concentration of 60µg/mL, by simply diluting the stock
solution in DI water.

The samples were put on a Zeiss LSM-800 up-right AiryScan confocal microscope with a
40x water immersion objective (NA 1.2, C-Apochromat, WD 0.28). A Pecon® heating insert
slotted in the microscope stand was used for temperature adjustment. The WillCo® wells were
filled with small amounts of water to allow for better heat conductivity from the heating insert
to the sample, as well as to act as a thermal mass to stabilize the temperature. The temperat-
ure had to be over-adjusted on the regulator due to thermal losses through the objective, and
a digital thermometer was used to control the temperature before, between and after meas-
urements. It was confirmed that the temperature was within ±0.5°C of the target temperature
before starting each measurement. Three different temperatures were investigated: 25°C, 30°C
and 35°C.

For the nanoparticles in water measurements, the experimental settings were optimized
for frame rate with a trade-off against image quality, and time series data was collected with
a zoom-ratio of 4x, corresponding to a 39.97x39.97 µm2 area of the sample, distributed over
a resolution of 128x128 px2, at the lowest pixel dwell time possible. The achieved frame-rate
was 26.3 frames per second.

The nanoparticles in gel measurements were optimized for position and image quality, and
a larger 1024x1024 px2 resolution was used, at the cost of a lower frame-rate. The pixel dwell
time was adjusted such that a frame-rate of two frames per second was achieved. Additionally,
some measurements with the same settings as for the free-diffusing particles were used to
verify that no fast-moving particles were missed.

For each sample, three videos were extracted. The videos were opened in ImageJ, and
particle tracking was done using the TrackMate plugin [96]. The built-in Laplacian-of-Gaussian
detector was used to detect the particles, and the expected particle size and threshold was
adjusted by hand to best fit the data, while avoiding false positives. The detected points were
filtered by the built-in contrast gradient filter to remove any agglomerations, and residual
false positives (due to diffraction artifacts). The particle tracking was done using the built-in
Linear Assignment Problem tracker. To get accurate results, it is important to choose a good
linking distance, which is the maximum distance a particle can move between two frames.
For the nanoparticles in water measurements, this was chosen from a normal distribution,
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with the MSD as variance. The point where the distribution gave less than a 1% chance of a
given displacement was used as the linking distance. The MSD used for this was calculated
from the diffusion coefficient predicted through the Stoke-Einstein equation (equation 2.2) for
the highest temperature used in the measurements. No frame gap-closing was applied, which
means that no attempts were made to correlate particles which disappeared for some frames,
but reappeared later. However, in the nanoparticles in gel measurements the linking distance
used was found by experimentation, and visual inspection. Additionally, a frame gap-closing
was allowed for up to two frames where the particle was missing.

The found particle tracks were saved as csv-files and opened in python for analysis. All
tracks shorter than 5 frames were discarded to reduce influence of edge effects, and a diffusion
coefficient was calculated for each particle by calculating the mean square displacement, and
using its relation to the diffusion coefficient through equation 2.11. The mean was then taken
of all the diffusion coefficients, of all the individual particles, to find the coefficient of the
ensemble associated with the csv-file. The final estimated diffusion coefficient was found by
taking the mean, and standard deviation, between the diffusion coefficient found for each
individual measurement (csv-files) on a sample.

3.7 Design of setup for measuring transport properties of nano-
particles under effect of US

A custom setup was designed for measuring the transport of nanoparticles in gels under the in-
fluence of US. The setup was manufactured by the mechanical workshop at NV-faculty based
on drawings. Several design considerations were taken into account. There was a desire to
make the measurements clinically relevant, and a 1 MHz transducer (PA504, Precision Acous-
tics LTD) was thus used. Since the expected increase in transport relative to diffusion was
expected to be in the same direction as the US waves, placing the objective orthogonal to
the US was a wanted property. To achieve this, and still position the sample in the center of
the ultrasound beam, the sample holder was raised so that it covered half the beam. Also,
the setup was designed with a dipping objective in mind. This is necessary due to the sample
having to be submerged in water. Acoustically absorbing material was used to mitigate the
risk of standing waves between the transducer and the blocked off part of the sample holder.
Additionally, the same material was used for the same purpose on the back wall behind the
sample. A slot with the same dimensions as a 18x18x0.17 mm glass cover slip was cut out in
the sample holder. This ensures precise positioning of the sample, that the sample can with
relative ease be swapped out, and that the acoustic reflections because of the glass cover-slip
are minimized. Additionally, the sample holder can be disconnected from the transducer cone,
so alterations on the setup in the future are possible.

Other considerations which were of importance were the ability to some extent control the
position of the objective relative to the sample in all three axes, and having a stable mount-
ing of the setup on the microscope table. The transport measurement setup was thus installed
on a metal plate which was connected to two orthogonally connected single-axis translation
stages. This gave a freedom of movement in the xy-plane. Movement in the z-axis was imple-
mented by installing the setup on a microscope stage which allowed for manual focusing. The
microscope stage was mounted on the same optics table which the microscope was on. The
final consideration was that larger volumes of gels are costly to produce, and this setup has a
minimal gel usage. The full setup can be viewed in detail in figure 3.3.
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(a) The ultrasound transport measurement setup installed on a Leica LSM700 confocal miscroscope. The setup is
installed on two single-axis translation stages which allow xy-positioning of the sample relative to the microscope,
and a microscope stage which permits manual focusing in the z-direction. The setup consists of a water-filled cone
for the transducer which shrinks in width as the ultrasound gets more focused, and a sample holder which can be
seen with a dipping objective submerged in it.

(b) Close-up of the sample holder, with a gel sample on a glass cover-slip installed. The sample is fastened with
water-resisting tape to prevent it from moving around during measurements. The sample holder can easily be
removed by loosening three white screws, and a plastic film separates it from the transducer cone which is filled
with degassed water. As can be seen, half the ultrasound beam is blocked off, and acoustically absorbing material
(blue) is used to prevent standing-waves. When measuring, the setup will be raised to submerge the objective, and
filled with water.

Figure 3.3
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3.8 Characterization of diffusion-measurement setup

The sample holder of the ultrasound setup had a complicated geometry, which makes direct
measurement of the ultrasound field difficult. This is because there is not enough room to
fit a hydrophone. A separate adapter was thus made, which blocks half the opening of the
ultrasound cone with absorbing material in the same way as the real sample holder. However,
it does not contain the other features such a slot for the sample or a back-wall. This adapter
allows the measurement of the relation between input voltage and peak pressure at different
locations behind the opening, but does not account for any influence imparted by the back-
wall, the sample, or the objective being present.

The setup was characterized at Department of Circulation and Medical Imaging (ISB) at
NTNU. The measurements were done in an Onda AIMS III scanning tank with an Onda HGL-
0200 hydrophone connected to an Onda AH-2010-100 pre-amp and a PicoScope 5244A oscil-
loscope connected to a computer.

The ultrasound setup was submerged in the tank with the beam direction facing down-
wards, and the hydrophone directed towards the beam opening on the transport measure-
ment setup. An image of the characterization setup can be seen in figure 3.4. The hydrophone
position was calibrated by doing a xy-plane scan and finding the position with highest intens-
ity. This was set as the zero-point in the xy-plane. To find the focus distance, a similar scan
was done in the z-direction to find the highest intensity point. This position was defined to
be the focus length, and defined to be 73.5 mm away from the transducer, as specified by the
transducer manufacturers specification (appendix B).

At the focus length, in the center of the beam xy-plane, the input voltage to the power
amplifier connected to the transducer was gradually increased in 20 mV increments. At each
input voltage, the peak negative, and the peak positive pressures were measured and plotted.
The voltage was increased until a peak negative pressure of 1 MPa was achieved. Similar
measurements were done at 80 mm distance from the transducer, as a mistake was done in
the design of the transport measurement setup, where the distance from the transducer to the
center of the sample was measured from the frame of the transducer, instead of the center of
the diaphragm. This puts the sample in the far-field of the ultrasound beam.

In addition to measuring the relation between peak pressure and voltage, 2D scans of the
beam profile were also performed. The scans were done in 0.1 mm increments over a 2.5x2.5
mm2 area, with the ultrasound focus in the center. Scans were done at a distance of 73.5 mm
and 80 mm away from the transducer.
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Figure 3.4: The ultrasound transport measurement setup with a custom adapter made for
characterization. The setup is submerged in water, and the hydrophone is pointed towards the
opening of the transducer.
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3.9 Measuring diffusion of nanoparticles in Collagen gels with US
treatment

Collagen gel samples with HA, evaporated milk and nanoparticles were prepared according to
section 3.1, and a 200µL droplet was pipetted onto 18x18 mm2 glass cover slips. The cover
slip was placed inside small glass-bottom dishes during cross-linking and storage, to minimize
solvent evaporation and risk of physical damage to the gels.

To do measurements on the gels, the glass cover slips were placed in the sample socket of
the ultrasound transport measurement setup. The setup was assembled under a Zeiss LSM700
confocal microscope, with a 40x water dipping objective (NA 1.0, Plan Apochromat, WD 3.5).
Each corner of the cover slip containing the sample was taped to the setup with water-resistant
tape. This prevented the sample from moving around during measurements. When the sample
was secured, the setup was raised so the objective was near the sample. The setup was then
filled with water until a small meniscus formed. Positioning of the focus parallel to the ultra-
sound field was done by letting the objective rest against the edge of the setup, while position-
ing in the orthogonal direction was done by measurements with a ruler. Height positioning
was done by turning on the microscope, adjusting the pinhole to its maximum size, and slowly
moving the sample upward until the fluorescent signal from the nanoparticles were found.
The pinhole was then reduced to one airy unit, and the focus was moved a little bit further
into the sample to avoid measurement of surface-specific effects.

Three measurements were performed on each sample, as well as an equal amount of con-
trol measurements in the same positions. The first measurement was taken in the center of
the sample, the second shifted 0.50 mm to the left orthogonal to the ultrasound field, and the
third 0.50 mm to the right. Focus in the z-direction was adjusted as necessary after shifting the
position of the sample. The setup was given approximately 5 minutes of rest between meas-
urements, to allow for cooling of the transducer and sample. 5 minutes was deemed sufficient
since it was stated as the required time to cool the transducer in the test certificate (appendix
B).

The results from the characterization of the ultrasound setup (figure 4.19b) was used to
find the correct input voltage to achieve a peak negative pressure of either 1 MPa or 2 MPa at
the center of the sample slide. For the 2 MPa measurements, the input voltage was linearly ex-
trapolated. An Agilent 33500B Series waveform generator was configured for 1 second bursts
with 1,000, 10,000, or 100,000 cycles in that time. Respectively, this corresponds to a duty
cycle of 0.1%, 1%, and 10%. Thus a total of 6 different modes of ultrasound exposure were
performed.

Two datasets of 3 measurements each were collected, with slightly different imaging para-
meters. In both datasets, the measurements were done as a 2 minutes time series over a 40x40
µm2 large region. However, in the first dataset the imaged region was distributed over 256x256
px2, with approximately 6 frames per second, while in the second dataset the resolution was
increased to 1024x1024 px2, and a framerate of 2 frames per second. The increased spatial
resolution was done because the temporal resolution was more than sufficient, and more pre-
cision in position was desirable. Additionally, in the second dataset the third measurement
was done as a 15 minute time series. Except for in the controls, ultrasound was applied for
the full duration of the measurements. A Shapiro-Wilks test was done on the pre- and during-
US measurements to determine if the results are normally distributed using a p-value of 0.05,
and a Welch’s t-test was used to establish if any of the results were statistically significant.
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Results

4.1 Characterization of collagen structure with, and without, 1
mg/mL HA and 10% evaporated milk

Collagen gels with and without additives were imaged with CRM and SHG microscopy. Some
variation was discover in some of the gels within one of the batches. Where there was one
sample with visibly thin and long fibers, one with shorter and thicker fibers, and one which
was somewhere in between those two extremes. Images of the gels are included in figure 4.1.

In the gels which included evaporated milk the collagen structure was not clearly visible in
the CRM images. This is due to other reflective constituents. The gel is filled with small nodular
lumps, and some collagen fibers can barely be discerned around them. The SHG image reveals
a more dense and clustered collagen network compared to the gels without milk. CRM and
SHG images of a gel containing both hyaluronic acid and evaporated milk is included in figure
4.2.

29
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(a) (b) (c)

Figure 4.1: Three CRM images showing poor reproducibility within a single batch of collagen
gels. Each of the samples appeared homogeneous throughout. The sample in 4.1a shows dis-
tinctively thinner and longer fibers, while 4.1c shows shorter and thicker fibers. The sample in
4.1b displays features which lie somewhere between the samples 4.1a and 4.1c. The brightness
in the images has been artificially enhanced.

(a) (b)

Figure 4.2: A CRM (a) and a SHG (b) image of a collagen gel with HA and evaporated milk.
In the CRM image small nodules, which are believed to be fat, can be seen among the fibers.
On the SHG image only collagen fibers can be seen.
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4.2 Pore size in collagen gels

The CRM NOD measurements were generally in good agreement with the Rayleigh distribu-
tion, and resulted in good curve fits. Typical curve fits can be seen in figures 4.3a and 4.3b. The
SHG measurements showed a poor fit, where the distribution had a shoulder to the right of
the main peak, as can be seen in figure 4.3c. This signifies a systemic bias, and the thresholded
and skeletonized network can not be said to be an isotropic random network. The SHG images
were thus excluded from the rest of the analysis.

The mean NOD value was found from curve-fitting against the Rayleigh distribution for
many different gels, as seen in figure 4.5b, together with the polar cutoff angle as found from
figure 4.4 and equation 2.9. From this, a pore size including standard deviation was estimated
to 1.75± 0.23µm for the gels without HA, and 1.81± 0.15µm for the gels with HA. However,
the pore size measured for the gel with HA only reflects the pores in the collagen matrix, and
does not take into account the other constituents. There is a considerable standard deviation
in the result. However, even the lower pore size estimate is many times larger than any of the
nanoparticles used in the experiments.
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(a) (b)

(c)

Figure 4.3: Typical raw data from NOD-measurements, and curve fits against the Rayleigh
distribution for CRM images on a 5 mg/mL collagen gel (a), CRM images on a 5 mg/mL collagen
gel with 1 mg/mL HA (b), and SHG images of a 5 mg/mL collagen gel with 1 mg/mL HA (c).
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Figure 4.4: The measured polar angles for CRM image-stacks of 5 mg/mL collagen gels, com-
pared to the theoretical distribution for an ideal isotropic network. The vertical line represents
the cutoff-angle, and is positioned such that the area under the idealized curve on the right
side of the line, matches the area between the two curves.

(a) (b)

Figure 4.5: Curve fits of the mean nearest object distances measured on 10 samples with 3
CRM image stacks on each for 5 mg/mL collagen gels with no additives (a), and 5 samples
with 4 CRM image stacks on each for collagen gels with 1 mg/mL HA (b). The pore size was
calculated from the mean of all the curve fits.
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4.3 Optimization of acoustic attenuation setup

The effects of the improvements on the acoustic attenuation measurement setup included a
replacement of the mylar on the sample holders with plastic wrap, creating larger sample
holders, and alterations to the protocol which enabled the use of the same sample holder as
reference to the gel measurements. The replacement of the mylar sheet resulted in a decrease
of the inherent acoustic attenuation from approximately 0.45 to 0.05 dB at 1 MHz, and from 8
to 0.35 dB at 5 MHz. The full measured spectrums can be seen in figure 4.6. On the same figure,
in the lower right quadrant, it can also be seen that there is some variation between individual
sample holders, highlighting the need for using the same sample holder for reference and gel
measurements.

The up-scaling of the sample holder showed a reduction of inherent attenuation in the
sample holders for the 1 MHz transducer, from a level of around 1.6 dB to a negligible amount
(technically less than 0, but this is physically impossible and implies other sources of noise are
more important). However, the attenuation with the 5 MHz transducer was similar between the
two sample holders. The measured spectrums can be seen in figure 4.7. There is considerable
variation between frequencies in the plots for the small sample stage, likely arising from a
combination of the result being based on a single measurement and spectral leakage. In the
large sample stage measurements there is also some variation between frequencies. This gives
an indication that the sensitivity limit seems to be somewhere around±0.07dB near the center
frequency, and any difference below that can arise from artifacts from the Fourier transform
or other sources of noise.
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Figure 4.6: Comparison of using either mylar sheet or plastic wrap on the attenuation sample
holders. The signal passes through either a layer of mylar or plastic wrap a total of four times,
two times for each of the two sides of the sample holders. The results are shown for the 1MHz
and the 5MHz transducer, and the mylar sheet (left) attenuates the signal by a total of approx-
imately 0.45 dB at 1 MHz, and 8 dB at 5 MHz. The plastic wrap (right) attenuates the signal
by approximately 0.05 dB at 1 MHz and 0.4 dB at 5 MHz. 5 measurements were done on three
different sample holders of each type. The plots are on different y-axes to better visualize the
variations seen between neighbouring frequencies.
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Figure 4.7: Comparison of the sample stage for the small and the large sample holders with
the 1 MHz and the 5 MHz transducer. The small sample stage attenuates the acoustic signal
by approximately 1.6 dB at the center frequency of the 1 MHz transducer, and less than 0 dB
at the center frequency for the 5MHz transducer. The large sample stage attenuates less than
0 dB for the center frequency for the 1 MHz transducer, and between approximately 0.05 and
0.1 dB for the center frequency of the 5 MHz transducer. The results from the small sample
stage are based on 1 measurement, while the results for the large sample stage are based on 3
measurements. The plots are on different y-axes to better visualize the variations seen between
neighbouring frequencies. They likely arise due to noise caused by spectral leakage.
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4.4 Acoustic attenuation of agarose gels with additives

The results from the acoustic attenuation measurements on 2% and 5% agarose gels with
different additives are shown in figures 4.8-4.15. The addition of either BSA or evaporated
milk clearly increases the acoustic attenuation of the gels. This effect is most noticeable with
the 3.5 MHz and the 5 MHz transducer, but a similar trend is seen at 1 MHz. The addition of
milk has a slightly higher effect on the attenuation, as opposed to BSA at similar concentration.

For all the gels the attenuation increases with frequency, which is consistent with equation
3.1. Additionally, the results for the different transducers align within a standard deviation at
overlapping frequencies for the other transducers. Furthermore, the data for the 2% agarose
gel is consistent (within a standard deviation) with the data from table 2.5, while the data for
the 5% agarose gel is consistent at 3.5 and 5 MHz, but not at 1 MHz. The measured attenuation
at that frequency is significantly lower than reported in table 2.5.

The 3.5 MHz measurements on the 5% agarose gels with 10% or 20% milk show two
distinct populations of measurements. Both populations have a similar slope with frequency.
The population with the highest measured attenuation (orange and blue lines in the 3.5 MHz
plots in figures 4.14 and 4.15) aligns well with the attenuation of the overlapping frequency
bins in the 1 MHz and 5 MHz measurements. The population with lower attenuation does not
align with the attenuation at overlapping frequency bins in the other plots, and falls below 0 for
frequencies below around 2 MHz. Considering this, and the fact that this was only noticeable
on the results from a single transducer, it is interpreted as a measurement error during the
reference measurements.

The acoustic attenuation at the center frequency of the transducers is summarized in table
4.1 for 2% agarose gels, and 4.2 for 5% agarose gels.
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Figure 4.8: Acoustic attenuation of 4 samples from 2 batches of 2% agarose gels. Independent
plots for the three different transducers used in the experiments are shown.
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Figure 4.9: Acoustic attenuation of 3 samples from 2 batches of 2% agarose gels containing 5%
evaporated milk. Independent plots for the three different transducers used in the experiments
are shown.
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Figure 4.10: Acoustic attenuation of 3 samples from 2 batches of 2% agarose gels contain-
ing 10% evaporated milk. Independent plots for the three different transducers used in the
experiments are shown.
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Figure 4.11: Acoustic attenuation of 3 samples from 2 batches of 2% agarose gels containing
10% bovine serum albumin. Independent plots for the three different transducers used in the
experiments are shown.
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Figure 4.12: Acoustic attenuation of 3 samples from 2 batches of 2% agarose gels containing
20% bovine serum albumin. Independent plots for the three different transducers used in the
experiments are shown.
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Figure 4.13: Acoustic attenuation of 3 samples from 2 batches of 5% agarose gels. Independent
plots for the three different transducers used in the experiments are shown.
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Figure 4.14: Acoustic attenuation of 5 samples from 2 batches of 5% agarose gels contain-
ing 10% evaporated milk. Independent plots for the three different transducers used in the
experiments are shown.
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Figure 4.15: Acoustic attenuation of 5 samples from 2 batches of 5% agarose gels contain-
ing 20% evaporated milk. Independent plots for the three different transducers used in the
experiments are shown.
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Table 4.1: The results of attenuation measurements on 2% agarose gels with different additives.
The attenuation at the center frequency is shown. Each of the measurements were done over
n= 3 samples unless otherwise stated.

Sample α1MHz α3.5MHz α5MHz

dB cm−1

2% Agarose (n= 4) 0.04± 0.02 0.10± 0.03 0.35± 0.07
+ 10% BSA 0.11± 0.03 0.32± 0.02 0.44± 0.05
+ 20% BSA 0.10± 0.03 0.52± 0.03 0.81± 0.12
+ 5% milk 0.04± 0.008 0.16± 0.06 0.48± 0.12
+ 10% milk 0.14± 0.02 0.41± 0.02 0.52± 0.09

Table 4.2: The results of attenuation measurements on 5% agarose gels with different con-
centrations of evaporated milk. The attenuation at the center frequency is shown. Each of the
measurements were done over n= 5 samples unless otherwise stated.

Sample α1MHz α3.5MHz α5MHz

dB cm−1

5% Agarose (n= 3) 0.02± 0.01 0.49± 0.03 1.01± 0.09
+ 10% milk 0.11± 0.04 0.54± 0.29 1.37± 0.12
+ 20% milk 0.18± 0.04 0.82± 0.24 1.73± 0.07
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4.5 Acoustic attenuation on Collagen with additives

The results from the acoustic attenuation measurements on collagen gels with additives are
shown in figures 4.16-4.18.

All the samples had a very low attenuation at 1 MHz, which in the case of the 5 mg/mL col-
lagen gel, with and without HA, even gave a negative result. For the 5 mg/mL gel with HA and
evaporated milk the results were positive, but still significantly different to what is expected
of soft tissue, which is on average 0.54 db/cm/MHz (from table 2.4). Besides this, the atten-
uation has an increase with frequency, which is consistent with equation 3.1. Additionally, the
overlapping frequencies for the different transducers seem to overlap. This is most noticeable
for the gel with HA and evaporated milk. For the pure collagen gel and the collagen gel with
only HA, the standard deviation is high relative to the measured signal, thus the margins for
considering the frequencies as overlapping are quite lenient.

The acoustic attenuation at the center frequency of the transducers is summarized in table
4.3.



48 Kim Andre Ulvik:

Figure 4.16: Acoustic attenuation of 2 samples from 1 batch of 5 mg/mL collagen gels. Inde-
pendent plots for the three different transducers used in the experiments are shown.
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Figure 4.17: Acoustic attenuation of 2 samples from 1 batch of 5 mg/mL collagen gels con-
taining 1 mg/mL hyaluronic acid. Independent plots for the three different transducers used in
the experiments are shown.
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Figure 4.18: Acoustic attenuation of 2 samples from 1 batch of 5 mg/mL collagen gels contain-
ing 1 mg/mL hyaluronic acid and 10% milk. Independent plots for the three different trans-
ducers used in the experiments are shown.
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Table 4.3: The results of attenuation measurements on 5 mg/mL collagen gels with, and
without, 1 mg/mL hyaleronic acid and 10 % evaporated milk. The attenuation at the cen-
ter frequency is shown. Each of the measurements were done over n = 2 samples. A negative
attenuation is physically impossible, and in those cases values have to be taken as qualitatively
"very low" instead of quantitatively.

Sample α1MHz α3.5MHz α5MHz

dB cm−1

5 mg/mL Collagen −0.05± 0.003 −0.02± 0.02 0.03± 0.04
+ HA −0.09± 0.009 0.06± 0.02 0.16± 0.06

+ HA and milk 0.03± 0.02 0.35± 0.007 0.45± 0.05
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4.6 Diffusion of nanoparticles in water

The particle tracking of the TT-28 and ENP-135 in water at different temperatures, resulted in
measured diffusion coefficients similar to the predictions of the Stoke-Einstein equation. The
results are summarized in table 4.4.

Table 4.4: Measurements of the diffusion coefficient in water for both types of nanoparticles, at
different temperatures, are shown together with a prediction from the Stoke-Einstein relation
(equation 2.2), using data from table 2.3 for the viscosity. Three measurements on a single
sample were done for each data point.

Temperature
TT-28 ENP-135

Predicted Measured Predicted Measured

µm2s−1

25°C 2.86 2.85± 0.02 5.23 5.72± 0.08
30°C 3.24 3.06± 0.03 5.94 5.90± 0.18
35°C 3.66 3.69± 0.006 6.69 6.74± 0.23

4.7 Temperature-dependent diffusion of PACA NPs in collagen gel

The particle tracking of the TT-28 and ENP-135 nanoparticles in collagen gels with HA and
evaporated milk resulted in a measured diffusion coefficient in the order of magnitude of
10−4µm2s−1 for both particles. This is a diffusion coefficient around 10 times lower compared
to earlier work done by Løvmo et al. [79], for gels with a collagen concentration of 2.5 mg/mL.
However, it was not possible to separate the particles into separate diffusion groups as done
by Løvmo et al.

For both the particles there is a slight increase in diffusion coefficient with temperature.
The only exception to this is the 25°C measurement of the ENP-135 particles, which is higher
than for higher temperatures. This measurement also has a fairly large standard deviation
which might account for this discrepancy.

The diffusion coefficient of the TT-28 particles is roughly half of the measured diffusion
coefficient for the ENP-135 particles, which is consistent with the results from section 4.6.

The results are summarized in table 4.5.

Table 4.5: Measurements of the diffusion coefficient in collagen gels with HA and evaporated
milk. The results are based on three measurements on two samples, and the error is given as
standard deviation between individual measurements.

Temperature TT-28 ENP-135

10−4 µm2s−1

25°C 8.0± 0.8 23.6± 2.8
30°C 9.2± 1.6 20.5± 0.6
35°C 9.5± 1.2 22.1± 1.7
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4.8 Ultrasound beam profile in diffusion setup

The peak pressure of the ultrasound beam in the diffusion setup, which was measured by a
hydrophone in the water tank, is shown for two different distances from the transducer in
figures 4.19a and 4.19b. There is an apparent linear relationship between the input voltage
to the power amplifier, and the measured peak pressures of the ultrasound beam. This is only
true for low input voltages, and the true relationship is a slowly increasing exponential as can
be seen in the transducer’s test certificate (Acoustic Power vs Frequency for PA504, appendix
B).

The obstruction of half the ultrasound beam gave the beam profile an irregular shape. The
cutoff-line where the beam was blocked is clearly visible in the surface and contour plots in
figures 4.19c-f. The beam also has an extra pressure peak outside this region, where ideally
there would be no ultrasound due to the absorbing material. This implies that the absorbing
material either failed to absorb all the acoustic energy, or that the ultrasound diffracted over
the edge. However, this secondary peak had a low pressure intensity of -9 dB in reference to
the main peak.

Measurements were taken at two distances away from the transducer. At the focus area
73.5 mm away from the transducer, and at the center of where the slide with the sample
would be 80.0 mm away from the transducer. The latter measurement was needed due to a
mistake in the design of the set-up. Comparing the measurements from the ultrasound focus
area and the center of the slide, an input voltage of 190 mV is necessary to reach a peak
negative pressure of 1 MPa in the focus area, while 320 mV is needed to reach the same
pressure in the center of the slide. The contour and surface plots in figures 4.19c-f highlights
this, as the focus area plots have a much sharper peak where the pressure rapidly decreases
from the center. In the center of the slide plots, the pressure is more spread out and decreases
more slowly out from the center. However, in both cases the first contour line of -3 dB pressure
decrease is approximately 0.5 mm wide.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.19: Characterization of the ultrasound transport measurement setup at two differ-
ent distances, 73.5 and 80.0 mm away from the transducer diaphragm. This represents the
focus area of the transducer, and the center of the sample slide which is in the far-field of the
ultrasound beam. Figures a and b show the relationship between input voltage to the power
amplifier and peak positive and negative pressure. Figures c and d show 3D surface plots of
the ultrasound pressure related to position, and figures e and d show the same information as
filled contour plots. The area to the bottom left of the blue line in plot e and d is where the
beam from the ultrasound transducer is blocked off.
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4.9 Effects of ultrasound on diffusion of nanoparticles in collagen
gels

The results of the measurements of the diffusion coefficient for 5 mg/mL collagen gels with
HA and evaporated milk are shown for 1 MPa peak negative pressure in figure 4.20, and
for 2 MPa peak negative pressure in figure 4.21. The difference between the US and control
measurements at varying number of cycles are generally positive, and similar between the
TT-28 and ENP-135 particles. Additionally, there is a positive trend of increasing difference
between the measurements pre- and during- US with increasing number of cycles. Only one of
the results are statistically significant, for the TT-28 nanoparticles at 2 MPa and 100k cycles.
With a p-value less than 0.01.

For most of the 2 MPa measurements, and the 1 MPa 100k cycles measurement on the ENP-
135 nanoparticles, there is a fairly large spread in the measured diffusion coefficient on both
the pre- and during- ultrasound measurements, which converge when looking at the difference
between the two.

A Shapiro-Wilks normality test was done on the difference on the pre- and during US treat-
ment measurements. The null hypothesis (that the data is normally distributed) was rejected
in four instances with a p-value less than 0.05. Three times in the pre-US measurements: for
the TT-28 nanoparticle at 1 MPa and 1K cycles, and at 2 MPa 1k cycles. Also for the ENP-135
nanoparticle at 2 MPa and 100k cycles. Additionally, the null hypothesis was rejected once in
the during-US measurements for the TT-28 nanoparticle at 1 MPa and 10k cycles.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.20: The measured effective diffusion coefficient at 1 MPa peak negative pressure,
and at varying duty cycles. Results pre- and during ultrasound exposure for each measurement
location are shown, as well as the difference between them. The three vertical tracks within
one group represents from left-to-right the first, second, and third ultrasound treatment of each
sample. The black lin represents the mean of all 6 measurements in that group.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.21: The measured effective diffusion coefficient at 2 MPa peak negative pressure, and
at varying duty cycles. Additionally, the difference between the pre- and during US measure-
ments are shown. The three vertical tracks within one group represents from left-to-right the
first, second, and third ultrasound treatment of each sample. The black line represents the mean
of all measurements in that group (6 for TT-28 and 3 for ENP-135). Statistical significance is
shown with an asterisk. (**p<0.01).
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Discussion

The overall aim of the master thesis was to study the effect of ultrasound on the transport of
nanoparticles in collagen gels with hyaluronic acid and evaporated milk. This was investigated
at different ultrasound parameters, and with two different nanoparticles in a custom built
setup. Evaporated milk was included in the gels to increase their acoustic attenuation, and
thus increase the likelihood of seeing an effect with ultrasound. Before studying diffusion of
nanoparticles, the collagen gels needed to be characterized and the experimental setups for
attenuation and diffusion measurements needed to be established. The producer of collagen
could not ship collagen before end of April, thus agarose gels were used to establish and test
the experimental setup and measure the attenuation when additives were included in the gels.

5.1 Acoustic attenuation of gels

Parts of my project thesis involved measuring the acoustic attenuation of collagen gels at vary-
ing concentrations. The results from those measurements revealed that the setup was not sens-
itive enough to resolve the attenuation reliably. During the master the setup was optimized,
and said optimizations were evaluated. With a more sensitive setup the acoustic attenuation
of different additives in agarose gels were investigated. An additive was chosen and used in
a collagen gel with hyaluronic acid to increase its attenuation. In the following subsections
the reliability of the acoustic attenuation measurement setup, the different additives, and the
resulting collagen gel, is discussed.

5.1.1 Reliability of acoustic attenuation measurement setup

The experimental setup for measuring acoustic attenuation used during my project assignment
of fall 2020 gave unreliable results, and did not fit the expected power law relation between fre-
quency and attenuation. Some results even showed a decrease in attenuation with frequency.
The setup utilizes looks at the backscattered signal from a reflector behind the sample, and the
same transducer acts as both the transmitter and the receiver of the signal. Another option for
measuring the attenuation, which seems to be more common, is to look at the transmitted sig-
nal directly. Instead of reflecting the signal back to the transducer, a hydrophone or a separate
transducer is placed behind the sample to act as a receiver [97–100].

The reason for the unreliable results was expected to be due to high noise levels induced
by the high inherent attenuation of the components of the experimental setup. To increase
the signal-to-noise ratio, several optimizations of the experimental setup was done during the
master. Firstly, the replacement from mylar to plastic wrap on the sample holders had a great

58
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effect on the inherent attenuation of the sample holders. The attenuation was measured to be
an order of magnitude greater at all frequencies for the holders with mylar compared to the
ones with plastic wrap. Secondly, the up-scaling of the sample holder ensured that more of the
signal from the 1 MHz transducer passed through the sample. Although this only affected one
transducer, it was still important since the 1 MHz signal was the least attenuated among the
ones tested, and would thus be the most influenced by any noise. Finally, the measurement
protocol was altered to use the same sample holder as the gel would be prepared in for the
reference measurements. This is of significance since there still is some variation in attenuation
between individual sample holders.

The downsides to all these optimizations are that the larger sample holder requires more
gel solution, the plastic wrap is flexible and introduces some uncertainty in the gel thickness,
and the use of the same sample holders in both the reference and sample measurements require
the usage of around twice the amount of time since it has to be done in two sessions.

The result of these optimizations is that all the gel measurements follow the frequency
power-law, with an increased attenuation at higher frequencies, and all measurements on
agarose gels are in accordance with similar measurements found in literature, although the
standard deviations of the measurements in that study are relatively high [81]. Furthermore,
the 1 MHz measurements still seemed to be dominantly influenced by noise, especially for
the lowest attenuating gels. For collagen gels with and without HA, the 1 MHz measurements
showed a negative attenuation which should not be physically possible. This means that the
attenuation of the gels were lower than the sensitivity of the setup, and the value has to be
taken more qualitatively than quantitatively.

The alternating pattern seen in most of the attenuation plots, where neighbouring fre-
quency bins are alternating between a high and a low value, is likely due to spectral leakage
and scalloping. It should be noted that the spectral leakage is very low compared to the meas-
ured signals. However, it becomes very apparent due to the low attenuation of the gels, which
is the difference between measurements on a sample and a reference. Spectral leakage arises
because the fourier transform has an assumption of a periodic signal. If the sampling window
does not align perfectly with the measured signal, there will be some leakage from neighbour-
ing frequencies. Scalloping arises because the fast fourier transform is a discrete version of the
fourier transform, and when the reciproke of the number of samples does not perfectly align
with the frequencies of the observed signal, they will leak out to nearby frequency bins[101].
Losses due to spectral leakage and scalloping can be modulated by applying different window-
ing functions to the FFT. Since no windowing was explicitly done on the attenuation data, a
rectangular window was implied. This window works well with broadband signals since it has
high sensitivity and high resolution of the frequency components. However, this comes at a
cost of a poorer dynamic range [102].

5.1.2 Comparison of additives for improving acoustic attenuation

Two different additives were included in agarose gels; bovine serum albumin (BSA), and evap-
orated milk. Both improved the acoustic attenuation of agarose gels to a similar degree, with
evaporated milk increasing it slightly higher at the same concentration.The attenuation of both
the 2% and 5% agarose gels are, as mentioned in the previous section, within a standard de-
viation of literature values found for 2% and 5.5% agarose gels (table 2.5)[81]. However, the
standard deviation is fairly large in the found literature values, and comparable to the values
themselves.

The attenuation of 0.8 dB/cm/MHz found for evaporated milk from literature corresponds
well with the increase of attenuation seen in the gels. It should be noted that the authors of
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that study saw an attenuation variation of 6% depending on the date they bought the evapor-
ated milk[83]. With 10% evaporated milk included in 2% and 5% agarose gels the measured
attenuation increased by respectively 0.10 and 0.09 dB/cm at 1 MHz. Similarly the attenu-
ation of the 5% agarose gel increased by 0.16 dB/cm with the inclusion of 20% evaporated
milk. This is indicative of a linear increase in the attenuation by addition of evaporated milk.

BSA increased the attenuation by less than what was expected from a study on an acryl-
amide gel. In that gel an increase from 3% to 9% BSA increased the attenuation at 1 MHz of
the gel from 0.08 dB/cm to 0.18 dB/cm [85]. In agarose gels with 10% BSA concentration
an attenuation of 0.11 db/cm was measured at 1 MHz. This is around half the effect the BSA
had in acrylamide. Since agarose gels need to be at an elevated temperature before gelling, it
is possible that some of the BSA denautered and that affected the results. However, it seems
likely that BSA simply has less of an effect when included in the agarose gels.

In the 3.5 MHz measurements of the 5% agarose gels with evaporated milk, two distinct
populations of gels are seen (figure 4.14 and 4.15). Both populations follow a similar slope of
increase with frequency, but the slopes are offset from each other into an upper and a lower
population. The lower population’s attenuation goes below zero at around 2 MHz, and the
attenuation does not correspond with measurements at any of the overlapping frequency bins
using the other transducers. The upper population’s attenuation correspond well (within a
standard deviation) with the measurements of the other transducers at the overlapping fre-
quency bins. This gives justification for trusting the measurements from the upper population,
and neglecting the lower. Additionally, this separation into two populations is only seen for the
3.5 MHz measurements, and the measurements with the 10% and 20% evaporated milk were
done in the same session, making it likely that it was the measurements themselves, and not
the gels which were biased. There are several experimental conditions which could bias the
measurements. The two most likely explanations are either gas bubbles forming in the water
and thus increasing the measured attenuation of the sample holders. Or alternatively, there
was a different temperature in the water when the sample holders were measured, compared
to when the gels were measured[103].

Notably, the acoustic attenuation at 1 MHz is increased when 10% BSA, 20% BSA or 10%
evaporated milk is added to the 2% agarose gels. However, no significant difference was ob-
served at 1 MHz for the 5% milk compared to not including additives. Also, no difference was
observed at 1 MHz between including 10% compared to 20% BSA. As discussed in section
5.1.1, this is due to the attenuation being very low, and the setup is likely not sensitive enough
to measure it accurately.

5.1.3 Acoustic attenuation of collagen gels with evaporated milk

Adding evaporated milk to 5 mg/mL collagen gels with 1 mg/mL HA did increase the acoustic
attenuation. However, the attenuation is still not in the same order of magnitude as the soft
tissue average which is 0.54 (from table 2.4). In fact the collagen gels without evaporated
milk are in the noise range of the 1 MHz transducer. This is valid for both the gel with and
without HA. Additionally, the HA only gives marginal improvements to the attenuation at
higher frequencies. This gives an indication that HA should be included for its effects on the
transport of particles through the matrix, and not for attenuation. The low attenuation in the
gels has an adverse effect on the acoustic radiation force, and will thus limit what can be
expected to be observed in the transport measurements. This is because ARF is proportional
to the absorption coefficient in the medium, and absorption is one of the several attenuation
mechanisms [75, 79].
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The measured attenuation for the 5 mg/mL gel is significantly lower than what would be
expected, based on the estimated values found from literature for a 4 mg/mL collagen gel
(table 2.5)[82]. This is true for all the measured frequencies. A possible explanation for this is
that the samples were inhomogenous, and the concentration of collagen and other constituents
were low in the focus area. Larger volumes of gel were used in the attenuation measurements
than in any of the other experiments. The larger volumes makes mixing of the gel constituents
a greater challenge. A larger sample size could have revealed if this was the case, as both the
measured samples came from the same batch. Additionally, making only one sample per batch
could have resolved most of the issues the larger volumes introduced. The reason the sample
size is small is due to time constraints, the large volumes of collagen consumed per sample,
and the limited supply of collagen. The characteristics of the gel preparation, and importantly
the mixing of the gels, will be further elaborated upon in section 5.2.1.

Even if the attenuation was similar to the estimated values, it would be significantly lower
than for the agarose gels. This is mainly due to the large concentration difference between the
collagen and agarose gels. A 2% agarose gel has a concentration of 20 mg/mL, which is 4 times
the collagen concentration used. The reason a higher concentration collagen was not used was
due to the challenges in either harvesting it from rat tails ourselves, or concentrating the com-
mercially bought solution. Both would be large undertakings in themselves. Increasing the
concentration of collagen could be achieved through ultra-centrifugation followed by spectro-
scopy to measure the achieved concentration [104]. During my project assignment of fall 2020,
an unsuccessful attempt to double the collagen concentration through filter-centrifugation was
performed. Some of the reasons it failed then was because of the high viscosity of the solu-
tion which made it difficult to handle, and the rapid cross-linking which occurred shortly after
mixing with PBS.

5.2 Transport of nanoparticles in gels

A custom setup for measuring diffusion of nanoparticles in gels during ultrasound treatment
was created. In the following sections, collagen gels as a phantom for measuring transport
properties will be evaluated. Also, results from the measurements on the collagen gels will be
discussed, as well as a discussion about the performance of the setup.

5.2.1 Collagen gels as an experimental ECM phantom for diffusion experiments

In principle a collagen gel with HA should be an excellent ECM phantom. Collagen and HA are
the most abundant molecules of their respective type (fibrous proteins and GAG) in real ECM.
Using these materials should make for a more representative model of the transport of mac-
romolecules through real tissue. Earlier studies have shown that the electrostatic interactions
between the particles and the positively charged regions of the collagen fibers is of a greater
importance than the structural and steric effects [104–106]. However, certain properties of
the collagen gel makes it more challenging to control experimentally than other phantoms,
such as agarose gels. These variations are apparent as a variation between samples in both
the pore size measurements, and the diffusion experiments, both with and without US. In the
latter case the variation is in some cases significant even within the same sample.

The collagen gels are cross-linked by a pH-driven process, which is strongly affected by
temperature. The cross-linking process begins as soon as the pH is adjusted near a physiological
range, but is significantly faster at higher temperatures. This temperature dependency has been
shown to have large effect on the final structure of the gels, as earlier studies have shown that
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cross-linking at a lower temperature leads to thinner, but more abundant fibers. Because of
this, the variation in time taken to produce the gels can have a significant impact on the final
microstructure of the gel [47–49, 107]. Care was taken to minimize the time off ice while
preparing the gels, and a timer was used to attempt to control the preparation time. However,
the time varied by up to 15 minutes depending on the time pH-adjustments and introduction
of NPs took.

In the cases where large intra-batch and intra-sample variations were observed, it is be-
lieved to be due to poor mixing. The mixing of the collagen with the HA solution had to be
performed carefully to prevent the formation of gas bubbles in the gels, which would have a
significant impact on the experiments involving ultrasound. This was a challenge due to the
high viscosity of both solutions, the low temperature which increases the solubility of gases in
the solution, and the time constraints mentioned in the previous paragraph.

Currently there is a high risk that gels will be significantly different depending on the
person that prepares them. Therefore, for future experiments it is suggested that the gels are
prepared in an environmentally controlled room at 4°C. Secondly, mixing can be performed
with the syringe-coupler method. This is a common technique used for mixing bioinks used
in tissue engineering, and involves coupling two syringes together with a Luer-lock coupler,
and passing the solutions back and forth around 30 times. This will help with a thorough
mixing, while preventing gas bubbles [108]. Finally, every step after pH neutralization should
be performed at set time points.

5.2.2 Important nanoparticle characteristics for diffusion in collagen gels

The measured diffusion coefficient in gels for the ENP-135 particles are more than twice as
great as the coefficient for TT-28 at all temperatures measured. This is as expected due to
two properties in the particles, the difference in size, and the difference in PEGylation. The
most dominant of these properties is the size difference. However, the PEGylation difference is
also expected to increase the measured diffusion coefficient for the ENP-135 nanoparticles. An
earlier study which looked at the difference between the PEG combinations Kolliphor&Pluronic
and Jeffamine&Brij found that Kolliphor&Pluronic should give the particle a slightly higher
diffusion coefficient in collagen gels [109].

In contrast to an earlier study, it was not possible to separate the measured particles into
groups of fast and slow diffusing particles. However, all the measurements were in the order
of 10−3 − 10−4µm2s−1, which is in accordance with slow diffusing particles in that study for
particles of a similar size, albeit from a different monomer, with different PEGylation and in
a lower concentration collagen gel. The reason for the slow diffusion is stipulated to be due
to electrostatic interactions between the particles and the collagen network [79]. The lack of
particles diffusing in the pores of the network might be for several reasons. Firstly, that study
used a higher concentration of particles, and the binding sites on the collagen gel might have
been saturated, leaving particles to diffuse freely in the pores. Secondly, it was noted that there
was a high degree of accumulation of particles on the surface of the gel. It is feasible, that all
the fast moving particles got expelled from the gel during the cross-linking process, or shortly
after. Finally, there is a chance that the nanoparticles used in these experiments simply had a
stronger preference to adhering to collagen fibers. While the latter might be true, the complete
lack of any fast-diffusing particles in that case suggests that the equilibrium condition is only
fulfilled when all particles are interacting strongly with the fibers.

Meanwhile, the pore size is not believed to be the reason for the lack of fast diffusing
particles, since it was measured with a radius of approximately 1.8µm, which is several times
larger than both the particles used in the experiments. This pore size is slightly larger compared
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to results found in other studies, which have reported a theoretically predicted size of 1.3µm
for a 5 mg/mL collagen gel [90], or a measured size of 1.2µm for a 10 mg/mL gel [104]. There
is also the possibility of there being smaller fibers/fibrills within the pores which are too small
to be imaged reliably with the microscope, or captured by the pore-size estimation technique.

The other constituents of the gel, besides collagen, are not believed to be the main reason
only slow diffusing particles were observed. Similar behaviour was also seen for collagen gels
without any HA or evaporated milk present. HA is however expected to have an effect on the
diffusion, as HA concentration has been negatively correlated to the hydraulic conductivity in
gels. This is a determining factor of the diffusion of nanoparticles through the pores in the
network. The hydraulic conductivity is less influenced by the amount of collagen [32].

5.2.3 Effect of ultrasound on the transport of nanoparticles in gels

There is a trend of increasing measured diffusion coefficient with increased duty cycle. How-
ever, only the results for the TT-28 nanoparticles at 100k cycles shows a statistically significant
increase. For the other results, the increase in the measured diffusion coefficient is similar,
but the variances between the measurements are large. Additionally, the Shapiro-Wilks test
revealed that with a p-value of 0.05 four of the measurement groups were not normally dis-
tributed. The lack of normality is likely caused by bimodal data due to differences in the two
samples per measurement group, and due to the small sample size. Other effects could also
contribute to deviation from normality, but more data is needed to establish if that is the case.

Due to the low attenuation measured for the gels (as elaborated upon in section 5.1.3),
very little, if any, of the increase can be attributed to mechanical effects on the gel or the nan-
oparticles. The hypothesis of any influence from the ARF is through convective flows induced
by microstreaming. A relatively high attenuation is necessary for that to be the case. Addi-
tionally, the highest duty cycle used is 10%. This amounts to an accumulated treatment dose
of 10% ∗ 120 seconds = 12 seconds for the 2 minute treatments, and 10% ∗ 300 seconds =
90 seconds for the 15 minute treatments. The duty cycle was kept low for reasons which will
be elaborated upon in section 5.2.4, in addition to the potential temperature increase that a
high duty cycle would contribute to.

The variance between the measurements likely arises from a multitude of sources. Firstly,
there are variations in the measurements caused by the setup itself. These will be discussed
more extensively in section 5.2.4. Secondly, there is variation originating from the gels. There
are some differences between samples. This can be seen for most measurements at 1 MPa, but
it is most noticeable for the 1 MPa, 10k cycles measurements for the ENP-135 nanoparticles
(figure 4.20d). The data in those measurement groups was visibly bimodal, and one sample
had a higher diffusion coefficient in all three vertical tracks both pre- and during- US. However,
taking the difference between the pre- and during- measurements converges the result from
those two samples. Additionally, some variation can be attributed to inhomogeneous samples.
This would be visible as variation which doesn’t follow any pattern between the three vertical
tracks in the pre-US measurements. However, it is difficult to quantify the contribution this has
on the variation without eliminating other sources. The reason there is considerable variation
originating from the gels was discussed more extensively in section 5.2.1.

Other sources of variation relates to either temperature or non-transient effects of the ul-
trasound on the gel. Variation due to temperature would most likely emerge as an increase
between the first, second and third measurements on the same sample. Between each meas-
urement there was a pause of 5 minutes to allow the sample and transducer to cool off. In
most cases this seems to be sufficient, as either the setup had reached room temperature, or
other sources of noise dominated the results. However, in some of the samples an increasing
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trend between the three measurements on a sample were seen. This is most noticeable for
the measurements on the TT-28 nanoparticles with 1 MPa and 1k cycles (figure 4.20a), and
with 2 MPa and 10k cycles (figure 4.21c). However, it is unclear whether this trend of increas-
ing diffusion coefficient between measurements is due to temperature increase. There was an
intent to measure the temperature change in the gels during the US treatment using a fibre-
optic sensor, and correlate it to the measurements of the diffusion of nanoparticles in the gel
at defined temperatures (section 4.7). However, the sensor wasn’t functioning properly and
could not be used.

Non-transient effects in the gels could also give a similar pattern of increased measured
diffusion coefficient between the first, second and third measurement on the same sample.
Earlier in vivo studies have looked at the possibility of high intensity ultrasound having lasting
effects on the ECM. These studies found an increased accumulation and penetration of nano-
particles in the ECM up to 24 hours after the treatment [110–112]. However, the ultrasound
pressures used in these studies are significantly higher than the pressures used in this thesis.
If this effect is indeed present in the gels, it is expected to be much smaller than any influence
from temperature or inhomogeneities in the gels.

In the 1 MPa, 100k cycles, ENP-135 measurements (figure 4.20f) the first and the second
measurements on one of the samples deviates from the mean more than what would be ex-
pected from looking at any of the other measurements. A re-examination of those specific data
points revealed that the whole sample oscillates visibly with the ultrasound. This effect is not
seen with the other samples. It is likely that the high measured diffusion coefficient is due to
instabilities in the set-up, or that the whole gel moved during the treatment.

5.2.4 Evaluation of the experimental setup used in the transport measurements

The experimental setup could be used for estimating a diffusion coefficient of nanoparticles
under the influence of ultrasound. In most cases, both TT-28 and ENP-135 nanoparticles gave
similar results. However, the measured diffusion coefficients are in most of the cases around
5 times larger than was measured during the gel temperature measurements4.7. There are
certain aspects of the setup which need further work, and if improved could extend the oper-
ational limits of the of the setup.

There was a leak between the sample holder and the transducer cone. Between these two
parts there is a plastic film, and the transducer cone is sealed against it with an O-ring and
does not leak. However, the sample holder does not have an O-ring. The leak caused droplets
to form on the underside of the setup which eventually fell. When these droplets fell they
caused vibrations which were visible by eye in the data. Additionally, the loss of water reduced
the torque/leverage on the setup, which gradually shifted the focus deeper into the sample.
There was an attempt to mitigate this by using a water resistant tape on the joint between the
transducer cone and sample stage. This worked to some extent, but did not completely resolve
the issue. This made it infeasible to perform longer duration measurements which extended
beyond 15 minutes. It is suggested that a new sample holder which also includes an O-ring is
created.

There was also some noise related to the ultrasound. Especially at the 2 MPa measure-
ments at higher duty cycles distortions in the images were observed. These are likely due to
movements in either the objective or the sample. The distortions themselves would likely not
affect the results to a large extent, as the particles were smeared out, and not recognizable
spheroids in those frames. The gap-closing (the number of frames a particle can disappear and
still be considered the same particle) compensates for this effect. However, it is likely that the
ultrasound induced vibrations in the setup which extended beyond the visible distortions and
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thus biased the measurements. If feasable, a microscope which supports external synchroniza-
tion of its acquisition can be used to eliminate the visible distortions completely. Alternatively,
a microscope with a faster scan speed can be used, and the frames where there are distortions
can be discarded. Another improvement which can be made is to stabilize the setup by mount-
ing it directly on the microscope instead of the optics table. The setup was very sensitive to
motion. By simply touching the optics table, there was visible distortions in the collected data.
Collecting data at varying (both high and low) frame-rates can help in identifying if vibrations
are a factor in the observed diffusion coefficients. If the data was unbiased by any vibrations,
the diffusion coefficient would be the same for all frame-rates.

Judging by the low attenuation of the gels, 1 MHz ultrasound is not optimal for detecting
the effect of ARF on nanoparticle transport in ECM. Adapters should be made to fit transducers
of higher frequencies in the setup. The gels would attenuate the higher frequency ultrasound
by a significantly larger amount, thus increasing the likelihood of observing any effect on the
diffusion of nanoparticles.

There is a significant risk of standing waves in the setup. The ultrasound ideally gets ab-
sorbed by the absorbing material in the back wall of the sample holder. However, if not all of
the ultrasound gets absorbed, but reflects back at the transducer, there would be formation
of standing waves. When characterizing the setup, a hydrophone in a water tank was used,
but the hydrophone didn’t fit inside the sample holder due to complicated angles in the setup.
Thus the beam profile was only measured with a replacement adapter which only accounted
for the blocking of half the ultrasound beam. There was an intent to use a fibre-optic cable to
measure the ultrasound beam profile with the gel and objective present in the actual sample
holder. However, the fibre-optic sensor wasn’t functioning properly, and could not be used. As
soon as the equipment is functioning, these measurements should be done. If standing waves
is an issue, it can be mitigated by angling the back wall of the next iteration of sample holder
45°to reflect the waves upwards instead of straight back. The same fibre-optic system for ultra-
sound measurements was also intended for temperature measurements. A small hole should
be drilled in the back wall so the fiber can be inserted, as the fiber ideally should be aimed
straight at the transducer. The fibers are very fragile, and would likely break if they were bent
into position.

5.3 Closing remarks

Creating the setup for measurement of diffusion in gels is a good first step in establishing if
ultrasound has an effect on the transport of nanoparticles in gels. However, there were certain
weaknesses in the experimental setup which needs to be addressed before it can give reliable
results. Several of these issues were related to the stability. Diffusion measurement through
mean square displacement is not ideal in such conditions. After the stability is improved as
suggested in section 5.2.4, using fluorescence recovery after photobleaching (FRAP) could be a
better technique as it estimates the diffusion coefficient from the time it takes the nanoparticles
to completely spread through a region. It has previously been sucessfully applied on PEGylated
nanoparticles in a collagen gel. However, FRAP is a slower technique, and each measurement
took around 35 minutes [113].

Another addition to the experimental setup which will be useful is embedded pressure
tubing in front of, and behind the sample. This would enable the measurement and estimation
of the dynamic pressure caused by the ultrasound. Additionally, a dynamic pressure can be
applied to emulate the conditions of a high IFP in the perifery of tumour tissue. Both of these
would be helpful in validating the computer simulations which Centre of Excellence PoreLab
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is currently working on.
Furthermore, 1 MHz ultrasound is not optimal for utilizing the effect of ARF on nano-

particle transport in ECM. The most relevant frequency in clinical and pre-clinical trials relat-
ing to drug-delivery with the combined usage of ultrasound, microbubbles and nanoparticles
currently is 1 MHz [9, 10, 14–18]. However, if multi-frequency transducers were available,
the low frequencies in the kHz to a few MHz range can be used for microbubble excitation,
while higher frequencies can be used for imaging and potentially improving the nanoparticle
transport in ECM through ARF.



Chapter 6

Conclusion

A 5 mg/mL collagen gel with 1 mg/mL hyaluronic acid and 10% evaporated milk was chosen
as an extracellular matrix phantom. The phantom was used for measuring the diffusion of two
different Poly(Ethylbutyl Cyanoacrylate) nanoparticles under ultrasound treatment, in a cus-
tom built setup. The evaporated milk was included to increase the gel’s acoustic attenuation,
which is an important property for achieving a high acoustic radiation force which could im-
prove the transport of nanoparticles.

Before any transport measurements could be done, a setup for measuring acoustic atten-
uation needed to be established, and the gels needed to be characterized. An acoustic atten-
uation measurement setup which had previously given inconsistent results when measuring
samples with low attenuation was optimized. After the optimizations, a sufficiently high sensit-
ivity was achieved, and the measured attenuation of gels increased with frequency as would be
expected. The optimizations were performed on agarose gels due to late deliveries of collagen
from the manufacturer.

To find a suitable additive for increasing attenuation, agarose gels was made with different
concentrations of bovine serum albumin and evaporated milk. Both additives gave similar
results, but evaporated milk was chosen as the additive moving forward. It has a slightly higher
acoustic attenuation, and it is slightly easier to work with. The collagen gel with evaporated
milk still had a very low attenuation, likely due to the samples being inhomogenous. This was
a general concern, and better methods for mixing the gel constituents are needed

A custom built setup for measuring the effect of ultrasound treatment on the diffusion of
nanoparticles was designed. Before being used, the setup was first characterized in a water
tank where the beam profile and achieved acoustic pressures were investigated. This made
the applied acoustic pressure to the sample predictable. An oversight in the design placed the
sample slightly in the far-field of the transducer. This was compensated by applying a higher
pressure.

Measurements with the setup on nanoparticle transport in the collagen gels was performed.
The measurements revealed a positive correlation between diffusion coefficient, and ultra-
sound duty cycle and pressure. However, this is likely due to instabilities in the setup. There
was a leak which contributed to vibrations and a gradual focal shift. Additionally, there were
artifacts in the data when the ultrasound was applied. The setup thus needs some improve-
ments before it gives reliable results.

Unlike in another study, it was not possible to separate the diffusion of the nanoparticles
into two fractions. That study separated the particles into a mobile fraction with a diffusion
coefficient similar to free diffusion in water, and a hindered fraction with a severely decreased
diffusion coefficient. Only the latter fraction was observed. This is likely due to different
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monomer in the polymeric nanoparticle, different concentration of particles, different collagen
contentration or different PEGylation.
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2 

 

TRANSDUCER TEST PROCEDURE 
 
A full characterisation of an ultrasonic transducer requires an extensive set of measurements, involving a large number 

of parameters and a correspondingly large amount of time. For most applications, a more limited set of data will 

suffice. This is described below, for which there are three principal measurements of interest: 

 
* Variation of signal amplitude with frequency (all transducers)   
* Time domain response of transducer to short pulse (all transducers)   
* Lateral and axial dimensions of the focal spot (focussed transducers only)  

 
A thorough description of the process for evaluating this range of parameters is provided in ASTM E1065-99 (2003), 

as well as a brief description of some of the problems that may be encountered. Of particular significance is the use of 

transient generators (pulser/receivers) when used to drive the transducer during a calibration. The output impedance 

of pulser/receivers tends to be relatively low for the duration of the drive signal, increasing to a much higher value 

when the transducer is used in receive mode. This leads to variable impedance loading at the terminals of the 

transducers, and can yield unpredictable results. Since the pulse width is often variable (or under user control), the 

same transducer can provide a significantly different frequency response simply by varying pulse width. 

 
A calibration process must record the performance of the transducer ONLY and be independent of the equipment or 

the drive parameters used in conducting the measurement. For this reason, all Precision Acoustics Ltd transducer 

calibrations are based upon the "sinusoidal burst technique" as described in ASTM E1065-99 (2003). In summary, the 

transducer is driven by a sinusoidal tone burst such that it produces a corresponding ultrasonic signal in water. This 

signal is detected by a hydrophone and a voltage proportional to the acoustic signal is produced. This process is 

performed at a series of locations resulting in the generation of a profile of the acoustic beam. Additionally the ratio 

of applied electrical signal to the received electrical signal is calculated and this provides the sensitivity of the 

transducer at the frequency of the toneburst. This process is repeated for a range of tonebursts of different 

frequencies in order to obtain the full frequency response of the device under test.  All equipment and cables used in 

this measurement have an impedance of 50 Ohms, thereby ensuring constant and reproducible transducer loading 

conditions. 

 
The position of the global maximum of the frequency response curve is identified and defined as the peak frequency. 

An amplitude limit is set (e.g. 6dB below the peak amplitude) and the frequencies at which the response curve crosses 

this amplitude threshold are determined. These are called the upper and lower frequency limits (fu and fl) respectively, 

from which the following parameters are calculated: 

𝑓𝑐 =
𝑓𝑢 + 𝑓𝑙

2
  , 𝐵𝑊 = 𝑓𝑢 − 𝑓𝑙  , 𝑄 =

𝑓𝑐

𝐵𝑊
  , %𝐵𝑊 = 100

𝐵𝑊

𝑓𝑐
 

 
[fc = Centre frequency, BW = Bandwidth, Q = Mechanical Q-factor, %BW = Percentage bandwidth]  
The transient response of the transducer (i.e. time domain response to a short pulse) is measured by using a single 

cycle of a sine wave at its nominal frequency. It is important to note that this is not the shortest pulse that the 

transducer can produce, since transducers driven by a pulser often produce much shorter signals. However for the 

reasons discussed above it is repeatable and independent of measurement apparatus. 

 
ASTM E1065-99 (2003) Standard Guide for Evaluating Characteristics of Ultrasonic Search Units, ASTM, West 
Conshohocken, PA 19428-2959 US 
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Time domain response to a single cycle sine wave at transducer's nominal centre frequency, PA504 
 

 
Swept frequency profile for transducer PA504 
 

Peak Frequency (MHz): 0.99 -3.0 dB -6.0 dB -12.0 dB -20.0 dB 

Lower limit (MHz) 0.95 0.93 NaN NaN 

Centre frequency (MHz) 0.99 1.00 NaN NaN 

Upper limit (MHz) 1.03 1.07 NaN NaN 

Bandwidth (MHz) 0.08 0.14 NaN NaN 

Bandwidth (%) 8.44 14.14 NaN NaN 
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Transverse X Profile for PA504 

 
 

Transverse Y Profile for PA504 
 
 
 

 -3.0 dB -6.0 dB -12.0 dB -20.0 dB 

X-profile beamwidth (mm) 2.11 2.89 3.83 4.53 

Y-profile beamwidth (mm) 2.13 2.92 3.89 4.63 
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Axial Z Profile for PA504 
 
 

Focal Peak (mm): 73.62 -3.0 dB -6.0 dB -12.0 dB -20.0 dB 

Axial profile beamwidth (mm) 16.27 21.88 32.16 NaN 
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Acoustic Power vs Frequency for PA504 
 

 
Acoustic Power vs Drive Voltage for PA504 
 

From the beam profiles obtained for this transducer the -6dB focal diameter is 2.91 mm. Assuming circular symmetry 

yields a focal area of 0.07 cm2. Combining the acoustic power measurements with the focal spot size measurements 

results in a focal intensity of 1697 W/cm2 
 
Due to internal heating, the transducer surface temperature can increase considerably when used with a drive level 
in excess of 100V. This is particularly true if the duration of the on-time bursts exceeds 15 seconds. The transducer has 
been tested for on-time bursts up to 30 seconds and gives constant output, but requires approximately 5 minutes to 

cool down before it should be used again.  Beyond 270 V pk-pk input voltage the transducer starts to saturate and 
damage to the transducer may result. Therefore the transducer should not be driven with an input signal above this 
level. 
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