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Abstract

With the advent of stem cell therapy for degenerative diseases and disorders, the need to track the

homing, survival, migration, di�erentiation and pathophysiology of stem cells administered in a

clinical study is crucial. Photoacoustic imaging (PAI) or Optoacoustic imaging combines optical

absorption contrast with ultrasonic resolution and utilises both endogenous and exogenous

contrast agents for gathering molecular information in real-time. This enables longitudinal

detection at clinically relevant penetration depths in vivo. The motivation of the thesis is to

explore the imaging capability of multispectral optoacoustic tomography (MSOT) using both

exogenous and endogenous contrast agents. First, gold nanostars were designed and developed

to have absorption in the second near-infrared window, particularly at 1064 nm. Moreover, the

surface functionalisation with Chitosan improved the cellular labelling e�ciency with gold

nanostars. This translated to the in vitro visualisation of 50 mesenchymal stem cells (MSCs)

in 1 µL volume. Next, the therapeutic response of the MSCs was monitored after labelling

with gold nanostars in an osteoarthritis murine model. This study revealed that the labelled

stem cells were tracked for 80 days in the knee while the gold nanostars administered on their

own were cleared from the knee between 5 - 10 days. Most importantly, it was observed

that the gold nanostars did not interfere with the regenerative properties of the MSCs and

demonstrated a therapeutic response similar to the animals administered with unlabelled MSCs.

Finally, the capability of MSOT to acquire functional information using endogenous contrast in

comparison to laser Doppler imaging (LDI) was demonstrated in a hind limb ischaemia murine

model. In comparison to LDI, MSOT facilitated a three-dimensional volumetric quantification

of total haemoglobin and oxygen saturation while keeping extraneous variability to a minimum.

Moreover, the need for using an exogenous contrast agent like gold nanostars in conjunction

with PAI is demonstrated.
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Chapter 1

Introduction

1.1 Motivation and Significance

Photoacoustic imaging (PAI) is a high-resolution biomedical imaging modality that upon

laser irradiation, generates ultrasound waves from the optical absorption of chromophores

present in the tissue of interest in real-time. PAI is currently of interest due to its ability to

provide functional information within the tissue using both endogenous chromophores such as

haemoglobin, melanin, and lipid as well as exogenous contrast agents such as near-infrared dyes

and gold nanoparticles.

In regenerative medicine, PAI can be used to monitor the distribution and migration of

labelled stem cells after administration. Moreover, the therapeutic response of stem cells can be

visualised using endogenous contrast of haemoglobin upon the formation of new blood vessels.

Thus, PAI can help in understanding the therapeutic pathway of stem cells in degenerative

diseases.

This thesis explores the use of PAI as an imaging modality for the detection and diagnosis of

degenerative diseases like osteoarthritis and critical limb ischaemia. First, it aims to add to the

translation of PAI into clinics for personalising stem cell therapy and to help with confirming

the accurate administration of stem cell dosage using the excellent capability of novel gold

nanostars as a PA contrast agent. Moreover, it seeks to contribute to the molecular imaging

capabilities of PAI using haemoglobin as an endogenous contrast agent for disease detection

and progression.
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1.2 Aims and Objectives

The overall aim of this thesis is to showcase the versatile nature of PAI in employing both

exogenous and endogenous contrast agents for studying disease progression and the role

of regenerative medicine in diseases such as osteoarthritis and critical limb ischaemia. In

this thesis, Multispectral Optoacoustic Tomography will be explored as the novel imaging

modality aimed at clinical translation for early detection and diagnosis of degenerative diseases.

Moreover, gold nanostars will be developed as a novel contrast agent which allows for the

detection of MSCs in the second NIR window.

Specific Objectives include:

Chapter 4 - Optimisation of gold nanostar as an exogenous contrast agent for

photoacoustic imaging

To design and develop novel gold nanostars with LSPR at 1064 nm as an exogenous PA

contrast agent to allow high cellular uptake for enhanced detection of MSCs without inducing

cytotoxicity, to retain the regenerative properties of stem cells and to facilitate optimised

labelling which would both result in the in vitro detection of the smallest number of MSCs

possible in 1 µL volume using MSOT. This will avoid interfering with the proliferation rate or

di�erentiation potential and will allow e�cient light-to-acoustic signal conversion in the second

NIR region.

Chapter 5 - In vivo photoacoustic tracking of stem cells labelled with gold nanostars in an

osteoarthritis pre-clinical model

To employ both exogenous and endogenous contrast to allow surveillance of stem cells

and study of the disease progression of osteoarthritis in a murine model that will undergo stem

cell therapy. Here, the novel use of gold nanostars as a contrast agent is aimed at confirming

successful administration at the region of interest, understanding the migration pathway of

MSCs and their interaction with the local micro-environment. This study aims to detect

NS-labelled MSCs in the knee joint longitudinally and the clearing of nanostars administered

on their own from the joint at an earlier time point without a�ecting their therapeutic potential.

This would be a novel contribution in the field as only the in vivo detection of stem cells labelled
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with gold nanoparticles has been demonstrated earlier and not their simultaneous e�ect on the

therapeutic potential of stem cells. Total blood volume and blood oxygen saturation will be

studied to determine the possibility of diagnosing OA in joints at an earlier stage.

Chapter 6 - Multispectral photoacoustic imaging of hind limb ischaemic disease

model in vivo using endogenous contrast

To gain insight into the hind limb ischaemic pathophysiology and explore the possibility

of using blood oxygen saturation and total blood volume as diagnostic indicators for early

detection and therapeutic intervention using MSOT-guided stem cell therapy. Here, the spectral

unmixing of oxygenated and deoxygenated haemoglobin in MSOT will be used to study the

angiogenesis, tissue metabolism and inflammation in the limbs during disease progression and

stem cell therapy. Here, the novel MSOT can be used to quantify total blood content and oxygen

saturation in 3D volume by a pixel-by-pixel analysis, unlike Laser Doppler imaging which is the

gold standard for HLI imaging. Moreover, HLI disease progression in a larger region of interest

encompassing the gastrocnemius muscle and the foot pad could be imaged simultaneously and

longitudinally using MSOT while keeping extraneous variability to a minimum.

1.3 Overview of thesis

The structure of the thesis is as follows:

Chapter 2 covers the relevant background theory of photoacoustic imaging using

endogenous and exogenous contrast agents in vivo. The background theory of gold

nanoparticles along with the characteristics for engineering a photoacoustic contrast agent for

tracking stem cells is detailed here. Some of the contents in this chapter is published in Stem

Cell Research and Therapy [1].

Chapter 3 covers the general materials and methods used throughout the results chapters 4,

5 and 6.

Chapter 4 covers the development and optimisation of gold nanostars for labelling

mesenchymal stem cells (MSCs) for administration in vivo. In this chapter, the optimal
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nanostar design for in vivo stem cell tracking is reported. Gold nanostars were prepared using

a seed-mediated synthesis process, functionalised with carboxyl groups, characterised and

further optimised for cellular labelling and signal enhancement following cellular uptake.

Initially, amine-functionalised superparamagnetic iron oxide nanoparticles (SPIONs) were

conjugated to the gold nanostars for facilitating multimodal detection using MSOT and MRI.

It was observed that the addition of the positively charged SPIONs slightly enhanced the

cellular uptake in comparison to the negatively charged NSCOOH. However, the size of the

nanostar complex increased with the addition of SPIONs which slowed down the rate of

internalisation. The complexity of the purification process of unconjugated nanostars from the

NSCOOH-SPION conjugates ultimately led to the discontinuation of their production. Since

coating the NSCOOH-SPIONs with Chitosan improved their cellular uptake, the nanostars

were coated with Chitosan after carboxyl PEGylation (NSCOOH@CHT). In parallel, the

carboxylated gold nanostars were conjugated with anti-CD63 antibodies to facilitate the active

targeting of the CD63 protein moiety on the MSCs. This method was explored to facilitate

tracking of MSCs by surface binding with the carboxylated gold nanostars, rather than by

cellular uptake. Finally, the carboxylated gold nanostars (NSCOOH) were coated with Chitosan

to modify the charge on the nanoparticle surface (NSCOOH@CHT). This enhanced the cellular

uptake of the new gold nanostars (NSCOOH@CHT) without inducing cytotoxicity, but also

retained the colloidal stability and optical signature of the gold nanostar, thus resulting in an

optimal photoacoustic contrast agent for MSOT. The concentration for labelling the stem cells

and the incubation time were also optimised to achieve successful cellular uptake and a high

light-to-acoustic signal conversion e�ciency in the second NIR region. The development of

such a versatile and e�cient exogenous contrast agent for photoacoustic imaging o�ers a useful

tool for the surveillance of stem cells during therapy in vivo has been demonstrated in Chapter 5.

Chapter 5 discusses the application of gold nanostars as an exogenous contrast agent

for tracking stem cells in vivo using MSOT in a therapeutic study for a murine model with

induced osteoarthritis. This study aims to track the presence of MSCs upon administration

in the synovial joint space in the knee of a murine model using the novel Chitosan-coated

gold nanostars contrast agent (NSCOOH@CHT) which was designed in Chapter 4. Here,

MSOT is employed for the long-term longitudinal monitoring of the stem cells labelled with

NSCOOH@CHT and for measuring the functional markers for determining the progression



5

of OA. It was observed that the NS-labelled MSCs were still detected in the knee joint at

Day 80 while the nanostars administered on their own were cleared from the joint by Day 10.

Histopathology was used to determine the di�erences in the joints that underwent stem cell

therapy in comparison to those that received a saline injection. Moreover, it was confirmed in the

same study that the gold nanostars do not alter the therapeutic properties of the stem cells in vivo.

Chapter 6 refers to the detection of endogenous chromophores like oxygenated and

deoxygenated haemoglobin and measuring the oxygen saturation to monitor disease progression

and stem cell therapy using MSOT in a hind-limb ischemic murine model. In this chapter, the

potential of MSOT to diagnose the progression of hind limb ischaemia in a murine model

longitudinally is explored in comparison to laser Doppler imaging (LDI). The time points

chosen for this preliminary study consisted of - Pre-HLI, Post-HLI, and Day 21 where the

animals were imaged using both LDI and MSOT. While blood perfusion in the foot pads was

quantified using LDI, MSOT was used to determine any oxygenation changes between the foot

pads and the regions above the foot pads, primarily the calf muscles. The blood distribution and

oxygen saturation were quantified over the 3D volume using MSOT while LDI provided 2D

information regarding blood perfusion. Moreover, the extraneous variability in imaging the

animals using MSOT and LDI was compared. A therapeutic study was also carried out after the

validation of MSOT for monitoring the HLI disease progression.

Chapter 7 refers to the conclusion of the thesis and the future outlook.
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Chapter 2

Background Theory

2.1 Photoacoustic Imaging

Photoacoustic imaging (PAI), also referred to as optoacoustic imaging is based on the

photoacoustic e�ect, which is the conversion of pulsed light into ultrasound waves in optically

absorbing samples [2–7]. PAI is ideal for soft tissue imaging as it combines both the high optical

absorption contrast as well as the low scattering of acoustic waves. The indirect ultrasound (US)

detection of di�use optical absorption enables PAI to image past the optical di�usion regime

with high spatial resolution in comparison to optical imaging techniques. Since US imaging is

only sensitive to the mechanical properties of the tissue of interest, important physiological and

functional information regarding oxy- and deoxyhemoglobin can be attained through the high

optical absorption contrast of PAI.

PAI is carried out by illuminating a sample with an intense nanosecond pulsed laser source.

This causes the photons to propagate and di�use through the tissue. Optically absorbing

molecules absorb some of this light, which is then partially converted to heat. This results in

a rapid thermoexpansion and contraction in the tissue, which generates a pressure wave. An

ultrasonic transducer detects this pressure wave, and subsequent digital processing converts the

ultrasonic signal into images revealing the molecular and structural properties of the sample.

PAI utilises either an ultrasound detector array or a single scanned detector and an inverse

algorithm to reconstruct cross-sectional or three-dimensional images of the sample, which can

be a biological specimen or even human tissue.
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2.1.1 Absorption of optical energy

Upon laser illumination, the chromophores in the targeted tissue will absorb the optical energy

which excites the molecules to a higher energy state. When the molecule releases the energy to

come back to its ground state through non-radiative vibrational relaxation, PA signal generation

takes place. This absorbed optical energy density, A(r,t), which is the absorbed energy per unit

time is expressed as:

A(r; t) = �a(r)�(r; t) (2.1)

where �a(r) is the absorption coe�cient of the medium being irradiated (photon absorption

per path length) whereas �(r; t) is the fluence of the irradiated energy (light energy per meter

squared).

Since a fraction of this absorbed optical energy is converted to thermal energy, a rise in the

local temperature T(r)[K] is observed, which is given by:

T (r) =
�a(r)�(r)
�Cp

(2.2)

where � is the mass density and Cp denotes the specific heat at constant pressure.

Upon this temperature rise, a strain, S(r)[dimensionless], is produced through thermoelastic

expansion and is given as:

S (r) =
��a(r)�(r)

�Cp
(2.3)

where � is the thermal expansivity.

2.1.2 Photoacoustic wave generation

For PA signal generation, laser pulses with a duration of nanoseconds are required to satisfy

thermal and stress confinement conditions.

For the e�ects of thermal di�usion to be neglected, the laser pulse generating the PA waves

must have a shorter temporal width than the thermal relaxation time. This is known as thermal

confinement time, �t, and is given by:



8

�t =
d2

c

�t
(2.4)

where dc is the characteristic dimension [m], which is the targeted spatial resolution and �t

is the thermal di�usivity [m2/s].

Similarly, the duration of the laser pulse must be significantly shorter than the time taken for

the stress to exit the heated region. This is known as stress confinement time,�s, and is estimated

by:

�s =
dc

�s
(2.5)

where �s is the speed of sound, which is about 1500 m/s in soft tissue.

Thermal and stress confinement conditions are satisfied by generating e�cient ultrasound

waves in the megahertz (MHz) range with a laser pulse duration between several nanoseconds

to microseconds, caused by the rapid build-up of high thermoelastic pressure in the tissue [5, 8].

Provided both the thermal and stress confinement criteria have been fulfilled, the initial

pressure change, P0(r)[Pa], can be derived as:

P0(r) =
M��a(r)�(r)

�Cp
(2.6)

where M denotes the bulk modulus [Pa per strain].

Assuming that there is a lossless conversion from light to heat, the maximum initial pressure,

P0, which predicts the pressure wave at the absorber of interest is given by:

P0 = �a�� (2.7)

The acoustic pressure waves are proportional to the absorption coe�cient of the medium

being irradiated, �a, the fluence of the irradiated energy, � (light energy per meter squared), and

the Grüneisen coe�cient of tissue, �.
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The Grüneisen coe�cient of tissue, �, is a dimensionless parameter that illustrates the

tissue’s thermoelastic e�ciency and is denoted as [9]:

� =
M�

�Cp
(2.8)

� can be expressed by the empirical formula for water and soft tissue as:

�w(T0) = 0:0043 + 0:0053T0 (2.9)

where T0 is the temperature in degrees Celsius. The temperature dependence of the

Grüneisen parameter is accounted for in photoacoustic imaging by monitoring temperature

during in vivo imaging in real-time. For soft tissue at body temperature (37�C), � is estimated

as 0.24 [10].

2.1.3 Photoacoustic Wave Propagation

In an acoustically homogeneous and non-viscous medium, the photoacoustic wave propagation

inside the tissue is given by the general PA wave equation [11, 12]:

 
r2 �

1
v2

s

�2

�t2

!
p(r; t) = �

�

�v2
s

�2T (r; t)
�t2 (2.10)

where p(r,t) is the change in acoustic pressure and T(r,t) is the increase in temperature upon

optical absorption at a location, r and time, t. The acoustic wave propagation from the source

point describes the left-hand side of the equation and the right-hand side describes the source

term.

The PA waves that are generated propagate through the tissue and are detected by an

ultrasonic (US) transducer array. Green’s function is used to solve the general forward solution

of the PA wave equation if the thermal confinement criteria are satisfied. Thus, the PA signal

detected by an ideal US transducer is written as:

p(r; t) =
1

4�v2
s

�

�t

"
1

vst

Z
dr0P0(r0)�

 
t �
jr � r0j

Vs

!#
(2.11)

In the above equation, the PA pressure wave is detected at time t, arriving from sources over

a spherical shell with a radius, vst, and centered at the detector position, r.
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2.2 Multispectral Optoacoustic Tomography

Multispectral Optoacoustic Tomography (MSOT) is a novel variant of functional PAI, which

is currently receiving considerable interest. MSOT uses a broader range of excitation

wavelengths that allow the acquisition of signals from multiple endogenous chromophores

like oxygenated and deoxygenated blood, exogenous chromophores such as nanoparticles

and dyes simultaneously in vivo (fig. 2.1) [13, 14]. Since molecular detection becomes more

sensitive and accurate using an increased number of wavelengths, multi-wavelength irradiation

can improve quantitative volumetric imaging of molecular probes [15, 16]. MSOT can provide

anatomical (whole body in small animals), functional, molecular, and kinetic information at high

temporal and spatial resolution. Concerning stem cell tracking, MSOT can provide surveillance

of the administered cells at multiple wavelengths and can resolve the spectral signatures in each

voxel using both endogenous and exogenous contrast.

Figure 2.1: Principle of MSOT: (a) A handheld photoacoustic imaging system uses a light source to generate
photoacoustic signals. (b) photoacoustic responses after irradiating the target tissue with multiple wavelengths are
collected and undergo image reconstruction (c) Spectral unmixing algorithms identify and di�erentiate the spectral
contributions of endogenous photo-absorbing molecules in the target tissue (e.g. oxy- or deoxygenated haemoglobin)
from exogenous probes (e.g. IR Dye 800). (d) Separate images corresponding to each endogenous and exogenous
chromophore are analysed. Adapted with permission from [14]. Copyright ' 2017, Royal Society of Chemistry.

Endogenous contrast

Endogenous contrast agents are intrinsic chromophores present in biological tissues that upon

absorption of light can provide valuable insight into tissue function and pathology (fig. 2.2).

The major endogenous contrast agents that provide structural and functional information in the

body are haemoglobin, water, lipids, and melanin. Haemoglobin is one of the most important

endogenous contrast agents in the body which helps in monitoring the development of new

vasculature during angiogenesis [17]. This has been utilised in detecting early-stage cancer [18,

19] and understanding tumour micro-environment [20, 21]. Since haemoglobin is a protein that

consists of the heme group, an iron-containing aromatic porphyrin moiety, it undergoes both

geometrical and electronic changes upon binding oxygen atoms. This resulting change in their
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absorption spectra allows for the di�erential measuring of both oxygenated and deoxygenated

haemoglobin [22]. Due to their intrinsic optical absorption properties, both oxygenated and

deoxygenated haemoglobin have dominant absorption from the visible to near-infrared-I (NIR-I)

range in comparison with the surrounding water, whose optical absorption is only dominant in

the farther infrared regions. Detecting the changes in oxygen saturation in blood vessels using

photoacoustic imaging can be used to diagnose and study various pathological conditions in the

body. However, the optical fluence arriving at various parts of the tissue is dependent on the

light path and so is unknown in typical applications. A solution, proposed by Leahy [23], is

to use the known absorption in arterial blood and interpolate between arteries to map fluence

throughout the tissue volume of interest. In this way a calibrated quantification of oxygen

saturation can be made, independent of the light transport properties of the tissue. Mapping

of lipid distribution is possible at absorption peaks 930, 1210, and 1720 nm because of their

abundance of rich hydrocarbon single bonds. Since water has an absorption peak at 975 nm [24],

lipids can be detected by spectral unmixing from the background water in biological tissues

[25–27]. Since lipid is a common constituent in atherosclerotic plaques, PAI could help in

detecting abnormalities in lipid concentrations at early stages of cardiovascular diseases [28–31].

Melanin, on the other hand, has an intrinsic ability to absorb light over a broad range of the

visible and near-infrared region, with its contrast decreasing at longer wavelengths [32]. Melanin

is mainly used as an endogenous contrast agent in PAI to study the progression of melanoma in

patients and to track the metastatic growth at large penetration depths [33].

Exogenous contrast

Exogenous contrast agents are utilised to improve the contrast between the region of interest

and background, to detect structures that are otherwise di�cult to target and to reach tissues

at a greater depth. They aid in gathering information regarding a disease state, and detection

of biomarkers or biochemical and cellular processes with high sensitivity, specificity, and

signal-to-noise ratio (SNR). There is some flexibility when it comes to developing a contrast

agent for PAI, as any molecule that absorbs light, e�ciently transferring the energy to the

surrounding tissue, causing a thermoelastic expansion in order to generate a pressure wave

is a candidate [35]. Ideally, photoacoustic imaging probes should possess high absorption

cross-sections and a superior ability to convert most of the absorbed light quickly into heat

energy for e�cient acoustic wave generation. Developing exogenous contrast agents that have a
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Figure 2.2: Absorption spectra of major endogenous contrast agents in biological tissue. Oxy-hemoglobin, red line
(150 g/L in blood); Deoxy-hemoglobin, blue line (150 g/L in blood); Lipid, brown line (20% by volume in tissue);
Water, green line (80% by volume in tissue); DNA, magenta line (1 g/L in cell nuclei); RNA, orange line (1 g/L
in cell nuclei); Melanin, black line (14.3 g/L in medium human skin); Glucose, purple line (720 mg/L in blood).
Adapted with permission from [34]. ' 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

narrow and characteristic spectral profile that does not overlap with the endogenous contrast

agents present in the body could be advantageous to separate them from the background at a

tissue site using spectral unmixing algorithms. Apart from optical characteristics, various other

parameters must be kept in mind for designing exogenous contrast agents for in vivo imaging

and particularly stem cell tracking.

2.3 Gold nanoparticles as a contrast agent

2.3.1 Optical Properties

In bulk metal, the optical properties are dictated by their dielectric constant, �, which is given

by:

p
� = n + ik (2.12)

Here, n and k represent the refractive index and extinction coe�cient respectively [36, 37].

As n and k are not directly measured in optical experiments, they are deduced from reflectivity
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and the absorption coe�cient of the material of interest.

At the nanoscale, the physical and chemical properties of the metal change significantly, as a

result of their increased surface-to-volume ratio. Localised surface plasmon resonance (LSPR) is

one such interesting property, which is introduced into the metal upon shrinking its size to a few

nanometres so that it is substantially smaller than the excitation wavelength. This phenomenon

is observed when a metallic nanoparticle is under the influence of an electromagnetic (EM)

field [36, 38]. The conduction electrons moving almost freely inside the particle are excited to

the surface of the nanoparticle, upon illumination. This induces the confinement of oscillating

electrons inside the particle, creating an electric dipole as a result of the negative and positive

charges accumulated at opposite sides of the particle. As the electrons are displaced from their

equilibrium position, the electric dipole generates an electric field opposite to the incident light’s

EM field to pull them back via a Coulomb restoring force. Upon removal of the electric field,

the collection of displaced electrons will oscillate with a particular frequency called plasmonic

frequency. The energy needed to restore equilibrium is directly proportional to the magnitude of

the electron displacement.

When the nanoparticle is assumed to be a homogeneous sphere with a radius much smaller

than the excitation wavelength, the electric field distribution of the nanoparticle is obtained

using a quasi-static approximation and the electron oscillation is mainly dipolar in nature. The

dipole moment, ~p, of the field is given by:

~p = 4��0�mr3
 
�(�) � �m

�(�) + 2�m

!
E (2.13)

where �m is the dielectric constant of the medium and E is the electric field. � is the

dielectric constant of the metal nanoparticle and is expressed as a function of � = (2�c=!).

Assuming that the electric field of light is uniform across the small metallic nanoparticle,

dipolar polarisability, �, can be used to describe the collective response of their electron

oscillations. The dipole moment is related to � by:

~p = �0�m�E (2.14)
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where � is expressed as:

� = 4�r3
 
�(�) � �m

�(�) + 2�m

!
(2.15)

For arbitrarily shaped nanoparticles, � can be expanded as:

� = (1 + �)�0V
 
� � �m

� + ��m

!
(2.16)

Here, � is the shape factor that accounts for the polarisability depending on the nanoparticle

surface geometry and V is the volume of the nanoparticle [39–41]. For spherical nanoparticles,

� = 2 and it increases as the nanoparticle anisotropy increases.

When there is a strong resonance between the free electrons and the illuminated light

field, � becomes maximum at a frequency known as localised surface plasmon resonance

(LSPR) frequency. LSPR frequency depends on the nanoparticle geometry (�) and the particle’s

surrounding medium (�m). The frequency position of the LSPR is governed by the real part of

the metal dielectric function Re(�) = ���m, while the absorptive dissipation and broadening of

the resonance peak as a result of the damping and dephasing of oscillations by free electrons are

incorporated by the imaginary part.

2.3.2 Absorption and Scattering properties of nanoparticles

When an electromagnetic wave passes through a nanomaterial, it can undergo both absorption

and scattering processes. Due to inelastic processes, photon energy is dissipated and light is

absorbed. On the other hand, scattering of light occurs when photons are emitted in the form of

scattered light as a result of electron oscillations in the material. This scattering could either

take place at the same frequency, called Rayleigh scattering, or at a shifted frequency called

Raman Scattering. In nanoparticles, the light absorption and scattering are enhanced due to

LSPR, resulting in 5-6 orders of magnitude stronger than the most strongly absorbing organic

dyes and than the most strongly emitting fluorescent molecules, respectively [42].

The interaction between light and nanoparticles is explained by Mie’s theory [43–45].

The absorption processes are measured by the absorption coe�cient, �a, which is the photon

absorption probability per unit path length. In an ideal nanosphere, the total cross-sectional area
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of light-absorbing nanoparticles per unit volume of the surrounding medium can be expressed

by the absorption coe�cient as,

�a(�) = �a�a(�) (2.17)

where �a is the number density of absorbing particles and �a is the absorption cross-section

of the nanosphere.

To describe optical scattering, Mie’s theory can be applied when the characteristic size of

the homogeneously scattering sphere r is either of the order of or greater than the wavelength of

the incident light, �. When r << �, Rayleigh scattering takes place. The scattering coe�cient is

similarly given by,

�s(�) = �s�s(�) (2.18)

where �s is the number density of scattering particles and �s is the scattering cross-section

of the nanosphere. Taking into account the anisotropy factor g of the scattering particles, the

reduced scattering coe�cient, �0s, is expressed as,

�0s(�) = �s(�)(1 � g) (2.19)

Thus, the probability of the occurrence of a scattering or absorption event per unit path length is

expressed as the sum of �a and �s and is called extinction coe�cient, �ext.

�ext = �a + �s (2.20)

Size e�ects

Optical absorption and scattering of nanoparticles are largely influenced by their size. Jain et al.

showed that an increase in the radius of the nanoparticle directly correlated to a redshift in the

plasmon resonance peak. They were able to show that for wavelengths around 520 – 550 nm, the

total extinction of small nanoparticles with a 20 nm radius is mostly contributed by absorption

whereas scattering starts to show up in 40 nm nanoparticles. Upon increasing the size to 80 nm,

an equal contribution of scattering and absorption is observed. This e�ect would be shifted for
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the wavelength 1064 nm used in this work. For larger nanoparticles, this scattering-to-absorption

ratio increases dramatically [42, 46, 47]. This is because as size increases, increased radiation

losses contribute to the damping of LSPRs, thus broadening the resonance peaks. Also, in

small nanoparticles, plasmon oscillations are described by a dipole, while high-order multipolar

resonances come into play as nanoparticle size increases [36, 47].

Shape e�ects

The wavelength position and intensity of the localised surface plasmon resonances depend on

the shape as well as the nanoparticle’s geometrical orientation with respect to the electric field

[48].

Spherical gold nanoparticles, also called gold nanospheres exhibit only one LSPR band (520

– 550 nm) which can be achieved by altering its size as the shape and the composition of the

nanoparticle are fixed. Anisotropic nanostructures possess two absorption bands – a transverse

and a longitudinal band as a result of their unique geometries. For gold nanorods (GNRs), their

unique shape and aspect ratio, between the width and length contribute to its two LSPR peaks.

This aspect ratio of the GNRs can be fine-tuned by varying the ratio of gold precursor to the

gold seeds in the wet chemical seeded method [49, 50]. Increasing the aspect ratio can result

in the plasmon band being red-shifted. In the case of gold nanoshells, which consist of silica

or polymer bead as the core with a gold shell, varying the shell thickness could result in the

further tuning of the LSPR band. The LSPR peak red shifts upon reducing the thickness of the

gold shell. Gold nanocages which are composed of a single crystalline exterior with a hollow

interior have been used for drug delivery and theranostics due to their unique geometry and

better absorption cross-section.

Gold nanoparticles with multiple branches like nanostars, nanoflowers, and nano sea-urchins

have been explored extensively. This distinctive multi-branched structure can be optimised to

attain interesting optical properties by varying the aspect ratio of their branches. Similarly, to

GNRs, gold nanostars have transverse and longitudinal LSPR plasmon bands in the visible and

NIR regions of the EM spectrum, respectively. The LSPR peaks are influenced by the number

and dimensions of the branches such as the sharpness of the tips and the length of the branches.

This gives rise to the lightning-rod e�ect in gold nanostars due to electric fields concentrating

at their sharp tips [36]. With nanostars, there is an added advantage of incorporating several

’hot spots’ on the particle itself in the form of these sharp tips [51, 52]. Usually, ’hot spots’ are
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formed when the coupling of plasmonic resonances occurs when two or more nanoparticles

approach each other in a surrounding medium. The field produced by the induced dipoles of

these particles interact and can weaken/reinforce the electric field enhancements depending on

their spatial distribution.

Surrounding medium

The refractive index of the surrounding medium a�ects the e�ective dielectric constant of the

nanomaterial and the LSPR peak. As the refractive index of the solvent around the nanoparticles

increases, the resonance peak redshifts [53]. Coating the nanoparticles also has a similar e�ect

on the LSPR as the refractive index of the surrounding medium in contact with the nanoparticles

changes with the additional layer.

2.4 Engineering plasmonic nanoparticles for photoacoustic signal

enhancement

The high absorption cross-section, biocompatibility, and high stability along with tunable

optical properties make plasmonic nanoparticles good candidates for photoacoustic imaging

[54–56].

From Equation 2.7, the various factors that influence the PA signal generation can be

determined. While the speed of sound depends on the type of tissue imaged and the illumination

fluence is a function of laser power, certain other influencing factors can be manipulated by

changing the nanoparticle material, morphology, and so on. These parameters that decide the

photothermal response and PA signal generation include the nanoparticle’s absorption coe�cient,

(�a), the specific heat capacity, (Cp), and the thermal expansion coe�cient, (�) of the absorber.

These variables that influence the thermoelastic expansion of PA signal generation are

explained below:

1. Absorption Coe�cient: The Absorption coe�cient, (�a), is a measure of how well a

material can absorb photons upon illumination at a specific wavelength. For enhancing

the PA signal generation, a high �a is preferred as it is directly proportional to the

PA signal intensity. This can be done by engineering nanoparticles to have increased

absorbance at a wavelength of interest by increasing their absorption cross-section and
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coating with materials like silica, polydopamine, graphene oxide, etc. PA signal amplitude

can be increased by maximising nonradiative relaxation, thus enhancing the photothermal

response. Moreover, plasmon coupling could also be orchestrated to create a local-field

enhancement, resulting in a shift in the LSPR peak [57]. Plasmon coupling occurs when

nanoparticles are in close proximity to each other and their plasmon modes tend to be

in/out of phase with each other, leading to a redshift or blueshift in the peak resonance.

�a can be increased by modifying the particle geometry and optimising the interparticle

spacing [58, 59]. The nanoparticle geometry also has a significant e�ect on its optical and

PA properties. Anisotropic nanoparticles like rods, stars, nanocages, and bipyramidals

tend to have higher electron density deposition at their tips and edges, thus resulting in a

higher �a. Gold nanostars have high �a as they are highly anisotropic, with their sharp

tips acting as hotspots.

2. Specific heat capacity: Specific heat capacity, (Cp), can be defined as the amount of

thermal energy that is required to increase the temperature of a substance per unit of mass.

The PA response can be tuned by varying a nanoparticle’s Cp and alloying metals could

result in a di�erent Cp than its individual metals.

3. Thermal expansion coe�cient: The thermal expansion coe�cient, (�), is a material

property and can be described as how the size of material changes as a function of

temperature. Since PA signal is generated as a result of both the nanoparticle’s and the

solvent’s thermal expansion. Upon nanoparticle illumination by a laser pulse, some of the

heat generated di�uses into the solvent, creating a shell-like solvent layer with elevated

temperature around the nanoparticle. The amount of heat transferred depends on the

laser pulse length, the Kapitza resistance (interfacial thermal resistance) at the interface

between the nanoparticle and the solvent, and the solvent’s thermoelastic properties [35].

PA signal enhancement can be achieved by coating nanoparticles with a material that

has higher thermoelastic conversion e�ciency than water. The thermal conductance at

the nanoparticle-solvent interface can be increased using coatings such as silica, reduced

graphene oxide, polydopamine, and so on. The thickness of such coatings is crucial as a

loss of PA signal is observed above a certain shell thickness as the thermal energy tends

to get confined within the thicker shell and does not dissipate into the solvent. Since

the particle and the heated solvent around it contribute to the PA signal intensity, it is
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important that the heat generated by the nanoparticle can be e�ciently transmitted to the

solvent. It has been reported that in comparison to the absorbing nanoparticle, it is the

solvent that contributes to over 90% of the PA signal [35, 60, 61].

2.5 Labelling of stem cells with exogenous contrast agents

Stem cells cannot be visualised directly by PAI as they do not have an adequate optical absorption

coe�cient; they must be labelled with e�cient contrast agents. Adult stem cells such as

mesenchymal stem cells (MSCs) are important because of their capability to maintain and repair

their tissue of origin. MSCs can di�erentiate into tissue-specific cell types while maintaining

their capacity for self-renewal, migrate to injured tissues naturally to promote vascularisation

[62], and immunomodulation to accelerate tissue regeneration [63, 64]. About 50% of the

clinical trials utilised bone-marrow-derived MSCs [65]. MSCs have been isolated from many

sources including fat obtained from liposuction procedures and bone-marrow, normally obtained

from the iliac crest.

Studies have reported that less than 10% of administered stem cells have been successfully

engrafted in target tissues, while the remainder were either trapped in reticuloendothelial organs

or underwent apoptosis shortly after implantation [66, 67]. Since direct labelling requires

the cellular uptake of exogenous contrast agents before engraftment, there are limitations in

the assessment of stem cell functionality in vivo due to dilution in the contrast agent upon

proliferation. Indirect labelling is less preferred for clinical translation as it involves the

incorporation of a reporter gene through e�cient transduction of viral or transfection of non-viral

vectors to ensure detection of the expressed reporters upon successful engraftment. This method

also raises safety concerns with the possibility of viral vectors leading to mutagenesis, toxicity,

and immune and allergic responses if the expressed protein is secreted by the cells. As stem

cells have the potential to repair and replace damaged tissue in the host organism, it is critical to

observe if cell labelling a�ects any regenerative properties. Before monitoring stem cells in a

clinical setting, it is essential to optimise the labelling e�ciency and investigate the cytotoxicity

of contrast agents as they are highly dependent on the contrast agent composition, shape, size,

concentration, and surface functional groups. Moreover, these factors indirectly a�ect the

viability, di�erentiation, distribution, migration and engraftment of stem cells.

Clinical translation from a pre-clinical setting for stem cell tracking applications critically



20

requires monitoring of the spatial destination, the migration pathway and the final distribution of

the transplanted stem cells using non-invasive, longitudinal, and repetitive imaging. Engineering

a contrast agent with desirable characteristics for stem cell tracking can monitor if the stem cells

have reached the target tissue and survived after transplantation for e�cient therapeutic activity.

2.6 Desirable characteristics of photoacoustic contrast agents for

stem cell tracking.

The photoacoustic contrast agents mentioned below are summarised along with their

methodologies and applications in Table 1.

2.6.1 Biocompatibility and colloidal stability

Biocompatibility defines a substance that does not disturb the biochemical process in living

cells or organisms with no or minimal toxicity. Moreover, such substances should elicit no or

minimal immunological response or minimal physiological reaction. A material is colloidally

stable when it is resistant to changes in the chemical, physical or biochemical environment

and does not physically disintegrate upon the introduction of external stimuli. Upon cellular

uptake of exogenous contrast agents after incubation in a biological medium, aggregation

and agglomeration of contrast agents are induced because of their interaction with proteins.

Biocompatibility and colloidal stability of the contrast agent can be improved by integrating

or coating them with materials that make the surface of the contrast agent more neutral or

hydrophilic.

For photoacoustic contrast agents, the chemical structure of NIR dyes can be optimised

for colloidal stability by introducing hydrophilic groups, triplet state quenchers and stabilising

groups. Indocyanine Green (ICG) is a tricarbocyanine dye that has a 10% fluorescence quantum

yield in water, thus able to release 90% of its excited non-radiative energy in the form of

thermoelastic expansion, an advantage for photoacoustic imaging. Filippi et al. studied

FDA-approved ICG contrast agents to track MSC in vivo due to its excellent absorption

properties and biocompatibility [68]. The study showed minimal toxicity per dose of ICG with

a photoacoustic detection limit of 7,000 labelled cells. Polymers such as poly-ethylene-glycol

(PEG) and poly L-lysine (PLL) can be utilised to reduce the surface interaction of the contrast

agent with the proteins and other small molecules present in the serum or blood. Prussian blue
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nanoparticles (PBNPs) coated with PLL were utilised by Kim et al. for photoacoustic stem-cell

imaging [69]. The PLL coating enhanced the colloidal stability of PBNPs and facilitated easier

cell internalisation, further contributing to a detection limit of 200 cells/�l in vivo. Adjei et al.

designed a multifunctional nanoparticle system that allowed delivery of resveratrol (RESV)

intracellularly and enabled PAI of MSCs [70]. The stability of RESV-NPs was enhanced 18-fold

due to the formulation of poly (lactic-co-glycolic) acid and iron oxide. Due to the enhanced

colloidal stability of RESV-NPs, over 90% of the PA signal was retained even after the labelled

MSCs underwent homogeneous di�erentiation.

For any type of biomedical application such as stem cell tracking, biocompatibility and

colloidal stability of contrast agents are critical. Already available FDA-approved dyes like

ICG which have a consistent intracellular uptake have been utilised for stem cell labelling and

tracking. Coating nanoparticles with polymers can increase their colloidal stability for long

periods of time at high ionic concentrations. PAI is a non-invasive and non-ionising biomedical

imaging modality that is used for tracking stem cells, and it does not a�ect the proliferation

and function of stem cells. On the other hand, contrast agents could have detrimental e�ects

on the functioning and di�erentiation potential of stem cells depending upon their chemical

composition. Therefore, it is crucial to design PAI contrast agents that are biocompatible and

non-toxic and do not have any undesirable e�ects on the proliferation, function, and safety of

the labelled stem cells. Characterisation of contrast agent is critical to estimate the level of

aggregation, change in surface charge and adsorption of proteins to the nanoparticle before

and after interaction with biological media. Additionally, utmost care is taken to monitor the

viability, toxicity and genetic stability of labelled cells in vitro before using these molecular

probes for pre-clinical studies. For clinical applications, toxicology testing of the contrast agents

on their own and in stem cells should be carried out under GLP conditions and in vivo (using

mouse models) to assess any tumorigenic, hepatotoxic or neurotoxic potential [71]. The safety

profile of a contrast agent can be defined after systematically investigating their biological

interactions, toxicity, stability and retention in both in vitro and in vivo.

2.6.2 Enhancement in cellular uptake

The physicochemical properties such as the size, morphology and surface charge of contrast

agents directly influence their cellular uptake mechanism and intracellular tra�cking [72].

High therapeutic e�cacy can be achieved by ensuring a safe and e�cient entry of the contrast
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agents into stem cells as the route of entry a�ects the toxicity and biodistribution of the contrast

agent. Cell-penetrating peptides (CPPs) can be utilised as inert vectors for the delivery of cargo

molecules like contrast agents due to their membrane-permeating properties and bioactive nature.

Qin et al. utilised photoacoustic nanoparticles (PANPs) incorporating semiconducting polymers,

where the PANP surfaces were encapsulated with a polymer lipid matrix with CPPs as labelling

enhancers for tracking human embryonic stem-cell-derived cardiomyocytes (hESC-CMs) in

living hearts [73]. Terminally di�erentiated cell types like hESC-CMs have limited endocytosis

activity. Therefore, direct cellular labelling was replaced with the utilisation of CPPs which

resulted in a detection sensitivity of 2000 cells.

Silica coating is an alternative approach to enhancing the cellular uptake of contrast agents

like gold nanoparticles. Not only is silica biocompatible, but it also has the added benefit of

preventing the aggregation of particles in cells. Jokerst et al. reported real-time and non-invasive

imaging of a guided stem cell therapy for muscular dystrophy using silica-coated gold nanorods

(SiGNRs) [74]. It was observed that the silica coating facilitated the cellular uptake which led

to a 5-fold signal increase in MSCs loaded with SiGNRs than GNRs, in turn increasing the

PA signal by 4-fold. Comenge et al. used silica-coated gold nanorods for MSOT [75]. They

observed that the plasmon coupling and steric hindrance were avoided upon endocytosis by

MSCs due to the silica coating. The optical signature of GNR-Si35 (GNRs with a silica shell

thickness of 35 nm) was still preserved after cellular uptake The authors were able to monitor

2 � 104 cells labelled with 30 pM GNRs for 15 days using MSOT and they observed that the

MSOT in vivo signal intensity decreased with time with cell division reducing the number of

GNRs per cell.

Nanoparticles can be optimised with labelling enhancers like CPPs and surface coatings to

promote cellular uptake and retention. To image stem cells with high sensitivity and contrast,

there is a need to label MSCs with an optimal concentration of the contrast agent without

a�ecting the cell’s normal function.

2.6.3 Long-term longitudinal monitoring

Long-term longitudinal monitoring of stem cells in vivo is imperative to understand the

regenerative pathway of stem cells. Longitudinal studies can be particularly useful for evaluating

the development of a regenerative disease, the biodistribution of stem cells after transplantation

and the outcomes of treatments over time. Unlike photon-emitting contrast agents, photoacoustic
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contrast agents can be optimised for long-term longitudinal monitoring of stem cells, as their

signal does not depend on radioactive decay. Easy renal clearance is possible with nanoparticles

smaller than 5.5 nm but that limits their long-term longitudinal capabilities [76].

Modifying the surfaces of inorganic nanoparticles can increase their circulation time in

blood and increase their water solubility. Citrate-coated Prussian blue particles (PBPs) were used

by Li to monitor traumatic brain injury (TBI) and track the progress of disease recovery [77].

The real-time imaging capability of PAI along with the long-term retention of PBPs enables the

monitoring of the damaged vasculature with resulting haemorrhage, the rehabilitation process,

and the clearance of the blood clot. Cell labelling stability experiments showed less than

10% PBP leakage post stem cell labelling proving their capability for longitudinal monitoring.

3D model systems mimicking the extracellular matrix (ECM) have enabled the monitoring

of MSC migration and proliferation. 3D ECMs microenvironments in vitro can potentially

enable improved assessment of in vivo cell behaviour in comparison to 2D cell monolayers.

3D ECMs like hydrogels mimic the native tissue microenvironment and thus promote cell

proliferation, migration and di�erentiation [78]. Moreover, encapsulation of the cells in fibrin

gels facilitates signal quantification and localised monitoring. Longitudinal imaging of stem

cells labelled with gold nano tracers (Au NTs) was evaluated using PEGylated fibrin gel systems.

Spectral information from the multi-wavelength photoacoustic imaging allowed imaging at a

penetration depth of 10-50 mm for 10 days while the labelled stem cells were intact in the gel

[79]. MSC migration and proliferation were temporally assessed in vivo, with nanoparticle

loading decreasing exponentially over time because of exocytosis of the nanoparticles by the

cells as well as dilution due to cell division. Chung et al. observed that although the PEGylated

fibrin system along with the long-term retention capabilities of GNTs enabled stem cell tracking

for 16 days, the tracers excreted from the cell may bind to the gel matrix, generating false

positives in the PA signal [80].

Rapid clearance of contrast agents from the cell prohibits long-term monitoring and

longitudinal studies of stem cells. Developing contrast agents with physicochemical

characteristics that enable them to be retained in the cells and delivering labelled stem cells

using 3D model systems can facilitate stem cell tracking for long periods of time. Depending on

the retention capability and colloidal stability of the contrast agents used for stem cell labelling,

PAI can e�ciently track the stem cells in real-time at the time of delivery and can provide

longitudinal monitoring after transplantation as long as the signal from the contrast agent is
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above the detection threshold. In preclinical studies, researchers have reported two weeks of

longitudinal monitoring of stem cells using nanoparticles as contrast agents [69, 75, 77, 81].

Zhang et al. reported the use of a dual-modal contrast agent for the longitudinal tracking of stem

cells using PAI for 35 days [82]. Biodistribution studies using mouse models can be carried

out before therapeutic studies to assess the longitudinal monitoring capability along with the

migration of the labelled stem cells after their implantation. Histological analysis of tissues

and organs after biodistribution studies often aids in understanding the delivery and homing of

transplanted stem cells and allows for the investigation of abnormalities in the tissue, if any, at

di�erent time points. This can further help in understanding the regenerative mechanism and

pathway of stem cells in a disease model for clinical applications.

2.6.4 Imaging in the NIR-I and NIR-II windows

The development of exogenous contrast agents that provide high imaging contrast is vital to

ensure that the signal does not attenuate drastically during the imaging process due to background

noise and clutter signals as a result of light scattering from tissues. Labelling cells with higher

concentrations of contrast agents will enhance the signal-to-noise ratio but result in cytotoxicity.

Contrast agents with optical absorption in the near-infrared (NIR) wavelengths, where

tissue absorption is minimal can be utilised for PAI. With less autofluorescence at NIR

compared to visible wavelengths, NIR dyes can be used as photoacoustic contrast agents.

For example, 1,1’-dioctadecyl-3,3,3’,3’tetramethylindotricarbo-cyanine-iodide (DiR) was used

to label bone-marrow-derived MSCs by Berninger et al. for cell-based cardiac regenerative

therapy tracking using MSOT [83]. Due to the high emission at 782 nm compared to other

lipophilic membrane dyes, DiR has a higher detection sensitivity in the deep tissues of organs

such as the myocardium [84]. Using 10 �g/mL DiR, as low as 2 � 104 was detectable in

the rabbit heart by MSOT. The red-shifted DiR cyanine derivatives ensured a low fluorescent

yield, allowing most of the absorbed light energy to contribute to PA signal generation. The

poor hydrophilicity and photostability of conventional NIR organic dyes could be overcome by

developing nanostructures that have a localised Surface Plasmon Resonance (SPR) absorption in

the NIR region. The optical properties of nanoparticles depend on the property of SPR, whereby

an incident electromagnetic field (EM) of a specific frequency induces the resonant oscillation

of conduction band electrons on the metal’s surface [85]. The resonant photons are confined

by the nanoparticle and this results in an increase in the EM field, thus enhancing their optical
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properties. Gold nanoparticles can be easily synthesized into a variety of shapes and sizes, thus

can be utilised to influence the nature of the SPR and can be tuned to absorb in the NIR region.

Varying the aspect ratio or changing the dimensions can help tune the relative scattering to

the absorption contribution of nanoparticles. Stem cell delivery to a trabecular meshwork (TM),

a fluid drainage tissue in the anterior eye was studied using gold nanosphere (AuNS) labelled

MSCs by Kubelick et al. [86]. Reduced cellularity in the TM can often elevate intraocular

pressure, one of the main causes of glaucoma. Although the absorption peak of AuNS is 520

nm, the AuNS-labelled MSCs have an absorption peak of 700 nm. This redshift is a result of

surface plasmon resonance coupling upon nanoparticle endocytosis enabling tracking of stem

cell migration in the anterior segment of the eye [87]. PAI in conjunction with a suitable contrast

agent can improve weakly scattering structure, and imaging depth, and can potentially detect

molecular activity.

When anisotropy is introduced to nanoparticles, the SPR peak can be strongly enhanced and

tuned as a function of aspect ratio. Anisotropic nanoparticles, due to their versatile geometries

have large extinction cross-sections. This ensures that high optical absorption in the NIR region

where deep-tissue imaging with a high signal-to-noise ratio (SNR) is possible. Quantitative

tracking of human MSCs labelled with Gold Nanocages (AuNCs) used the strong optical

absorption and two- and three-photon luminescence properties of AuNCs [88]. The hollow

interiors and the porous walls of these nanostructures enable the transport and delivery of

bioactive substances in the body and improved detection sensitivity due to their large optical

absorption cross-section [89].

Photon absorption and scattering in biological tissue are characterized by many factors such

as cell size, water content, electrolyte concentration and blood oxygenation. Absorption and

scattering also depend on the wavelength range and are minimal around 1300 nm and 1700 nm

[90]. The laser setup for NIR-I (650 to 950 nm) imaging is expensive, bulky and ine�cient

when compared to NIR-II imaging. Due to low scattering and absorption from biological tissues

and the availability of lasers with the required pulse duration, repetition rate and energy required

for PAI, imaging at 1064 nm is of particular interest [33, 91–94]. The maximum permissible

exposure (MPE) is the maximum electromagnetic energy that can be disposed of in a particular

volume of a biological matter before denaturation or damage to the tissue will occur. As the MPE

depends on the wavelength and the number of photons, it will also limit the photon count that is

statistically detectable from scattering structures in deeper tissue regions. MPE at 1064 nm is
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about 1000 mW/cm2 per pulse according to the American National Standards Institute (ANSI)

safety limit [95], which results in more photons and increased probability of detecting light from

deeper regions compared to 300 mW/cm2 MPE at 800 nm[96]. Dual plasmonic gold nanostars

with absorption maxima at 1064 nm were designed and synthesised as photoacoustic contrast

agents to utilise these advantages [97]. For longer wavelengths in the NIR-II window, five-fold

higher MPE allows deep-tissue imaging compared to wavelengths in the visible windows [98].

Since water has a strong absorption around 1400-1500 nm, exogenous contrast agents with an

absorption peak in this range would not be ideal for deep tissue imaging.

Designing exogenous contrast agents in the NIR-II window includes challenges such as

favourable clearance profiles, biocompatibility and photothermal conversion e�ciency of NIR-II

contrast agents similar to clinically approved NIR-I contrast agents. NIR-II contrast agents tend

to have complex geometrical structures leading to production issues such as reproducibility

and homogeneity. Organic semiconducting polymer nanoparticle probes (OSPN+) were used

by Yin et al. as an exogenous contrast agent in the second NIR window for stem cell tracking

using photoacoustic imaging [81]. OSPN+ have a hydrophobic semiconducting polymer core

(SP), an amphiphilic polystyrene maleic anhydride (PSMA) and a Poly-L-lysine (PLL) coating

The SP cores are responsible for the PA signal and OSPN+ have a broad absorption spectrum

covering both NIR-I and II with absorption peaks at 916 and 1025 nm. As optical scattering

from surrounding tissues is lower at longer wavelengths, a higher SNR was observed in the

NIR-II window compared to NIR-I at the same concentration and imaging depth [99–101].

Fluorescent dyes like DiR which have low quantum yields and anisotropic nanostructures

with well-controlled shapes and sizes are preferred for PAI. In comparison to the first NIR

window, the NIR-II window o�ers high contrast imaging, better penetration depth and higher

MPE [91]. Due to the minimal tissue absorption and scattering in the second NIR region, more

research is needed to engineer NIR-II contrast agents to improve the depth of imaging. Also,

e�cient cellular uptake and pharmacokinetics of NIR-II contrast agents must be studied as they

possess complex geometries.

2.6.5 Stem cell viability detection

Monitoring stem cell distribution, function and survival is critical for therapeutic translation

to patients. However, most contrast agents cannot distinguish live cells participating in the

regeneration process from dead cells, leading to false positive signals and errors in quantification
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during imaging. The optimal contrast agent should emit a positive signal for live-labelled cells

only. However, that is not always the case. Measuring changes in photoacoustic properties

associated with viability and/or functionality of stem cells e.g., enzymatic activities, growth

factors, chemicals secreted during cell di� erentiation, changes in intracellular and extracellular

pH, di� erences in metal ion levels and the production of reactive oxygen species (ROS) upon

cell death could act as stimuli for detection.

The viability of stem cells was monitored by Yooet al. using ICG due to its relatively

high optical absorption at 800 nm (NIR) and its ability to clear out of stem cells after cellular

death through di� usion [102]. Continuous assessment of the amount of viable transplanted

cells over time is crucial for developing e� ective stem cell therapies in a clinical setting. Since

PAI enables simultaneous imaging of endogenous and exogenous contrast agents, dynamic

biological processes such as apoptosis of stem cells after transplantation be visualised using

activatable contrast agents for a continuous period. Upon cell death, these smart contrast agents

induce a shift in the peak absorption wavelength and generate a prescribed signal change, thus

enabling PAI to track the survival of stem cells during the therapy. This was achieved by

Dhadaet al. by coating gold nanorods with IR-775 chloride (IR775c), which is a reactive

oxygen species (ROS) sensitive NIR dye for assessingin vivoMSC viability [103]. However,

this sensing mechanism of the nanoprobe can only monitor the viability of labelled stem cells

and cannot account for the reduction of sensitivity due to cell proliferation and migration

in tissue. Another challenge observed with direct cell labelling using contrast agents is the

ability of dead cells to generate a signalin vivo because of their presence in cellular debris

or due to uptake by phagocytic cells. Ricleset al. engineered a dual nanoparticle system

consisting of PEGylated gold nanospheres (absorption maximum at 520 nm) and PLL-coated

silica GNRs (optical absorption at NIR (750 nm)), which were taken up by macrophages and

MSCs, respectively [104]. Macrophages were observed to endocytose nanospheres at a faster

rate than the MSCs due to their characteristic non-speci�c uptake whereas the positively charged

PLL-coated silica GNRs were readily endocytosed by MSCs. Thisin vivo analysis of the

preferentially labelled cells enabled assessment of the key roles of macrophages in wound

healing and vascular regeneration regeneration[105–108]. Due to the spectroscopic nature of

PAI, the dual nanoparticle system assisted the monitoring of synergistic crosstalk between the

two cell types while assessing stem cell viability.

False positive signals can originate from the contrast agent either trapped in dead cells or
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engulfed by macrophages and could yield incorrect results duringin vivo stem cell tracking.

Dyes like ICG di� use out if the labelled cell undergoes apoptosis. Contrast agents that can

detect ROS generation or a change in pH can be engineered for real-timein vivo monitoring of

stem cell viability.

2.7 Multimodal photoacoustic contrast agents

As combining imaging modalities is advantageous in extracting detailed morphological and

molecular information, a huge array of complex multimodal exogenous contrast agents is

being developed. This will reduce the potential drawbacks of using each imaging modality

alone and modality-speci�c strengths can be integrated to form a more complete picture

of each transplantation. While selecting imaging modalities for stem cell tracking, it is

important that multimodal imaging contributes to relevant and speci�c information during stem

cell transplantation such as stem cell localisation, viability, quanti�cation, and functionality.

Although multimodal imaging systems can yield more information per sample or subject, it

is important to consider the number of imaging sessions required, imaging time, cost, and

repeated or frequent anaesthetic use in pre-clinical imaging studies. Moreover, false positive or

false negative results could be cross-checked using multimodal imaging. Imaging techniques

utilising multimodal contrast agents can provide more insight as they can easily compensate for

limitations from a single imaging modality.

Nanoparticles are ideal as multimodal contrast agents as they have large surface areas

that can be easily functionalised with di� erent components to support multimodal imaging.

Di� erent molecular components can also be encapsulated or embedded into single nanoparticles.

The molecular constituents can be attached to the carrier nanoparticle by electrostatic forces,

and covalent or conjugated bonding, and can allow the incorporation of chemicals into the

nanoparticle core. Magnetic resonance imaging (MRI) is a well-established imaging modality

for stem-cell tracking as it provides detailed morphological and functional information and

allows high resolution and accurate localisation of cells. MRI contrast agents can be classi�ed

based on their chemical composition, magnetic properties, the presence or absence of metal

atoms, e� ects on MR images and their biodistribution. However, not all patients can be imaged

using this expensive and complex procedure. Also, MRI's limited sensitivity and inability

to quantify the cell population can be compensated using PAI. Human MSCs labelled with
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multifunctional nanoparticles containing superparamagnetic iron oxide with a gold coating

(SPIO@Au), which have a maximum absorbance at 810 nm, were used by Qiaoet al. for

imaging brain tumours [109]. The core-shell structure of the SPIO@Au contrast agent is the

source of its dual-modal activity. Designing multimodal contrast agents requires optimisation of

the concentration ratios of the respective contrast materials to ensure high detection sensitivity

for all imaging modalities. Lemasteret al. reported the use of synthetic melanin nanoparticles

loaded with gadolinium (Gd (III)-SMNPs) as a dual-modality contrast agent for PAI and MRI

[110]. The optimised concentrations of the SMNP and the Gd (III) in the dual MRI/PA contrast

agent along with the improved absorption cross-section due to the melanin coordination of the

metal ions via catechol groups in�uence the photoacoustic signal enhancement [111]. This

chelation not only increased the biocompatibility of Gd-based contrast agents but also showed a

64-fold increase in the PA signal intensity and a 2-fold increase in the MRI signal contrastin

vivo. The dual-modal polyethylene glycol-modi�ed magnetic nanoparticles (Fe3+-PEG-MNP)

based on natural biomaterials including melanin and Fe ions for PAI and MRI of bone marrow

(BM)-derived MSCs developed by Zhanget al. are perfect candidates for clinical stem cell

therapies [82]. Their ultra-small particle size (9.2 nm) and water solubility make them highly

stable while enhancing cellular labelling and low cell cytotoxicity. Their neutral surface charge

enabled labelling of 98.56% BM-MSCs and facilitated 35 days of PAI and 28 days of MRIin

vivo.

Ultrasound imaging (USI) and PAI can be combined to provide guidance for accurate stem

cell transplantation. Exact co-registration of USI and PA images can be attained by using

the same transducers for detection. The limited contrast and 3D incapabilities of USI can be

compensated with PAI. USI in turn can assist PAI by providing structural and morphological

tissue information. This aids the acquisition of information regarding the position and depth of

the labelled stem cells. Donnellyet al. used the hybrid OA/US imaging system to guide the

delivery of plasmonic gold nanosphere (AuNS)-labelled MSCs to the spinal cord for treating

neurodegenerative diseases and traumatic injuries [112]. This real-time photoacoustic imaging

technique combined with ultrasound minimised the risk of needle shear and enabled the correct

targeting of the injection, thus improving therapeutic outcomes [113, 114]. More speci�cally, the

ultrasound provided images of the patient's surface vasculature, which aided the identi�cation

of oxygenated and deoxygenated blood using PAI. Spectroscopic PAI facilitated real-time

tracking of the migration of the transplanted stem cells labelled with AuNSs and allowed for the
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distinction of the endogenous contrast of the white matter from the grey matter in the ventral

portion of the spinal cord at 1730 nm. Lemasteret al. developed a poly (lactic-co-glycolic

acid) (PLGA)-based iron oxide nanobubble labelled with DiR as a trimodal contrast agent.

The PLGA coating facilitated USI and the DiR enhanced the PA signal. Moreover, the iron

oxide increased the magnetic particle imaging (MPI) signal for tracking cardiac stem cells [115].

Although USI provides a high temporal resolution (300 Hz), PAI can achieve a better contrast for

structures in soft tissue. Moreover, the imaging depth can be improved with MPI even if it only

provides low temporal resolution. While MPI has the same limitations as MRI, MPI provides a

high contrast-to-noise ratio. The multi-functionality of this hybrid nanobubble overcomes the

limitations of each modality.

For stem cell therapy, monitoring di� erent stages of cell migration and the progress of

cell di� erentiation may be monitored using multimodal imaging methods. To decide which

imaging modalities are best suited for speci�c applications, it is vital to consider what relevant

and speci�c information each imaging modality can provide. Once the imaging modalities are

chosen, the careful design of the contrast agent is an essential step for multimodal detection.
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Chapter 3

Materials and Methods

3.1 Introduction

This chapter deals with the materials and methodologies that were used and developed to

generate the results in this thesis. This chapter encompasses the materials and methodologies

used for the synthesis and characterisation of gold nanostars, theirin vitro labelling in MSCs,

phantom imaging, and detection using MSOT as demonstrated by results in Chapter 4. In

addition, thein vivoOA therapeutic study experimental setup, methodologies for MSOT data

acquisition and data analysis as well as the histopathological methods used to generate results

in Chapter 5 have been included in this chapter. Finally, the methodologies used in Chapter 6

for the HLI murine therapeutic study, MSOT data acquisition, and post-processing have been

presented here.

3.2 Optimisation of Gold nanostars

The carboxylated gold nanostars were synthesised in ICFO, Barcelona as they had the resources

to prepare the nanostars in large batches, and all the subsequent conjugations were carried out

by the author at the University of Galway, Ireland.

3.2.1 Carboxylated gold nanostars

Synthesis of seeds

Initially, the seeds for the nanostar synthesis process were carried out in 10 mL of Triton

X-100. For this purpose, a NaBH4 solution (0.378 mg/mL) was prepared and kept in the
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freezer until it was required. Once this was done, 4 mL MQ H2O and 5 mL of Triton X-100

(200 mM concentration) were mixed in a Te�on vessel. To this mixture, 1 mL of HAuCl4

of a concentration of 4 mM was added. Then the solution was stirred at around 500 rpm at

room temperature. Once the NaBH4 solution which was prepared earlier reached the desired

temperature of 4.5� C, 580µL of the mixture was added very quickly. This resulted in the change

of the pale-yellow colour of the solution to a red-brown colour. Once the colour change was

visible, the resultant mixture was stirred for 3 minutes and kept in the fridge until required for

gold nanostar synthesis.

Synthesis of gold nanostars

For synthesising a 50 mL solution of gold nanostars with an LSPR of 1100 nm using a seed size

of 200 nm, the following protocol was followed. This protocol is intended for general use by

modifying the quantities of the di� erent reagents and was carried out at a room temperature of

23±1� C. The synthesis was carried out in a stirred vessel of 100 mL volume with a Te�on bar/

magnetic stirrer. The seed solution was also allowed to reach room temperature before it was

used for the synthesis process.

The following reagents of appropriate concentrations were prepared as shown below:

Reagents Concentration

Triton X-100 200 mM

HAuCl4 4 mM

AgNO3 4 mM

Ascorbic acid 78.8 mM

HS-PEG-COOH (Mw 2000)

To acquire a �nal Triton concentration of 95 mM, 200 mM Triton X-100 was added to

the 100 mL volume vessel which was stirred continuously. To this mixture, AgNO3 with a

concentration of 4 mM was added. This was stirred for 1-2 minutes before ultrapure water was

added. To this mixture, 4mM of HAuCl4 was added which resulted in a �nal gold concentration

of 0.5 mM. Homogeneous stirring was ensured by stirring the resultant mixture at around 500

rpm for 2-3 minutes. Then, 1.5 mL of the ascorbic acid solution was added. This resulted in an

immediate change as the solution became colourless instantly to which a 100µL of the seed

solution was rapidly added. This was an extremely crucial step as this addition is very time

sensitive and should be done within 10 seconds of the solution turning colourless. The solution
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was then stirred continuously and strongly for 5 minutes after which it was gently stirred for

30-60 minutes. Following this, 0.5 mL of the HS-PEG-COOH solution was added for carboxyl

PEGylation of gold nanostars and were allowed to run/stand overnight at room temperature.

3.2.2 Carboxylated gold nanostars conjugated with NH2-SPIONs

The amine functionalised SPIONs were procured from NNCrystal US Corporation USA initially

which was a custom order and they were later purchased from micromod Partikeltechnologie

GmbH, Germany (Product code: 79-55-201).

Electrostatic conjugation

Based on the characterisation data of the conjugated products after trying out various chemical

and reaction parameters, the following parameters were �nalised for the conjugation of

HS-PEG-COOH stabilised gold nanostars with SPIONs :

1. Amine functionalised super-paramagnetic iron oxide nanoparticles (SPIONs ) with a

diameter of 20 nm were used.

2. Concentration ratio of gold nanostars to SPION ratio was optimised to be 1:2.

3. Water was chosen as the conjugation reaction medium.

The conjugation started with the dilution of the stock NH2-SPIONs from 0.5µM down to 1.6

nM using deionised water. Then, 2 mL of an aqueous solution of 1.6 nM NH2-SPIONs were

transferred into a clean glass vial and sonicated (Fisher brand; Product code: 11728029) for 3

mins. The sonication frequency was set at 37 kHz on pulse mode and at 30% power. Here, the

sonication parameters mentioned were chosen to produce the lightest agitation conditions. Once

the parameters were set, an equal volume (2 mL) of 0.8 nM NSCOOH was quickly added under

sonication. Then, the SPION and NSCOOH mixture was further sonicated for 5 minutes and

immediately shaken using an orbital shaker (VWR; Product code: 444-7093) at 500 rpm for 60

min. After this incubation period, 4 mL of the NSCOOH-NH2-SPION mixture was puri�ed

by light centrifugation for 30 minutes at 5200 rpm and was resuspended in 2 mL of deionised

ultra-�ltered water (18.2 M
 -cm) to retain close to the original nanostar concentration used

(assuming not too many particles are lost during centrifugation). The conjugated particles were

then characterised using TEM, DLS, and Litesizer.
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Covalent conjugation using EDC and NHS

For this method, the same concentration ratio of 1:2 NSCOOH:NH2-SPIONs was used with

NH2-SPIONs. These conjugates were prepared in a coupling reaction medium of MES bu� er at

pH 5.5. At �rst, the stock solution of NSCOOH was centrifuged at 14500 rpm for 25 minutes and

redispersed in 10 mM MES bu� er at pH 5.5. Following this, 7.692 mL of NSCOOH at the stock

concentration of 5.2 nM were diluted in 25.463 mL MES bu� er pH 5.5 in a glass Erlenmeyer

�ask which was previously cleaned with aqua regia. Subsequently, 1.334 mL of EDC (4 mg/mL)

and 2.505 mL of Sulfo-NHS (6 mg/mL) were added to the NSCOOH solution and sonicated

at 4� C for 20 minutes at 37 kHz. Then, 3.005 mL of a 26.61 nM NH2-SPIONs solution were

added to the EDC/Sulfo-NHS activated gold nanostars and sonicated for 40 minutes at room

temperature. The resulting solution was aged overnight in an orbital shaker at 150 rpm at room

temperature. Then, 4 mL of a chitosan oligosaccharide lactate solution at a concentration of

0.1 mg/mL was added and the solution was sonicated for 30 minutes at 40� C. Finally, the

NSCOOH-NH2-SPIONs @CHT conjugate was centrifuged at 7600 rpm for 15 minutes to

remove any unbound NH2-SPIONs and �nally dispersed in a chitosan oligosaccharide lactate

solution of concentration 0.01 mg/mL. This centrifugation process was repeated twice to attain

a puri�ed solution.

3.2.3 Carboxylated gold nanostars conjugated with anti-CD63 antibodies

Puri�cation of anti-CD63 antibodies

Anti-CD63 antibodies were selectively isolated from the cell culture supernatant of a hybridoma

cell line using Protein G Gravity trap columns. The columns were equilibrated with binding

bu� er (20 mM sodium phosphate pH 7.0), followed by the addition of the samples. once the

antibodies are trapped in the column, the columns are washed with 15 mL of the binding bu� er.

Once this is done, 5 mL of elution bu� er ( 0.1 M glycine-HCl, pH 2.7) is added to the column

and 1 mL elution fractions are collected in 5 Eppendorf tubes. These tubes were prepared earlier

for collecting the puri�ed antibodies with 200µL of neutralising bu� er (1 M Tris-HCl, pH 9.0).

This process can be repeated to purify more antibodies after regenerating the column by washing

it with 10 mL of the binding bu� er.
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Bu� er exchange and Antibody concentration

The eluted antibody samples were diluted and loaded into an Amicon Ultra-15 Centrifuge �lter

device. These samples were centrifuged at 3000 g for 20 mins. Once this step was repeated

twice, the concentrated antibody solution was carefully removed from the �lter device and

transferred to an Eppendorf tube for BCA quanti�cation. The BCA protein assay is a standard

method to colorimetrically detect and quantify the protein concentration in the puri�ed sample.

This assay was carried out by combining a carbonate bu� er containing a BCA reagent (Reagent

A) and a cupric sulfate solution or Reagent B to make an apple green–colored working solution.

Upon incubation at 37°C for 30 minutes, this solution turns purple in the presence of protein.

Protocol A: NSCOOH-Ab adsorption

This protocol describes the process for adsorption of an antibody to the surface of gold nanostars

at an optimal pH for electrostatic binding after activation of the positively charged -COOH

groups and the negatively -NH2 groups.

Carboxylated gold nanostars (NSCOOH) at a concentration of 1.1 nM were centrifuged

and resuspended in a 1 mL MES bu� er of pH 6.1. The nanostar solution was then sonicated at

37 kHz for 1 - 2 minutes before the anti-CD63 antibodies were added. After this, an optimal

volume of 66µg/mL of antibody concentration was added depending on the stock antibody

concentration. This process was followed by incubating the NSCOOH and anti-CD63 antibody

mixture at room temperature for 4 hours on a rotator. The mixture was then centrifuged for 25

minutes at 12000 rpm to remove the free/unbound antibodies and �nally resuspended in 1 mL

of PBS. This step was then repeated twice for the puri�cation of the NSCOOH-Ab conjugates.

Protocol B: NS-Ab covalent conjugation protocol

This protocol describes the process for conjugation of an antibody to the surface of gold

nanostars via EDC/sulfo-NHS chemistry. Carboxylic gold nanostars are �rst activated with

EDC/sulfo-NHS in acidic conditions (MES bu� er, pH 4.5) for 30 minutes. This solution is

centrifuged and resuspended in 1x PBS (pH 7.0). The antibody is then added in excess to

facilitate optimal binding after sonication. This solution is incubated at room temperature

for 2 hours on the multi-function rotator to facilitate coupling. After the incubation, they are

centrifuged for 25 minutes at 12000 rpm to remove the free antibodies and resuspended in 1 mL

of PBS. After 2 washes with PBS, they were stored at 4� C for future use.
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Protocol C: NS-Ab covalent conjugation protocol after hydrophobic adsorption

This protocol describes the process for conjugation of an antibody to the surface of gold nanostars

via EDC/sulfo-NHS chemistry. Carboxylated gold nanostars (NSCOOH) at a concentration of

0.5 mg/mL were centrifuged and resuspended in a 1 mL MES bu� er. It was crucial to ensure that

both EDC and NHS were allowed to acclimatise to room temperature before they were weighed

for the reaction. Both EDC and sulfo-NHS solutions were freshly prepared in deionised water

just before they were used at concentrations of 85 mg/mL and 100 mg/mL respectively. The

next step was done immediately after solubilising EDC/sulfo-NHS to minimise hydrolysis of

the sulfo-NHS ester in water and enhance the e� cacy of conjugation. Then the carboxylic gold

nanostars were �rst activated with EDC and sulfo-NHS in acidic conditions (MES bu� er, pH

4.5) for 30 minutes. Sulfo-NHS was added dropwise to the nanostar pellet and homogenised by

pipetting. EDC was then added dropwise and homogenised by pipetting. Both EDC/sulfo-NHS

were added in equal amounts, for example, at 1 mL solution, leave 200µL of MES bu� er on

the pellet and re-suspend in 400µL:400µL of EDC:NHS. This solution was centrifuged and

resuspended in 1x PBS (pH 7). After this step, the antibody was added in excess to facilitate

optimal binding after sonication at 37 kHz. This solution is incubated at room temperature for

2 hours on the multi-function rotator to facilitate coupling. After the incubation, the prepared

solution was centrifuged for 25 minutes at 12000 rpm to remove the free and loosely bound

antibodies and further resuspended in 1 mL of PBS. This step is repeated twice for optimal

puri�cation.

Optimisation of NSCOOH-Ab conjugation

To optimise the parameters for NSCOOH-Ab conjugation and successful binding to cells,

we varied the pH for -COOH activation (pHa), pH for coupling (pHb), the concentration of

EDC/NHS(CEDC/CNHS), and the concentration of antibody (CCD63).

3.2.4 Chitosan-coated carboxylated gold nanostars

Here, the carboxylated gold nanostars were centrifuged at 7600 rpm for 15 minutes and

dispersed in a chitosan oligosaccharide lactate solution of a concentration of 0.01 mg/mL.

This centrifugation process was repeated twice to attain a puri�ed solution of chitosan-coated

gold nanostars (NSCOOH@CHT).
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Table 3.1: Parameters varied for optimisation of NSCOOH-Ab conjugation

Sample Protocol pHa pHb CEDC ( mg/mL) CNHS (mg/mL) S olventEDC=NHS CCD63 (µg)
S1 A - 6.1 - - - 50
S2 A - 5 - - - 50
S3 B 4.7 7.2-7.5 85 100 MES 25
S4 B 6 7.2-7.5 85 100 MES 25
S5 C 6.1 5 10 10 MES 25
S6 C 7.2 5 10 10 MES 25
S7 C 5 7.2-7.5 85 100 MES 25
S8 C 6.1 7.2-7.5 85 100 MES 25
S9 B 4.7 7.2-7.5 85 100 DW 25
S10 B 4.7 7.2-7.5 85 100 DW 50

3.3 Characterisation methods

3.3.1 UV-Visible-NIR Spectroscopy

The UV-Vis-NIR absorption measurements were performed with Shimadzu UV-2600 (Japan)

and the samples were measured in polystyrene cuvettes (BrandTech; Fischer Scienti�c Ireland).

Measurement of the absorption spectrum of gold nanostars and its conjugates

The baseline correction/reset was carried out by placing the control (blank) solvent in both the

control and sample cuvette holders for the wavelength range 450 - 1300 nm. This was done

to separate the true spectroscopic signals from interference e� ects or background noise at the

wavelengths of interest. After the baseline correction, the control solvent was placed in the

control cuvette holder and the sample was placed in the sample holder to measure the absorption

spectrum of the sample of interest. Using this method, the absorption peak and the optical

density of the sample were determined.

Estimation of unknown concentration of sample using a calibration curve

Here, the sample refers to gold nanostars or their conjugates. During coating or conjugating

the gold nanostars, there was a loss of material due to washing and adherence to the glassware,

Eppendorf tubes, and pipette tips. To determine the �nal concentration of the conjugated gold

nanostar, standard gold nanostar solutions of known concentrations were prepared by serial

dilutions, and their peak absorbance intensities were measured. A calibration curve was then

plotted with the concentration of standard solutions as the x-axis and the peak absorbances as

the y-axis.
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Dose optimisation of labelled cells

For optimising the labelling conditions of the MSCs in terms of the nanoparticle concentration,

the absorption spectrum of cells labelled with a series of NSCOOH@CHT concentrations was

measured. Here, the peak absorption intensity as well as the red-shift and broadening of the

LSPR peak was considered. A calibration curve was also plotted to determine if this increase in

concentration would have a linear relationship to the peak absorption intensity.

Time course study of labelled cells

For optimising the labelling conditions of the MSCs in terms of the incubation time with

the nanoparticles, the absorption spectrum of the supernatants of the cells labelled with a

concentration of 400 pM of NSCOOH@CHT at di� erent time periods of incubation was

measured. Here, the peak absorption intensity of the supernatants after nanoparticle incubation

at di� erent time points was compared.

3.3.2 Particle size analysis and zeta potential measurement

All the measurements were carried out using the Anton Paar Litesizer 500 in CURAM, University

of Galway. For the hydrodynamic diameter measurement, the samples were measured in

polystyrene cuvettes (BrandTech; Fischer Scienti�c Ireland). Whereas, the samples were

measured for their zeta potential in the zeta potential cuvettes.

Litesizer

Anton Paar Litesizer was used to determine both the hydrodynamic diameter as well as the zeta

potential of the sample of interest. The laser source is a semiconductor laser diode, 658 nm with

a power of 40 mW.

Determination of hydrodynamic diameter

The hydrodynamic diameter was measured using the principle of dynamic light scattering

using three detection angles (side-, back-, or forward scattering). The angle for light scattering

was selected automatically by the instrument and 60 runs were carried out for the optimal

measurement. The sample of interest in a cuvette at a desired dilution was placed in the cuvette

holder to determine the hydrodynamic diameter and the polydispersity.
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Determination of zeta potential

The zeta potential was measured using the principle of Electrophoretic Light Scattering (ELS)

or the patented cmPALS method. Also, the unique Anton Paar
 -shaped capillary of the zeta

potential cuvettes creates a stable electric �eld exactly at the measurement position, resulting

in highly reproducible zeta potential measurements. The sample of interest in the appropriate

cuvette at a desired dilution was placed in the cuvette holder to determine the zeta potential at a

certain pH. The number of runs carried out was 1000.

3.3.3 Transmission electron microscopy

All the TEM imaging was done on the Hitachi 7500 (Japan) in the Centre for Microscopy and

Imaging core facility at the University of Galway. All the TEM imaging was done with the help

of Dr. Emma McDermott and Dr.́Eadaoin Timmins.

Gold nanostars

A 10 µL drop of the gold nanostars sample was loaded onto a formvar/carbon-coated copper

grid (Agar Scienti�c, UK). After 10 minutes, the excess solution was wicked o� using the

edge of a �lter paper from the sides of the TEM grid. They were allowed to dry overnight

and were imaged using the TEM thereafter. This method allowed the retention of the adhered

gold nanostars on the grid and they were visualised using the TEM to investigate their size and

morphology.

Cells

For biological samples, the TEM sample preparation consists of �xation, dehydration using

alcohol, and embedding with resin. All the steps were performed in a fume hood and with

adequate precautions.

Once the cells were ready for TEM processing, they were washed 3 times with PBS and

�xed in primary �xative for 2 hours. The primary �xative consists of 2% glutaraldehyde and 2%

paraformaldehyde in 0.1 M sodium cacodylate bu� er pH 7.2. The key purpose of �xation is to

preserve the ultrastructure of the cells without changing their morphology, volume, and spatial

relationships with cellular components. The process of �xing cross-links the cell constituents

such as lipids and proteins and stabilises the cellular structures from any changes that might



42

Table 3.2: Formulation of resin mix for TEM sample preparation

Resin Component Amount
LV resin 48 g

VH1 hardener 16 g
VH2 hardener 36 g
LV accelerator 2.5 g

arise due to degradation, processing, and irradiation from the electron beam. If the cells were

grown as a monolayer in a �ask, they were scraped using a cell scraper after primary �xation,

and the cell suspension was collected in a tube. Then, the �xed cells were centrifuged down at

300 g for 5 minutes and resuspended in cacodylate bu� er as the samples were not processed

further and were stored at 4� C in 1.5 mL Eppendorf tubes. When the processing was resumed,

the cacodylate bu� er was removed and the cells were resuspended in the secondary �xative

for 2 hours at room temperature. The secondary �xative consists of 1% osmium tetroxide in

0.1M sodium cacodylate bu� er pH 7.2. After this, the samples were dehydrated twice for 15

minutes through a graded series of ethanol: 30%, 50%, 70%, 90%, and 100%. After the �nal

100% dehydration step, the ethanol was removed and replaced by acetone for 20 minutes and

this step was carried out twice. During the �nal dehydration step, the resin for embedding the

samples was prepared. The exact formulation of the resin mix from the commercial kit is given

as follows:

The 100% resin was mixed for at least 30 minutes using a magnetic stirrer. Resin in�ltration

was carried out by �rst replacing the acetone with a 50:50 mixture of resin and acetone for 4

hours at room temperature. Then, the 50:50 mixture was replaced by a 75:25 mixture of resin

and acetone, and the samples were left on a rotator overnight. On the following morning, the

75:25 mixture was replaced by a 100% resin mixture and left on a rotator for 5-6 hours. After

this, the samples were placed in an oven at 65� C for 48 hours to embed.

3.3.4 Flow cytometry

All the measurements were carried out using the BD FACS CANTO II in �ow cytometry core

Facility, University of Galway with help from Georgina Shaw. Data was processed using FlowJo

software.

The BD FACS Canto II is capable of detecting up to 8 �uorescent parameters and 2 physical

parameters per sample and can process up to 10,000 cells per second. The Canto consists of an

excitation source with up to three lasers, a blue (488-nm, 20-mW solid state), a red (633-nm,
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17-mW HeNe), and a violet (405-nm, 30-mW solid state). MSCs conjugated with NSCOOH-Ab

were stained with Allophycocyanin (APC) which has an absorbance maximum at 650 nm

and a �uorescence emission peak at 660 nm. The percentage of cells positively labelled with

NSCOOH-Ab was calculated by gating to exclude doublets and clumps of cells on the number

of �uorescence events in the red channel, with a detection wavelength of 633 nm.

The protocol for screening the Nanostar antibody conjugates for �ow cytometry involves

the attachment of a secondary antibody (APC) to the primary antibody of the NSCOOH-Ab

conjugate for �uorescence detection. For the positive control, CD73 APC was used to check if

the protocol was working initially during the optimisation steps and to rule out any issues with

the anti-CD63 antibody or secondary antibody attachment.

First, the cell suspension of MSCs was prepared at 106 cells/mL in FACS bu� er (2% FBS in

PBS). After the incubation of MSCs on ice for 30 minutes, the centrifuged pellet was gently

resuspended in 50µL of an appropriately diluted sample (NSCOOH-Ab) sample or control.

For the positive control, CD73 APC dilution was added and for the negative control, FACS

bu� er was used. These cell suspensions were incubated on ice for 30 minutes after the addition

of the desired samples/controls to allow active binding of the NSCOOH-Ab conjugates to the

CD63 surface receptors on the cells. After this incubation, the pellet was gently resuspended in

50µL of diluted secondary antibody (APC). After the addition of the secondary antibody, the

cell suspensions were incubated on ice for 30 minutes to facilitate the binding of the secondary

antibodies to the primary antibodies of the NSCOOH-Ab conjugates which are already bound to

the cell surface. After incubation, washing steps were repeated twice to get rid of the unbound

secondary antibodies to eliminate any false positive results. The puri�ed cell pellets were then

resuspended in 200µL and transferred to FACS tubes for screening of successful binding using

�ow cytometry.

3.4 Photoacoustic imaging using Multispectral optoacoustic

Tomography

All the photoacoustic measurements were performed using MSOT inVision 256-TF (iThera

Medical GmbH, Germany), and the processing was done using the built-in software viewMSOT.

The training and technical support were provided by Dr. Thomas Sardella and Umi Mir (iThera

Scienti�c, Germany).
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A commercial Multispectral optoacoustic tomography system (MSOT inVision 256-TF

and viewMSOT 3.8) was used to conduct the photoacoustic imaging in this thesis. MSOT

inVision 256-TF consists of a tunable optical parametric oscillator pumped by an Nd:YAG

laser, providing excitation pulses with a 9 ns pulse width and peak pulse energy of 90 mJ

at 720 nm through a multi-arm �ber bundle. This allows a homogeneous 360� illumination

over a cylindrical geometry. The imaging was carried out for wavelengths ranging between

660 to 1300 nm at a repetition rate of 10 Hz. Detection using 5 MHz ultrasound transducers

provides a resolution of 150µm in the imaging plane and 900µm out of the imaging plane.

Post-processing was completed using viewMSOT 4.0 where image reconstruction is done using

the back-projection algorithm and spectral unmixing is done using the linear regression method.

3.4.1 Photoacoustic imaging of samples in agar phantoms

Preparation of agar phantoms

To mould the agar into cylindrical phantoms, the tops of 20 mL syringes were cut o� using a

scalpel and placed on a syringe rack (iThera Scienti�c). The plunger of the syringe was used to

set the volume to 15 mL. Two 3 mm diameter straws were placed into each syringe parallel to

each other into the designated holes on the rack until they reached the bottom of the syringe.

This cavity was created to insert the samples of interest for photoacoustic imaging.

The phantoms for MSOT imaging were freshly prepared on the day of imaging by dissolving

0.015 g/mL of agar (Sigma Aldrich) inD2O (Heavy water). This suspension was placed in

a glass beaker and heated in 15-second intervals in a microwave to fully dissolve the agar in

D2O. Once the agar-D2O solution was prepared, 1% of intralipid was added drop by drop

while gently shaking the glass beaker to ensure that the intralipid was homogeneously mixed in.

The intralipid was warmed in a water bath to 40� C before its addition. Once the solution was

prepared, 15 mL of it was carefully poured into each of the prepared 20 mL syringes on the rack.

The phantoms on the syringe rack were stored at 4� C until they were ready for the loading of

the samples. Once the agar phantom was completely solid, the straws were carefully removed.

Gold nanostars

The gold nanostar/nanostar conjugate samples were placed in a 3 mm diameter straw (3-5 cm in

length) which were inserted into the agar phantoms prepared using the protocol. One end of

the straw is closed using a hot glue gun (Hot glue pen, Bosch) and allowed to dry. Once dry, a



45

350-400µL sample of interest is inserted carefully into the straw using a 1 mL syringe and 120

mm needles (Fisher Scienti�c, Ireland). Then the straws were sealed o� using a Haematocrit

sealing compound (BRAND).

Cells

All the cell samples for MSOT phantom imaging were harvested and prepared in low-melting

agar by Niamh Du� y, PhD student in Regenerative Medicine Institute (REMEDI), University of

Galway. The author prepared the phantoms and loaded the cells into the phantoms either using

a straw-free insert method or in straws and carried out the imaging and data analysis.

Harvest of NS-labelled cells

After the overnight labelling of MSCs with 400 pM of nanostar dispersed in the cell-culture

medium, the nanoparticle-containing medium was removed and discarded. Then the cells were

washed with D-PBS 3 times. After this, the cells were dissociated from the �asks using either

trypLE or trypsin at 37� C for 5-10 minutes depending on the type of cell culture medium used.

This suspension was neutralised with an equal volume of the cell culture medium once the

cells appeared to detach from the surface of the �asks. Following this, the cell suspension

was transferred into a 15 mL tube, where it was centrifuged and re-suspended in D-PBS. This

wash step was repeated again, and the cells were �nally re-suspended in a D-PBS solution

containing 100 ng of DNase/mL. A cell count was performed using an automated cell counter

(ChemoMetec, Denmark).

Preparation of low-melting agar solution for the suspension of cells

A D2O-PBS solution was prepared by dissolving a PBS tablet in 100 mL ofD2O. Low-melting

agarose was added until a �nal concentration of 1.2% w/v was obtained. This solution was then

heated in the microwave for 15-second intervals until the agarose was fully dissolved. This

solution was placed in a water bath at 37� C to avoid solidi�cation of the agarose. Following

this, DNase was added at a concentration of 3µg/mL to avoid clumping of cells when they were

suspended in the low-melting agar solution.
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Loading of cell samples into phantoms using the straw-free insert method

The cells were centrifuged and re-suspended in 350µL of the D2O-PBS-low melting agar

solution and the prepared cell suspensions were maintained in the water bath at 37� C to avoid

the solution from gelling. The phantom prepared using the above protocol was placed on ice

blocks for a minute to allow a thin layer of ice to seal the bottom of the phantom. This prevented

any leakage of the cells when loaded into the insert using a 250 mm needle near the bottom of

the insert. Extra care was taken to ensure that the needle did not pierce this thin layer of ice.

The samples were then allowed to solidify on the ice for a few minutes before the imaging.

Agar phantom imaging and analysis

First, the agar phantom was placed in the phantom holder inside the inVision imaging chamber

for 10 minutes to acclimatise to the temperature as the speed of sound varies with change

in temperature. The phantom was positioned in such a way that it was in the centre of the

�eld of view and the two wells where the straws were to be inserted were aligned horizontally

cross-sectionally. Next, the samples were loaded into the immersed phantom carefully to make

sure there were no bubbles trapped in the wells. Then, the phantom holder was placed in the

imaging chamber and the optimal scanning region was de�ned using the preview image option

at 900 nm as the preview wavelength. This wavelength was chosen as the straw walls were

clearly visible which helped in de�ning the best scanning region without any artefacts from

unexpected bubbles, sealant, etc. The sample was imaged by choosing scanning regions from the

centre of the straw extending for 10 mm, consisting of 5 positions with a step size of 2 mm. All

wavelengths from 650 to 1300 nm with 10 nm steps were chosen and 3 frames/wavelengths were

acquired and averaged. Post-processing was carried out using viewMSOT 4.0. Back-projection

algorithm was used to reconstruct the raw data, after which a region of interest (ROI) was drawn

around the sample signal and the control region and MSOT mean pixel intensity values were

extracted for both the sample and control. The true sample signal is acquired by subtracting the

control signal from the sample signal to minimise any signal from the straws/diluent (�g. 3.1).
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Figure 3.1: Agar phantom imaging and analysis- ROIs drawn around the sample and the control regions for
extraction of MSOT mean pixel intensity values

3.5 Animal imaging using MSOT

3.5.1 Image acquisition, reconstruction and multispectral unmixing

All the acquired data were analysed using viewMSOT software (vM4.0.1.34). The acquisition,

as well as post-processing settings, were kept the same across all the images to maximise

comparability. This was not just limited to the selection of the wavelengths for imaging, method

of reconstruction, speed of sound, resolution, and �eld of view size. Care was also taken to

ensure that the mouse contours, as well as the 2D/3D regions of interest (ROIs), were drawn

consistently, and the same spectral unmixing method and parameters were chosen along with

uniform scaling and thresholding. Before post-processing, all the images are checked to see if

they are in focus and the same speed of sound parameter (trim speed) is assigned to compare the

reconstructed images. The trim speed represents the speed of sound presets that were chosen

for each scan during image acquisition. It can be de�ned as the amount of time to cover the

distance from the signal arising inside the object of interest to the detector. The speed of sound

parameter can be adjusted in the software and depends on the tissue properties and temperature

as well as the temperature of the water in the imaging chamber. The tomographic images

recorded at each wavelength were reconstructed using a back-projection algorithm. For the

application of a mask for optimal ROI quanti�cation, a contour was manually drawn along

the outline of the reconstructed image. After reconstruction and contouring, the images are

spectrally unmixed using a linear regression method to extract the distribution of oxygenated
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(HbO2) and deoxygenated (Hb) haemoglobin. Here, the multispectral data extracted measures

a change in the signal amplitude of the chromophore/absorber of interest as a function of

selected wavelengths on a per-pixel basis. The spectra of the chromophores are �tted to the

pixel intensities across the imaging wavelengths.

The total haemoglobin (HbT) and MSOT oxygen saturation (mSO2) values are comprised

between 0 and 1, where 0 means that all blood is made up of Hb, while 1 means that all blood is

made up of HbO2. mSO2 is not to be confused with measures of SO2 with other instruments

that look at free O2 in tissue rather than O2 bound to hemoglobin. HbT and mSO2 are calculated

using measured HbO2 and Hb values and multiplied by 100 as shown below:

HbT = (Hb + HbO2) � 100 (3.1)

mS O2 = (
HbO2

Hb + HbO2
) � 100 (3.2)

To reduce motion artefacts due to breathing as well as motion due to the heartbeat and

increase the contrast-to-noise ratio for every image acquisition, 10 frames were averaged for

each wavelength. Furthermore, the distribution of the endogenous chromophores is integrated

into the anatomical information which is available with MSOT's ultrasound detection capability.

3.5.2 Selecting the regions of interest

To compare and quantify the MSOT signals from the chromophores of interest in a single

cross-section, 2D or 3D volumes, or over time, the region of interest (ROI) was selected using

the inbuilt ROI tool in the viewMSOT software. The heterogeneity of light �uence in the tissue

can result in some heterogeneous spectral colouring during signal quanti�cation. Any negative

pixel values in the ROI were changed to zero before unmixing. Here, the negative pixels arise as

a result of the out-of-plane contribution due to the geometry of the detector. The 270� angle

coverage provides full cross-sectional views of small animals and unmatched tomographic

image quality.

3.5.3 Quanti�cation and visualisation of 3D volumes

All the images have the same scaling applied for comparing the therapeutic parameters. To

quantify the entire limb, a 3D volumetric approach was utilised. The viewMSOT software
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stacks the multi-position 2D cross-sectional data and renders the 3D volume of interest. Here, a

maximum intensity projection (MIP) or an orthogonal plane view of the 3 planes (xy, xz, andyz)

are available for quantifying the therapy parameters in the desired 3D volume. The software

allows interpolating the 2D slices when the distance between two adjacent slices is equal to

or less than 2 mm. The 3D ROI analysis was carried out in the orthogonal planes view, where

each individual 2D sub-ROI drawn in thexy plane can be interpolated to form the 3D region

of interest. From this analysis, the mean pixel intensity values of therapy parameters such as

HbO2, Hb, HbT, and mSO2 for the 3D ROI for both regions were quanti�ed.

3.5.4 Therapeutic study in a preventative osteoarthritis model

The NSCOOH@CHT contrast agent is shortened to NS here. The NS-MSCs and MSCs for

the therapeutic study were provided by STARSTEM partners at the University of Genoa. The

histology was carried out by Niamh Du� y and Mengyu Wang (REMEDI, University of Galway).

To investigate the therapeutic outcome andin vivo detection of NS labelled MSCs, a

preventative osteoarthritis therapy model was adopted in a murine model. Surgical destabilisation

of the medial meniscus (DMM) was carried out to generate this osteoarthritis model [116].

Seven days after the surgery, intra-articular (IA) administration of NS-MSCs, MSCs, NS, or

PBS (groups summarised below) was carried out. The mice were imaged at di� erent time points

before and after the IA administration of respective samples at prede�ned time points (�g. 3.2)

using MSOT. Sample sizes for animal studies were chosen based on power calculation and

institutional recommendations with guidance from the literature. However, some animals were

excluded from the study due to unsuccessful injections or if they did not survive during the

entirety of the study.
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Figure 3.2: Therapeutic study imaging timeline.Timeline extending from the surgery (DMM) to MSOT scanning
at day 84 post-intra-articular injection.

Dose

The respective injected samples via IA are as follows:

1. NS-MSCs: 200,000 mesenchymal stem cells labelled with 400 pM Nanostars in 7µL of

PBS per mouse.

2. MSCs: 200,000 mesenchymal stem cells in 7µL of PBS per mouse.

3. NS: Optical Density of Nanostars corresponding to 1 (measured using a

spectrophotometer) in 7µL of PBS per mouse.

4. PBS (control): 7µL of Phosphate Bu� ered Saline per mouse.

Groups

A DMM-induced OA model (except for the Healthy control group) was used in the therapeutic

study (�g. 3.3).

1. NS-MSCs injection (n =11): NS-MSCs were injected in the right knee and PBS was

injected in the left knee.

2. MSCs injection (n =11): MSCs were injected in the right knee and PBS was injected in

the left knee.

3. NS injection (n =11): NS was injected in the right knee and PBS was injected in the left

knee.
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4. PBS injection (n =11): Both knees were injected with PBS.

5. Healthy Control (n =4): no injection in both knees.

Figure 3.3: Therapeutic groups– NS-MSCs, MSCs, NS and PBS after DMM surgery and healthy control group.
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Dose Optimisation for the NS injection for the therapeutic study

After the incubation of the MSCs with the chitosan-coated gold nanostars under appropriate

conditions, the nanoparticles were engulfed by the cells and facilitated the detection of

NSCOOH@CHT labelled MSCs using MSOT. The labelling conditions were optimised for

the therapeutic study to track the stem cells longitudinally over the OA disease progression.

As mentioned above, one of the �ve animal groups in the therapeutic study was injected with

nanostars alone. To ensure that the signal detected by the injected nanostars (NS) matched the

signal of 200,000 MSCs labelled with the same gold nanostars (NS-MSCs), the NS concentration

for injection was optimised by matching both their optical densities (ODs) using a calibration

curve. For determining the dose for the NS injection, a series of NS concentrations (1000

to 3.9 pM) were run using UV-Vis-NIR spectroscopy, and a calibration curve was plotted.

Then the sample containing 800,000 cells labelled with 400 pM of the gold nanostars in a 2

mL solution was run to determine its absorption intensity. While we need to determine the

absorption intensity of 200,000 cells in 7µL which is used for the injection, 800,000 cells were

used in 2 mL (2000µL) due to the detection limits and sample preparation requirements for the

spectrophotometer. The dilution factor was calculated to obtain the absorption signal intensity of

200,000 cells in 7µL as 800,000 cells in 2000µL were used for the spectroscopic measurement.

After the OD of the prepared sample was measured, the dilution factor was considered, and

the absorption intensity value was put into the calibration curve equation to determine the

concentration required for the injection. As the stock concentration of the NS solution was 3.5

nM and the concentration determined was 3.9 nM for the NS injection, the stock needed to

be centrifuged down in an excess volume to redisperse into the desired concentration. While

centrifuging, it was noticed that the walls of the tubes and the pipette tips used for redispersion

were coated with the NS material. As the concentration of the NS used for injection is crucial

for the therapeutic study, it was important to estimate the loss of material upon centrifuging. An

absorption measurement of the redispersed NS solution showed that there was a 45% loss of

material upon centrifuging. So, it was needed to spin down 5.7 nM to get a concentration of

3.9 nM upon redispersion after centrifuging. However, it was noticed that the loss of material

was much lower while centrifuging higher concentrations of the NS solution. To account for the

percentage of the loss of material for the starting concentration of 5.7 nM, three NS samples of

5.7 nM were centrifuged and redispersed for absorption measurement. From then of 3, a 15%

loss in the material was determined. This meant that the centrifuging and redispersion of 5.7
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nM in PBS resulted in a 15% loss, which was calculated to be 5.1 nM in concentration. This

solution was then diluted to a concentration of 3.9 nM using PBS and 7µL of this solution was

used for an injection per mouse.

MSOT Experimental Setup

A commercial MSOT system and software were adapted (MSOT inVision 256-TF and

viewMSOT 3.8) for the therapeutic study. Post-processing was completed using viewMSOT

4.0. iThera Medical GmbH provides both hardware and software for MSOT devices. Mice

were induced with 5% and maintained under anaesthesia at 1.5-2.0% iso�urane in oxygen,

which was delivered throughout MSOT data acquisition. Ultrasound gel was applied to the mice

before acquisition to enable coupling between the tissue and water medium. Mice were scanned

pre-surgery (Day -8) and pre-injection (Day 0), day of injection (Day 1), and days 5, 10, 20, 30,

40, 60, 70, 80, and 84 to longitudinally monitor the stem cells at the injection site.

Animal handling and preparation for MSOT imaging

Mice were induced with 5% of iso�urane in oxygen in an induction box and once the vitals

of the animal were stable under anaesthesia, the animal was transferred to the preparation

platform. The animal was maintained under 1.5-2.0% iso�urane in oxygen which was delivered

throughout MSOT data acquisition through the in-built anaesthetic system. Before the animal

was placed in the animal holder, it was noted that the animal holder and the clamps were devoid

of any moisture and not worn o� . The clamps of the animal holder were �rst placed �atly and

correctly into place in the frame and the polyethylene membrane was deployed for placing the

animal. The animal holder was placed carefully without disturbing the polyethylene membrane.

Extreme care was taken to make sure that the polyethylene membrane was taut so that it could

hold the animal without its integrity not compromised as this could have resulted in drowning

incidents. Before transferring the animal to the animal holder, a thin layer of ultrasound gel

was applied gently on the polyethylene membrane and the direction of the anaesthesia was

switched to the preparation platform. The animal was placed in a prone position, and it was

made sure that the animal's tooth was placed on the tooth bar provided and its nose �t into

the nose cone to ensure su� cient anaesthetisation. Ultrasound gel was applied to the mice

before image acquisition to enable e� cient coupling between the tissue and water medium. The

bubble-free ultrasound gel was applied to the exposed side of the animal. It was noted that a
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thin layer of the ultrasound gel was applied along the circumference of the desired imaging

region as well and the space between the legs was �lled with ultrasound gel. The animal was

stretched and positioned with both limbs parallel to each other to allow symmetrical and uniform

positioning and imaging. The paw cu� s were used to regulate the positioning of both the front

and hind limbs. Upon preparation of the animal for imaging, the clamps were carefully closed

without compromising the optimised position of the animal. The animal was allowed to stay in

the imaging chamber which is a 34� C water bath to acclimatise to normal body temperature.

This is a crucial step as the animal under anaesthesia cannot regulate its own body temperature

and could go under hypothermia. Moreover, it's also important to make sure that each animal

undergoes this acclimatisation to keep their blood oxygenation and body temperature uniform

to get consistent results and to avoid any signal variability as a result of varied physiological

conditions. Before the imaging process, the parameters were set under the preview mode and

the scanning regions were selected. After the imaging, the animal was removed carefully from

the imaging chamber and placed in the imaging stage under anaesthesia. The animal was dried

properly and returned to a recovery cage which was placed on a heating mat to help assist the

animal with thermal regulation and facilitate speedy recovery while regaining consciousness.

Data acquisition and analysis

The data was acquired using the MSOT inVision 256-TF with a high-energy 20 Hz pulsed laser,

upgraded with silver coating to reduce wavelength-dependent energy ripples, using viewMSOT

3.8. Onez-region was scanned spanning the limbs to cover the knees. The images were acquired

at the wavelengths: 700, 730, 760, 800, 850, 875, 930, 975, 1045, 1064, 1100, 1160, 1210, and

1230 nm. For each wavelength, 10 averaged frames were acquired.

The post-processing was carried out with iThera software vM 4.0.1.34 and the reconstruction

of the images was done on iThera software vM 4.0 using the back projection algorithm. To

assess the therapeutic parameters, spectral unmixing of the functional markers Hb and HbO2

using wavelengths 700, 730, 760, 800, 850, and 875 nm was carried out. The nanostar signal

was acquired by spectrally unmixing H2O, HbO2, and Nanostars at wavelengths 975, 1045,

1064, 1100, 1160, 1210, and 1230 nm using the linear regression method.

The nanostar signal quanti�cation was performed on a singlez-position selected based on

two methods:

1. Method A: thez-position was de�ned based on the putative injection site as de�ned on
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NS accumulation in the Orthogonal MIPxzandyzimages (�g. 3.4 A)). The MIP-crop

slider was moved to the center of the putative injection site and the value was extracted

from the “z crop limits” info.

2. Method B: a circular Region of Interest (ROI) with a 6 mm diameter encompassing the

whole knee was made in the 2D xy single slice view at thez-position selected in A, and

the NS signal was plotted as a function ofz-positions (�g. 3.4 B)). Thez-peak position

was identi�ed as the injection site. In all cases, the locations identi�ed in Methods A and

B matched.

An ROI was also drawn on the left limb at the samez-position. To compare ROI

measurements, one-way ANOVA (Analysis of Variance) was used. The MSOT signal intensities

used for the analysis are ratios of the MSOT signal intensities (top 5%) between the right and

left limbs of the individual animals to normalise any variables that can arise due to an individual

animal. All unmixed images are displayed with the same thresholds: 0-285 a.u. and 0-0.48 a.u.

for NS and HbO2, respectively (�g. 3.4 C)).

Figure 3.4: MSOT data analysis of injected knee. A)MIP view; B) ROI selection; andC) MSOT signal.

Histological scoring of OA joints for assessing therapy

On completion of MSOT imaging, the animals were euthanised by cervical dislocation under

general anaesthesia. Following the removal of their bilateral hind limbs, the limbs were �xed,
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decalci�ed, sectioned, and stained using Safranin-O. For scoring, 6 sections which were 50µm

apart and enclosing the whole mouse knee joint were chosen. For evaluating the histological

features of OA progression, the semi-quantitative OARSI (Osteoarthritis Research Society

International) Osteoarthritis cartilage histopathology assessment system was used [117]. The

OARSI assessment is based on 6 grades which are de�ned by the OA progression within the

cartilage depth and 4 stages which re�ect the OA development over the horizontal extent of the

cartilage surface in the joint. Grade 0 demonstrates intact cartilage surface and morphology,

indicating the absence of OA while Grade 6 represents extensive deformation of articular

cartilage and formation of osteophytes and is de�ned as the most severe form of OA disease

progression. Among the 4 stages, stage 0 re�ects no OA activity while stage 4 represents OA

involvement over 50% of the horizontal extent of the joint surface. To obtain the �nal OA score,

the OA grade is multiplied by the OA stage. Two independent blinded observers performed

the OARSI scoring. The four knee compartments that were individually assessed included the

medial femoral condyle, medial tibial plateau, lateral femoral condyle, and lateral tibial plateau.

Each knee compartment was scored, averaged, and then averaged separately for both observers

for the total OA score of the entire knee joint.

Statistical analysis

Statistical comparisons were performed using GraphPad Prism version 9.4.1. For normally

distributed data, the one-way repeated measures Analysis of Variance (ANOVA) was used. Tukey

Test (all pairwise multiple comparison procedures) was used to determine if the population

means were statistically di� erent with a 95% con�dence interval. Kruskal-Wallis test with

Dunn's multiple comparisons for more than two groups was used to analyse data that were not

normally distributed.

3.5.5 Therapeutic study in a hind-limb ischaemic model

The LDI (moorLDI2-HIR high-resolution laser Doppler imager), LDI data analysis and MSOT

imaging were carried out by Prof. Tim O'Brien's group at Regenerative Medicine Institute

(REMEDI), University of Galway. Post-processing of MSOT images and statistical analysis of

the MSOT results were carried out by the author.
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Animal handling and preparation for MSOT imaging

Male Balb/C nude mice, which were 7-8 weeks old were used for the validation of MSOT as an

imaging method for studying HLI. BALB/c mice were chosen as they mimic the pathological

symptoms of the skeletal muscle from PAD patients [118]. MSOT imaging sessions were

conducted immediately following the Laser Doppler imaging session under injectable anaesthetic

with Ketamine (75 mg/kg SC) and Medetomidine (0.5 mg/kg SC). Typically, the animals used for

MSOT imaging are induced with 5% and maintained under anaesthesia at 1.5-2.0% iso�urane in

oxygen, which is delivered throughout MSOT data acquisition. However, injectable anaesthesia

was used to ensure that the animal didn't become conscious while transferring the animal

between the two imaging systems. The mouse was placed into the imaging chamber which is a

heated water bath (36� C) for 12 minutes in the prone position to stabilise its body temperature.

This is a crucial step in acclimatising the body temperature of the animal and reducing both

intra- and inter-variability in the total haemoglobin and blood oxygenation measurements [119].

Ultrasound gel was applied to the mice before acquisition to enable coupling between the tissue

and water medium. A cohort of mice (n = 11) was scanned Pre-HLI surgery (Day 0), Post-HLI

surgery (Day 3), and Day 21 to longitudinally monitor the progression of ischaemic disease.

A therapeutic study consisting of 4 animal groups (n = 11) was also carried out to investigate

the change in functional markers during the course of stem cell therapy using CD362 enriched

umbilical cord-derived MSCs (UC-MSC-362).

3.5.6 Data acquisition and post-processing

The data was acquired using the MSOT inVision 256-TF with a high-energy 20 Hz pulsed laser,

upgraded with silver coating to reduce wavelength-dependent energy ripples, using viewMSOT

3.8. Onez-region was scanned spanning the limbs to cover the knees for imaging the di� erent

time points of the HLI study. Post-processing was completed using viewMSOT 4.0. The

wavelengths chosen for the image acquisition to study the HLI model are 700, 730, 760, 800,

850, and 875 nm. For each wavelength, 10 averaged frames were acquired. At 700 nm, HbO2

absorption is low and Hb absorption is high. The local minima and maxima of the Hb absorption

spectrum are observed at the wavelengths 730 and 760 nm respectively. The wavelength 800 nm

is chosen especially as it is the isosbestic point for HbO2 and Hb [120]. The ability to choose

the core wavelengths for quantifying the blood oxygen saturation can provide highly optimised

results from the unmixing algorithm used. Oxygen saturation maps and 3D volume vascular
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information with a standard step size of 1 mm were used to image the region of interest, which

encompassed an area scanning from below the knee to the foot pad. The mean length of the

region scanned above the foot pad was 14.6 mm while the mean length of the foot pad imaged

was 12.2 mm.

The back projection algorithm was used for the reconstruction of images from the raw data

and the linear regression method was used to perform spectral unmixing on the acquired images

in order to extract spectrum-dependent component images. A mask contour was drawn around

the mouse in the MIP-sagittal view and a 3D ROI was generated in the 3D orthogonal plane.

Here, the ROIs were generated along the limb volume by de�ning sub-regions of interest and

interpolating them to extract 3D volume quanti�cation of therapy parameters such as HbO2, Hb,

HbT, and mSO2.

HbT thresholding for mSO2 quanti�cation

mSO2 is calculated, if and only if, a pixel hasHb > 0 andHbO2 > 0. Moreover, the mSO2

value is set to NaN (Not a number) if the HbT layer in a pixel is below an absolute noise level

called the HbT threshold. Thus, MSOT measures mSO2 in such a way that if the HbT layer

in a pixel is below an absolute noise level called the HbT threshold ( 2% of the highest HbT

pixel in this case), this pixel is excluded from the calculation of mSO2. To optimise the HbT

thresholding for mSO2 quanti�cation, three di� erent thresholds (0%, 1%, and 2% ) were used

to remove artefacts. Each di� erent HLI study time point (Pre, Post, and D21) were analysed for

each HbT threshold and compared individually to assess which threshold was appropriate.

Statistical analysis

Statistical comparisons were performed using GraphPad Prism version 9.4.1. For normally

distributed data, the one-way repeated measures Analysis of Variance (ANOVA) was used. Tukey

Test (all pairwise multiple comparison procedures) was used to determine if the population

means were statistically di� erent with a 95% con�dence interval. Kruskal-Wallis test with

Dunn's multiple comparisons for more than two groups was used to analyse data that were not

normally distributed.



59

3.6 Conclusion

This chapter deals with the materials and methods that were used and developed to generate the

results in chapters 4, 5 and 6.
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Chapter 4

Optimisation of gold nanostar as an

exogenous contrast agent for

photoacoustic imaging

4.1 Introduction

This chapter aims to explore the use of gold nanostar as a photoacoustic contrast agent for stem

cell trackingin vivo and facilitate optimised labelling which would both result in thein vitro

detection of the smallest number of MSCs possible in 1µL volume using MSOT and without

inducing cytotoxicity.

For tracking mesenchymal stem cells (MSCs) using photoacoustic imaging (PAI), it is

crucial to design and develop exogenous contrast agents that have excellent sensitivity for

detection after their administration to the tissue of interest [1]. To ensure a prolonged half-life

for in vivo longitudinal tracking in therapeutic studies, these contrast agents must be colloidally

stable. Moreover, they must be biocompatible to avoid adverse immune responses and negative

reactions in the vascular system, kidneys, and blood-brain barrier. They should be able to

incorporate molecular probes like antibodies or peptides on their surface through facile surface

functionalisation methods to be able to target speci�c receptors in cells and tissues of interest.

For e� cient photoacoustic (PA) tracking of stem cells, the exogenous contrast agents should be

optimised to have a high light-to-acoustic signal conversion e� ciency in the NIR region. The

surface charge of the contrast agent could also be engineered to facilitate higher cellular uptake,

which directly translates to a higher contrast-to-noise ratio for e� ective imaging. However,
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especially for stem cells, it is vital to ensure that the higher uptake of the contrast agent does

not a� ect the rate of proliferation and the di� erentiation potential of the cell. It is essential to

�ne-tune the labelling of contrast agents so that it does not induce stem cell toxicity or attenuate

the PA properties of the exogenous contrast agents which would then hinder optimal detection

and tracking.

While a variety of contrast agents are being explored for PA imaging, anisotropic gold

nanoparticles have been extensively utilised due to their unparalleled physio-chemical properties

and highly tunable optical properties. Gold nanostars have been selected as the PA imaging probe

of interest for this study because of their multibranched star-like design with long branches

and sharp tips which contribute to their unique and e� cient �eld enhancement due to the

lightning rod e� ect [97, 121–123]. The plasmon resonances of the gold nanostar are due to the

hybridisation of the core and the tip plasmons, wherein the nanostar core acts like an antenna thus

increasing the excitation cross sections and the electric �eld enhancements of the combined gold

nanostar plasmons (both core and tip plasmons) [52]. Moreover, their localised surface plasmon

resonance is tuned to 1064 nm, which is a wavelength that is unique due to minimal scattering

and background absorption from biological tissues and the availability of commercial 1064 nm

Nd: YAG lasers for imaging [33, 91, 92, 124]. For higher electric �eld enhancement, the incident

laser frequency should overlap with the frequency of maximum plasmon resonance energy [125].

While the physical and surface properties such as the nanoparticle size, shape, morphology,

and surface composition a� ect the absorption properties of the nanoparticle, these properties

also in�uence their interactions with biological systems. Endocytosis is the mechanism by

which nanoparticles are taken up by the cells by introducing the nanoparticles by adding them

to the biological media to cells in culture. The physicochemical properties of the nanoparticles

play a critical role in the endocytosis pathway used by the cell for NP internalisation. The

NP size restricts the vesicle size formation during endocytosis while the NP shape in�uences

the curvature and the �exibility of the NP which then modulates the cell membrane's capacity

for internalisation [126–128]. The surface chemistry of the nanoparticle is dictated by the

chemical groups with which the nanoparticle surface is functionalised and the NP surface charge

in�uences the internalisation process. For example, cationic nanoparticles tend to interact with

the negatively charged cell membrane more favourably as a result of electrostatic interactions

which then allow for more nanoparticle internalisation in comparison to anionic nanoparticles

[129]. Also, surface hydrophilicity or hydrophobicity in�uences how the NP interacts with
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the cell membrane and thus in�uences the endocytosis process. Hydrophobic nanoparticles

tend to directly penetrate the cell membrane and embed themselves inside the cell membrane

bilayer while the hydrophilic nanoparticles are internalised by the cell using membrane wrapping

[130]. The general rule for e� cient cellular uptake is that the nanoparticle should have an

optimal surface area to establish contact with the cell membrane, it should strongly adhere to

the cell membrane and the NP should be able to overcome the membrane bending cost. Gold

nanostars, due to their unique structure have a high surface area to volume ratio which allows for

more contact area for adhesion onto the cell membrane [131]. The interactions at the nano-bio

interface are highly dynamic and complex and engineering an optimal nanoparticle design

can help in maintaining a delicate balance between both enhanced PA detection and normal

cellular functioning after cellular uptake. While the synthetic identity of the nanoparticle can be

designed, the nanoparticle assumes a new biological identity once it is introduced to a biological

environment and this creates challenges in predicting how a nanoparticle will interact with

the cells as well as how they will in�uence the NP uptake rate and intracellular localisation.

This biological identity is a result of the formation of the protein corona, which is a layer of

proteins adsorbed onto the NP surface as a result of the NP surface chemistry [132]. This

adsorption of ions and proteins to the NP surface leads to NP aggregation when introduced

into biological media for cellular uptake even after surface functionalisation with PEG. As a

result of this adsorption, the van der Waals attractive forces between the nanoparticles increase

[133]. Aggregation occurs when these attractive forces are greater than the electrostatic or steric

repulsive forces on the PEGylated NP surface [134]. This aggregation could result in plasmon

coupling e� ects which could result in higher electric �eld enhancement if the dipole of the

nanostructure aligns perfectly with the neighbouring dipole. However, this could also attenuate

the �eld intensities due to the random alignment of the dipoles. Gold nanostars do not depend

on inter-particle distances unlike other structures for plasmon coupling due to their localised

surface plasmon resonance because of their open-ended surface [52].

In this chapter, we explored di� erent designs of the gold nanostar contrast agent to facilitate

enhanced PA signal detection and normal cellular functioning after cellular uptake. Firstly, we

developed carboxylated gold nanostars with high colloidal stability to preserve their optical

signature in the second NIR window which proved to be a challenge when it came to cellular

uptake. Secondly, we attempted to conjugate them with SPIONs to allow multimodal imaging but

this alteration resulted in the formation of aggregates which provided only sub-optimal contrast
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for detection using MRI and challenges in the puri�cation process. Next, antibody-conjugated

carboxylated gold nanostars were developed to explore direct targeting of MSCs as an alternative

option which can also pave the way for labelling extracellular vesicles as they cannot engulf

nanoparticles similar to cells. Finally, Chitosan coated carboxylated gold nanostars was chosen

as the preferred design for labelling MSCs for PAI because it enhanced cellular uptake without

inducing toxicity and preserved the LSPR peak of the gold nanostars at 1064 nm, allowing the

detection of 50 MSCs in 1µL volumein vitro.

4.2 Results and Discussion

4.2.1 Characterisation of Carboxylated gold nanostars

The initial version of the gold nanostars was PEGylated with carboxyl groups to improve their

colloidal stability and avoid aggregation to preserve their optical signature. The NSCOOH

nanoparticles were characterised using TEM, UV-VIS-NIR spectroscopy, and Litesizer as

shown in (�g. 4.1). From the TEM imaging, it was observed that the nanostars varied in their

number of branches. This structural heterogeneity cannot be controlled as the formation of

these anisotropic structures is a spontaneous reaction. While each individual nanostar varied in

the number of branches, their combined optical spectrum had well-de�ned peaks in the visible

and NIR regions when keeping the chemical parameters constant. The optical spectrum of the

gold nanostars consisted of a transverse peak at 550 nm and a longitudinal peak at 1064 nm.

Here, the longitudinal peak was tuned to be at 1064 nm by synthesising nanostars with sharp

tips and long branches [125]. This was done in order to utilise the availability of Nd:YAG

lasers which are already commercially available as well as to facilitate imaging in the low water

absorption part of the second NIR window where tissue scattering and absorption are minimal.

The hydrodynamic diameter and the TEM images determined the size of the gold nanostars to

be around 60 - 70 nm. The zeta potential was measured to be -29 mV, which indicated that the

particles were negatively charged and colloidally stable. Nanoparticles with polymeric coatings

tend to have higher dispersion and colloidal stability in both aqueous and biological media due

to the electrostatic and steric repulsive forces [135].




