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Abstract

Background

Treatment of colorectal cancer (CRC) fails in 50% of cases, as evidenced by
cancer deaths, and treatment itself can be associated with substantial morbidity
and mortality. Residual micro-metastases are associated with increased risk of
relapse while developing targeted strategies to treat advanced stages remains a
clinical need. Laparoscopic resection of colorectal cancers has gained wide
acceptance amongst surgeons and the platform for using fluorescent guided
surgery has become appealing. The development of theranostic nanopatrticles as
a dye and drug delivery system is a promising strategy for colorectal cancer
imaging and therapy. Carcinoembryonic antigen (CEA) can be utilised for the
development of CEA-targeted nanotechnologies since it is overexpressed in most
colorectal cancers. Targeted fluorescent imaging and therapy of primary
colorectal tumours and lymph node metastases would aid stratification of the
radicality of surgical resections and eradication of residual tumour cells. | aimed
to develop a theranostic nanoparticle to facilitate fluorescent imaging and therapy

of colorectal cancer.

Methods

Affimers, non-antibody binding proteins, against carcinoembryonic antigen (CEA)
were expressed and purified to be used as targeting bioreceptors. Dye-doped
(NIR664) and photosensitiser-encapsulated (Foslip) silica nanoparticles were
fabricated using a water-in-oil microemulsion technique. Anti-CEA or control
Affimers were conjugated to nanoparticles using different chemical linkage

strategies. CEA-specific fluorescent imaging and photodynamic cytotoxicity of
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functionalised nanoparticles was quantified in colorectal cancer cells in vitro.
LS174T murine xenograft animal model was used to assess the binding

specificity of the particles in vivo.

Results

Anti-CEA Affimer functionalised silica nanoparticles exhibited CEA-specific
fluorescence in three colorectal cancer cell lines (p<0.0001) when compared to
control particles. Cellular uptake of CEA-targeted nanoparticles was time and
dose dependent. Following photo-irradiation after treatment with Foslip
containing nanopatrticles, significant cell death rate was observed in LoVo (70%),
LS174T (80%) and HCT116 (65%) when compared to HEK293 (0%); p<0.0001
via ROS generation. In LS174T xenografts, fluorescence in the CEA-targeted
tumours was significantly greater than controls from 6 to 48 h (p<0.0001) in 6

mice.

Conclusions

Anti-CEA Affimer functionalised nanopatrticles allow CEA-specific imaging and
photodynamic therapy of colorectal cancer cells and have the potential to be used
as an intra-operative theranostic probe. This is the first study to demonstrate live
tumour-specific fluorescent imaging of colorectal cancer using Affimer -targeted

nanoparticle in vivo.
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Chapter One

Introduction



1 Introduction

1.1 Colorectal cancer incidence

Colorectal cancer (CRC) is a major health problem in the United Kingdom as it is
the fourth most common cancer with 110 new cases diagnosed daily (CRUK,
2011). Worldwide, it is the third most common form of cancer found in men and
the second in women, and is associated with overall incidence of about 6%
(UK, 2011, Torre et al., 2015, Siegal et al., 2014). The incidence of colorectal
cancer is rising, although five year survival rates have doubled to 50% over the
last 3 decades (Office for National Statistics, 2010). The incidence in the UK
shows a wide variation with age as shown in Figure 1.1 (CRUK, 2011). Colorectal
cancer affects individuals in middle to later life, with a peak number of cases in

the 70-80 age groups.
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Figure 1. 1. Colorectal cancer incidence by age in the UK.

Histogram illustrating the number of cancer cases in both genders and in different age

groups.
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Improvement in CRC outcomes are attributed to improved surgical techniques,
aided with neo-adjuvant and adjuvant therapies. However, the current treatment
protocols are challenged by a number of different clinical factors, which

necessitates a stratified approach to CRC management.

1.2 The clinical need in CRC surgery

Residual micro-metastases are associated with increased risk of relapse. Many
patients are frail and at risk of complications from cancer surgery. Around one-
third of patients operated on for colorectal cancer will suffer a complication, with
5% dying as a result of surgery (Guillou et al., 2005b, Jayne et al., 2010a). These
statistics are likely to increase as the population demographic changes, with an
increasing number of elderly people developing the disease. For over 100 years,
surgery for colorectal cancer has been performed according to the same
oncological principles, namely to resect the primary cancer with its draining
lymphatic basin (radical surgical resection) so as to minimise the risk of
locoregional cancer recurrence. Colorectal cancer surgery commonly involves a
‘D2 lymphadenectomy’ whereby the second tiers of draining lymph nodes are
removed, whereas a high, central vascular ligation, also known as ‘D3
lymphadenectomy’ is not routinely practiced (West et al., 2008b). This is a
technically challenging procedure as these intra-abdominal lymph nodes are
located in close proximity to major blood vessels, which supply the colorectum. It
is through this lymphovascular route that colorectal cancer cells typically
metastasise distantly. Hence it is necessary that the entire anatomical territory of
the artery supplying the tumour is resected en-bloc along with the tumour. Strong
evidence suggest that the status of the nodal involvement is a major prognostic
factor and dictates the need for adjuvant chemotherapy following curative surgery

(ACPGBI, 2007).



4

This principle is being challenged with the shift in population demographic and
the introduction of the National Bowel Cancer Screening Programme (NBCSP).
Historically, some 10% of colorectal cancers were early stage (Dukes’ A) with
30% of patients having lymph node disease. Radical surgery, with
lymphadenectomy, was therefore justified, accepting that 70% of patients without
lymph node disease would have been cured by removal of the cancer alone. With
the introduction of the NBCSP there has been a sizeable shift in the stage of
disease presentation, with ~50% of cancers now being Dukes’ A with only a 10%
risk of lymph node disease. This change in disease presentation, coupled with
the increasing elderly population, presents an opportunity to re-think the surgical
management of CRC. Up to 23-30% of CRC patients develop locoregional
recurrence or distant metastases following curative resection for stage | or Il
disease (Figueredo et al., 2008, Faerden et al., 2011, Rahbari et al., 2012).
Undetected lymph node micrometastases in combination with residual tumour
cells are thought to be the main contributing factors for locoregional recurrence
and can be easily missed during routine histopathological examination
(Hermanek et al., 1999). A recent meta-analysis by Rahbari et al (Rahbari et al.,
2012) has shown micrometastases are associated with poor overall, disease
specific, and disease free survival. Although, additional immunohistochemistry
combined with serial sectioning can aid in identifying micrometastases and
isolated tumour cells more accurately, this is prohibitively expensive and time
consuming. The treatment for patients with locoregional recurrence is palliative
and hence accurate identification of positive lymph nodes could provide a

solution.

1.3 Strategies to improve colon cancer surgery

The recent advancement in surgical technologies has allowed the delivery of
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complex cancer surgery through minimally invasive procedures, including single
incision laparoscopic surgery (SILS) and natural orifice transluminal endoscopic
surgery (NOTES) (Cahill, 2010). These procedures offer significant advantages
to patients when compared to traditional open surgery in the form of faster
recovery, and shorter hospital stay by minimising surgical access trauma.
Laparoscopic colectomy has gained wide acceptance amongst colorectal
surgeons in the last decade with proven short-term benefits and oncological
safety according to the “Conventional versus laparoscopic-assisted surgery in
patients with colorectal cancer” (CLASSIC) trial (Guillou et al., 2005a, Jayne et
al.,, 2010b, Nelson H, 2004, Fleshman et al., 2007). However, an important
disadvantage of laparoscopic surgery is the loss of tactile feedback that is
available at open surgery. The implication of such limitation is that it becomes
difficult for the operating surgeon to locate early tumours, which tend to be small,
or to accurately identify the tumour margins and the resection planes. Colonic
tattooing has been employed by some surgeons in order to overcome the above
problems and enhance small tumours location during surgery (Conaghan et al.,
2010). The tumour is labelled with a permanent dye at endoscopy prior to surgery,
but the location of tattooing can be variable and unreliable (Conaghan et al.,
2010). Hence, a stratified approach is required, where the surgery is tailored to

the fitness of the patient and the biology of the underlying cancer.

1.4 Strategies for pre-operative lymph node staging and their limitations

Stratified surgical resection relates significantly to accurate identification of pre-
operative lymph node staging. The clinical challenge is to distinguish those
patients with early stage (lymph node negative) disease from those patients with
locally advanced (lymph node positive) disease. Patients with early stage disease

will be cured by resection of the primary cancer alone, and spared the additional
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morbidity of lymphadenectomy, whilst those patients with locally advanced
disease will require radical resection with lymphadenectomy for cure. The
problem is that there is currently no reliable means of distinguishing these two
subgroups of patients. Post-operative histopathological examination of the
surgical specimen is the only reliable way to ascertain if colon cancer has
metastasised to the lymph nodes, by which time it is too late to ‘personalise’

surgery.

1.4.1 Computed tomography (CT)

The Association of Coloprocotologists of Great Britain and Ireland recommend
that, ideally, all patients with CRC undergo a colonoscopy with tissue taken for
histology, a staging thoracic and abdominal computed tomography (CT) scan,
and in the case of rectal tumours a magnetic resonance imaging (MRI) scan with
endoanal ultrasound if necessary (ACPGBI, 2007). Although the ability of CT to
identify nodal status is poor, CT remains the preferred imaging modality for CRC
staging (Dighe et al., 2010b, Bipat et al., 2004b). Inconsistency in the definition
of a malignant lymph node appearance is the main factor for CT’s poor detection
accuracy. To date, single criterion or a combination of criteria including size
and/or morphology (Keeney et al., 1989, Thompson et al., 1986) (lymph node
size >1 cm), contrast enhancement above 100 hounsfield units (HU) (Hundt et
al., 1999b), short-long axis diameter ratio, irregular outer border (I0B) and cluster
of three or more normal sized lymph nodes, have all been used to improve the
pre-operative diagnostic profile of CT (Smith et al., 2007, Hundt et al., 1999a).
Although, the new generation of CT scanners are configured with multiple rows
of detectors that facilitate more detailed assessment of size and morphology of

pathological lesions (Rollvén et al., 2017), there remains a lack of validated CT
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imaging criteria for the assessment of lymph node metastases in colon cancer. A
meta-analysis showed CT to have a sensitivity of 70% (95% confidence interval:
65-73%) and specificity of 78% (95% confidence interval: 73-82%) in detecting
nodal disease in colonic cancer (Dighe et al., 2010b). In another study of 84
patients with colon cancer undergoing pre-operative CT scanning, the accuracy,
sensitivity and specificity for detection of lymph node metastasis were ~50%; no

better than tossing a coin (Dighe et al., 2010a).

1.4.2 Magnetic Resonance imaging (MRI)

Despite advanced MRI technologies, prediction of nodal involvement in CRC
remains difficult. MRI has a sensitivity of 66—85% and specificity of 41-97% in
nodal staging for rectal cancer (Kim et al., 2000, Bipat et al., 2004a, Brown et al.,
2003, Li et al., 2015). The assessment of lymph node status for colon cancer
within the abdomen is limited due to the motion artefact and therefore it is
primarily used for rectal cancer in the pelvis where the structures are fixed (Kijima
et al., 2014). The colon is a greater challenge for MRI compared to the rectum
due to anatomical considerations, peritoneal coverage, motility, and tortuosity.
Few studies have assessed MRI diagnostic accuracy in colon cancer. In a
retrospective comparative study of 28 patients with 29 tumours, high resolution
MRI was compared to CT for pre-operative local staging of colon cancer (Kijima
et al., 2014, Rollven et al., 2013). Two independent radiologists accurately
predicted N stage in 72% and 69% of cases, yet the inter-observer agreement
was poor: K value 0.10. Conversely, for CT the corresponding results were 72%

and 72%, with much better inter-observer agreement: kK value 0.66.
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1.4.3 Positron emission tomography (PET)

Positron emission tomography (PET) scanning combined with CT colonography
increases the diagnostic accuracy of lymph node metastases when compared to
CT alone (Veit-Haibach et al., 2006, Sun et al., 2008). Veit-Haibach et al (2006)
combined PET with CT colonography and found it to be significantly more
accurate in detecting lymph node metastases when a 1 cm threshold was used
for the size of metastatic node (p=0.003), yet when the threshold was reduced to
0.7 cm there was no statistical difference (p=0.13). As the majority involved nodes
are <5 mm in diameter, this has limited diagnostic value, although, due to the
higher overall specificity PET/CT may play a role in ruling out gross nodal
metastases. Cohade et al (2003) reported in their retrospective series of 45
patients with colorectal cancer PET/CT improved staging and restaging accuracy
from 78% to 89% (Cohade et al., 2003). However, determining the precise
location of lesions by PET can be challenging because bowels have variable
uptake of 18F-2-fluoro-2-deoxy-D-glucose (*8F-FDG) while urinary activity can be
a confounding factor too, leading to misinterpretation of lymph node activity. In
another study, Kwak et al (2012) retrospectively analysed 473 patients who
underwent pre-operative PET/CT and curative surgery and found that PET /CT
had a lower sensitivity, but a higher specificity than CT for regional nodal
metastases (Kwak et al., 2012). PET is still not sensitive enough to detect micro-

metastases ranging from 0.2 -2mm (Mehes et al., 2000).

1.5 Intra-operative lymph node staging

The majority of involved nodes are <5 mm in diameter, and therefore are neither
visible nor palpable intra-operatively (Markl et al., 2012, Rodriguez-Bigas et al.,

1996). The ideal solution to the problem of inaccurate pre-operative lymph node
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staging is to develop a reliable means of intra-operative staging. This would
facilitate a real time assessment of lymph node status, thus enabling a
personalised operative strategy. Although, adjuvant chemotherapy is dictated by
several prognostic factors such as venous invasion, peri-neural invasion, tumour
perforation, serosal involvement and incomplete resection (Fang et al., 2014,
Dienstmann et al., 2015); lymph node status remains the main factor. The
development of a reliable means of intraoperative lymph node (LN) staging offers
the ideal solution to the problem of accurate pre-operative staging in order to
allow real-time assessment and hence personalised surgery. The concept of
intraoperative LN staging is not new and has proven validity in some cancers,
most notably breast cancer. In CRC, early series reported sentinel LN detection
rates of 58-98%, sensitivity rates of 40-100% and false-negative rates between
0% and 60% (Mulsow et al., 2003). In a more recent meta-analysis, the results
were not encouraging as LN metastases identification rate was reported to be
with a pooled sensitivity of 69.6% (range 33.3—100%) and a false-negative rate
of 30.4% (van der Zaag et al., 2012). Of clinical importance, it is not clear whether
metastases from colon cancer follow a traditional spread through tiers of LNs, or
rather metastasise in a skip-manner (West et al., 2008a). It is reported that in
48% of cases with CRC, the first metastatic LNs were not adjacent to the tumour
or was 5 cm beyond the longitudinal tumour margin in 18% of cases (Tan et al.,
2010). Hence, itis unclear if the poor results are explained by technical problems,
sub-optimal implementation of the technique or whether the concept is
fundamentally flawed because of the inherently unpredictable pattern of lymph
node involvement. Further evaluation of these techniques is required to
determine whether they should be generally adopted. A summary of

intraoperative staging techniques for colorectal cancer is presented in Table 1.1.
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Table 1. 1. Summary of clinical intra-operative tumour detection techniques for CRC.

Technology System design Detection Tumour Tumour  Study Clinical Drawbacks
technique targeted target design outcome
One-step nucleic Indocyanine green Dye injected No - Feasibility Poor fluorescent False negatives,
acid (OSNA)+ photosensitive dye Subserosally studies diagnosis of variable sensitivity in
indocyanine green combined with OSNA followed by OSNA lymph nodes detecting the
(ICG) (Yeung etal.,, assessment assessment sentinel node,
2018) technical difficulties
Radioimmunoguided Radionuclide loaded Hand held gamma  Yes CEA Case Significant Radioactive material
surgery (RIGS) (Sun  Antibody probe TAG-72  series prognostic value (handling, disposing)
et al., 2007) long-term Variable sensitivity
survival Operator dependent
advantage Delay between
administration and
surgery
Near-infrared Indocyanine green Dye injected No - Case Penetrates False negatives,
laparoscopic photosensitive dye Subserosally or series/ tissue more variable sensitivity in
sentinel lymph node laparoscopically to feasibility = deeply and does detecting the
mapping (Cabhill et detect the studies not distort the sentinel node,

al., 2012b, Lieto et
al., 2018)

fluorescent signal

view of the

surgical field

technical difficulties



5-Aminolevulinic acid-induced
fluorescence (Andrew et al.,
2016)

Carbon nanoparticles (Yang et
al., 2015)

5-ALA pro-drug

Carbon

nanoparticles
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Laparoscopic  No
Fluorescence
detection
Laparoscopic No
direct

visualisation

Phase |
clinical
trail
Case

series

Potentially
sensitive

Safe

Safe

can increase the
retrieved
number of

lymph

Lack of specificity

No data concerning

tumour margins
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1.5.1 Combined Fluorescence imaging with rapid one-step nucleic acid

(OSNA) pathological assessment

A facility to confidently assign nodal status intraoperatively independent of the
performance of the radical resection could allow stratification of operative extent
by disease stage, without compromising prognostic or therapeutic value. Yeung
et al (2018), were the first to combine indocyanine green (ICG) fluorescence
imaging with rapid OSNA in a prospective feasibility trial (h=16) (Yeung et al.,
2018). One-step nucleic acid amplification (OSNA) is a rapid mRNA assay that
can detect colorectal micrometastases in lymph nodes based on cytokeratin 19
(CK19) levels within 20 min of their removal. Only 9 fluorescent lymph nodes
were identified intra-operatively out of 78 which were retrieved for both
histological and OSNA assessment. OSNA analysis of the ICG-labelled node
matched the final histological nodal stage in 3/6 patients (two being NO and one
N1). Although OSNA sensitivity was 1 (0.81-1, 95% CI) and specificity 0.98
(0.91-1, 95% CI) for the remaining retrieved lymph nodes, improving
fluorescence node detection rates is the first step towards the elegant concept

for OSNA identification of node negative patients during surgery.

1.5.2 Antigen-Directed Cancer Surgery

Antigen-directed surgery/Radioimmunoguided surgery (RIGS) is considered as
one of the earliest intra-operative tumour detection systems (Aitken et al., 1984).
This system is designed based on three main components which include: an
antibody to a specific antigen expressed by the targeted tumour tissue; radiolabel
to the antibody; and a hand-held gamma detector used intra-operatively to detect
the bound antibody/radionuclide complex to the tumour cells. Carcinoembryonic

antigen (CEA) or tumour-associated glycoprotein 72 (TAG-72) were used as the
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target antigens. Povoski et al (2012), reported that absence of detectable TAG-
72 antigen within the surgical field at completion of antigen-directed cancer
surgery for primary colorectal cancer was associated with significantly improved
median survival (8.8 versus 2.5 years; P = 0.005) and time-dependent survival
(45.4% versus 22.0% at 10 years; P = 0.002 and 39.4% versus 20.3% at 15
years; P = 0.003) when compared with TAG-72-positive subgroup (Povoski et al.,
2012). The difference in survival between the TAG-72-positive and TAG-negative
groups reached significance only for advanced-stage (lll and IV) disease and only
at the 10- and 15-year intervals. In the absence of precise data describing which
patients had extra tissue removed or a change in operation as a direct result of
TAG-72 detection, it cannot be concluded that RIGS was the causal factor of this
difference. It may simply have identified those patients with tumour cells
remaining but not affected the outcome (Tiernan and Jayne, 2017). Others
reported the sensitivity of RIGS in detecting colorectal cancer to range from 20-
100% (Hamy et al., 1995, Kim et al., 2005) and 63-97% (Cohen et al., 1991,
Arnold et al., 1992) for primary cancer and recurrent disease respectively. The
heterogeneity between studies and difficulties associated with handling and
disposing radiolabelled material have made it difficult to use RIGS as a routine

intra-operative detection system for colorectal cancer surgery in the last decade.

1.5.3 Sentinel lymph node mapping

The model of intraoperative lymph node (LN) staging is not new but has attracted
great interest since the introduction of sentinel lymph node (SLN) mapping
techniques. Sentinel lymph node is defined as the first regional LN encountered
by metastasising tumour cells (Bara et al., 2011). The concept is well established
in the management of breast cancer (Baso, 2009) and melanoma (Marsden et

al., 2010) and proposes that if a sentinel lymph node is free of tumour cells, then
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the remaining lymph nodes would also be tumour free and therefore, stratified
surgical resection can be tailored to the stage of the disease (Reintgen et al.,
1994, Morton et al., 1992). In colorectal cancer surgery, SLN mapping (using a
blue dye injected subserosally around the tumour prior to surgery) was first
introduced in 1999 (Joosten et al., 1999). Evidence from several studies including
systematic reviews and meta-analyses highlighted serious limitations such as
false negatives (30.4%) and variable sensitivity in detecting the sentinel node
(33.3-100%) and technical challenges patrticularly in rectal cancer (van der Zaag
et al.,, 2012, Mulsow et al., 2003, van der Pas et al., 2011). The variability in
anatomical site of the first metastatic LN can be explained by the fact that colon
cancer metastasises as skip lesions and not necessarily follow a traditional
spread through tiers of LNs. Tan et al (2010), reported that in 48% of cases of
colon cancer, the first metastatic LN was not adjacent to the tumour while in 18%
of cases it was 5 cm beyond the longitudinal tumour margin (Tan et al., 2010).
The concern regarding the high false-negative detection rates meant SLN
mapping is not in routine practice in colorectal cancer surgery today. Despite the
limitations of SLN mapping, this concept has led to the emphasis of shifting
strategies from a post-operative staging to a reliable means of intraoperative
staging with potential role in selective lymphadenectomy, using advanced
technologies such as near-infrared laparoscopy and intraoperative photodynamic

diagnosis.

1.5.4 Near-infrared laparoscopy

Near-infrared laparoscopy is a promising technology that enhances specific light
wavelength beyond that of white light illumination (Cahill et al., 2012b). NIR
energy is characterised by deep fatty tissue penetration without causing collateral

heat damage and facilitates excitation of certain molecules to allow real-time
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fluorescence imaging. Indocyanine green (ICG) is one good example of
photosensitive tricarbocyanine dye with a peak spectral absorbance at
approximately 780 nm (Landsman et al., 1976, Haritoglou et al., 2003), in the
near-infrared region. The small molecular weight of ICG (775 g/mol) (Alander et
al., 2012) allows the dye to rapidly and passively diffuse into the lymphatic
channels and travel to the first anatomical draining lymph nodes surrounding the
colon cancer. It can be injected subserosally (intra-luminal via a colonoscope or
laparoscopically) and a modified laparoscope can be used to detect the
fluorescent signal. To date, NIR fluorescence-guided SLN mapping using ICG
has been extensively studied in colorectal cancer and proved to outperform blue
V dye assays due to increased tissue penetration and reduced background
fluorescence (Cahill et al., 2012b, Hirche et al., 2012, Ankersmit et al., 2011, van
der Pas et al., 2013). The technology is not tumour-specific, but it is foreseeable
that in combination with intra-operative, morphological sentinel node
assessment, it has the potential to allow intra-operative staging and surgical

stratification.

1.5.5 Photodynamic diagnosis (GLISTEN Trial)

A potentially neat solution to intra-operative staging involves the use of
photosensitisers. 5 aminolevulinic acid (5-ALA), which is present in virtually all
human cells, has been extensively examined for photodynamic diagnosis in
cancers. 5-ALA is a pro-drug, taken up into cells, where it is metabolised via the
heme biosynthesis pathway to protoporphyrin IX (PpIX). Usually, 5-ALA
synthesis is regulated by negative feedback due to high intracellular
concentrations of heme. However, this negative feedback system is overridden
when exogenous 5-ALA is administered and PplX accumulates in malignant cells

with reported selectivity (Krammer and Plaetzer, 2008b). PpIX is a fluorescent
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molecule, with absorption and emission wavelengths of 405 nm and 630-700 nm
respectively. This property lends itself very well to laparoscopic surgery where
the light from the laparoscope can easily be modified. Therefore, 5-ALA could
readily be used for in vivo fluorescence diagnosis (FD) (Krammer and Plaetzer,
2008a, Kennedy and Pottier, 1992). To evaluate the capacity of 5-ALA FD against
CRC lymph node metastases, Harada et al (Harada et al., 2013) applied 15
mg/kg orally 2 hours prior to surgery. Using fluorescence microscopy and a
spectral unmixing method to prevent collagen autofluorescence in 87 excised,
fresh, bisected lymph nodes, the fluorescence intensity in metastatic lymph
nodes was 10.2-fold greater than non-metastatic lymph nodes. The GLiSten
(Next Generation intraoperative Lymph node staging for Stratified colon cancer
surgery) study was the first human clinical trial using 5-aminolevulinic acid (5-
ALA) in laparoscopic colorectal cancer resection, using photosensitiser for
intraoperative fluorescence of LN staging in colon cancer (Andrew et al., 2016)
as shown in Figure 1.2. Andrew et al (Andrew et al., 2016) (University of Leeds)
reported a distinct difference has been observed in the fluorescence of the
primary colon cancers, with around only 30% of cancers exhibiting fluorescence
and 70% showing no fluorescence. Although the results from the GLISTEN trial
proved that 5-ALA has poor sensitivity for detecting lymph node metastases and
cannot be recommended for intraoperative staging, the use of photosensitiser
remains as a viable option. The advantage with the clinical use of any
photosensitising agent is the potential theranostic functionality. Photosensitisers
have cytotoxic effect on cancer cells via the photodynamic effect and hence will
not only allow fluorescent intraoperative staging of cancer and lymph nodes, but

will also help eradicating residual micrometastases.
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White light Fluorescence image

Figure 1. 2. Fluorescence diagnosis of colorectal cancer using 5-ALA.

Figures illustrate the laparoscopic images taken intra-operatively from the GLiSten trial
to show the enhanced intraoperative location of colorectal cancer in a patient undergoing
resection. White light is the normal laparoscopic view in contrast with the fluorescent
view after 5-ALA administration. White arrows are pointing at the (A) primary CRC; (B)
positive lymph node and (C) metastatic deposit in the liver. Images were taken by Prof
David Jayne at St. James’s University Hospital in Leeds with permission to be used in

this chapter.



18

1.6 Nanomedicine

Recent advances in nanotechnology have aimed to overcome the limitations of
current colorectal cancer treatments, by offering safer, more effective and
affordable nano-vehicles for targeted diagnostic and therapeutic approaches. For
such systems to be effective in laparoscopic colorectal cancer surgery, three
important criteria must be fulfilled. The fluorescent nanoparticles’ signal must be
of adequate magnitude to pass through the muscular bowel wall and the fatty
mesentery. The tumour-to background ratio must be large enough to allow
sensitive and specific detection and the fluorophore must be relatively resistant
to photobleaching. This is of significant clinical importance due to the sometimes-
extended duration of operations for colorectal cancers. A potential solution to
intra-operative staging involves the use of fluorescent nanoparticles.
Nanomaterials possess unique physical and chemical features that enhance their
applications in cancer therapy and imaging. They are characterised by many
features such as ease of synthesis, small size (1-100 nm), resistance to
oxidation, fluorescent properties, surface modification/functionalisation and mass
production at cost effective levels (Fortina et al., 2007, Grobmyer et al., 2010,
Hartman et al., 2008). Other features such as solubility, diffusivity, drug release
capabilities and immunogenicity can all be modified based on changing the
chemical structure of the nanopatrticle (Fortina et al., 2007, Grobmyer et al., 2010,
Hartman et al., 2008). Nanopatrticles can be manufactured and fabricated in many
different structures (solid, core, dendrimers), shapes (rod, sphere, prism) or
composite materials (metals, semiconductors, polymers) all of which allow
diverse applications of nanotechnology in cancer therapy and imaging (Fortina et

al., 2007).
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1.6.1 Colorectal cancer and nanomedicine

The application of nanotechnology to the diagnosis and treatment of colorectal
cancer is an exciting field of research that can potentially enhance the existing
therapeutic and diagnostic methods as well as advancing the development of
novel staging approaches. The development of in vivo imaging agents has
resulted in higher sensitivity and better tumour resolution. Nanoparticles can be
used for direct visual detection and multiplexing capabilities for specific proteins
or detecting surface marker (Seydack, 2005). Although, there are few examples
of the application of nanotechnology to the imaging of CRC, a recent study by
Tiernan et al (2015), showed promising results for in vivo imaging in a xenograft
model of CRC (Tiernan et al., 2015). In addition, nanoparticles have the potential
to enhance the diagnostic power of imaging modalities using contrast agents
such as gadolinium, or imaging agents, such as iron oxide (Farokhzad and
Langer, 2006, Saito et al., 2005, Mulder et al., 2005). These nano-enhanced
imaging systems have the potential to significantly improve the features of
traditional MRI and offer a better chance for CRC detection and treatment.
Systemic chemotherapy for CRC is challenged by the non-specific distribution of
the drugs, suboptimal concentrations of the agents to tumour sites and adverse
side-effects, all of which have a negative impact on the patient’'s quality of life
(Shabaruddin et al., 2013). Toxicity is a particularly critical matter for the elderly
population that constitute the majority of the patients diagnosed with colorectal
cancer (Maddams et al.,, 2012), and the introduction of less toxic and more
effective drugs delivery would greatly benefit this cohort. Targeted nanomaterials
offer potential solutions to the limitations of standard chemo and radio-therapeutic
modalities in CRC. For example, the food and drug administration (FDA) has

approved the use of liposomal encapsulated doxorubicin for treatment of
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metastatic ovarian cancer that is resistant to paclitaxel- and platinum-based
agents (Muggia et al., 1997). These liposomal nanostructures have also been
investigated for the treatment of breast cancer, non-Hodgkin’s lymphoma and
small-cell lung cancer. Paclitaxel has also been delivered using nanopatrticles for
the treatment of patients with metastatic breast cancer who have failed standard
chemotherapy (O’brien et al., 2004). A summary of targeted nanotechnological
methods for CRC detection and treatment is presented in Table 1.2. Targeted
nanoparticles delivery (using antibodies, proteins and small-molecule ligands)
has enhanced drug delivery to specific tumour sites. This yielded greater
pharmacological and clinical effectiveness and was associated with lower side
effects in animal cancer models. Antibody-targeted liposomes effectively
accumulated in colorectal cancer cells in mouse xenograft models (Fortina et al.,
2007, Kukowska-Latallo et al., 2005, Viswanath et al., 2016). Similarly, antibody-
targeted silica nanoparticles allowed specific in vivo imaging of CRC in a mouse
xenograft model (Tiernan et al., 2015). The application of targeted delivery of
these nanostructures using bioreceptors offers a real opportunity to overcome

problems of untargeted delivery systems.



Table 1. 2. Summary of nanotechnological methods in the detection and treatment of CRC.
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Nanosystem Structure Target Bioreceptor Applications Ref
QDs Nanocrystals VEGFR2 Antibody In vivo fluorescent (Carbary-Ganz
imaging et al., 2015)
Iron oxide Gold coated superparamagnetic iron MUC-1 Aptamer In vivo MRI and (Azhdarzadeh
nanoparticle oxide nanopatrticles photothermal therapy et al., 2016)
Dextran coated iron oxide nanoparticle VEGFR Antibody In vivo MRI (Hsieh et al.,
2012)
Dextran coated superparamagnetic CEA scFv In vitro MRI (Huang et al.,
iron oxide nanoparticles 2013)
PLGA Camptothecin loaded PLGA CD95/Apo-1 Antibody In vitro therapy (McCarron et
nanoparticles nanoparticles al., 2008)
Curcumin-loaded nanoparticles EpCAM Aptamer In vitro therapy (Lietal., 2014)
Epirubicin loaded PLGA MUC-1 Aptamer In vivo fluorescent (Taghavi et al.,

imaging and therapy

2017)



Liposomes

Silica
nanoparticles

Lipoprotien
nanoparticles

Gold nanoparticle

Oxaliplatin loaded liposomes

Doxorubicin and vinorelbine loaded
liposome

Dye-doped silica nanoparticles

Magneto-fluorescent silica
nanoparticles

(Owens lii and Peppas)(Owens lii and
Peppas)(Owens lii and Peppas)(Owens lii
and Peppas)(Owens lii and
Peppas)(Owens lii and
Peppas)Doxorubicin-loaded MSN

siRNA loaded nanoparticles

Gold and iron oxide hybrid
nanoparticles
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VEGFR

a -enolase

CEA

VEGFR

EpCAM

SR-B1

A33 antigen

Antibody Fab
fragment
pHCT74 peptide

Antibody

Antibody Fab
fragment

Aptamer

Apo A-1

sckv

In vivo therapy

In vivo therapy

In vivo fluorescent
imaging

In vivo fluorescent
imaging

In vivo therapy

In vivo therapy

In vivo fluorescent
imaging and therapy

(Zalba et al.,
2015)

(Wu et al.,
2015)

(Tiernan et al.,
2015)

(Cho et al.,
2010)

(Xie et al.,
2016)

(Shahzad et
al., 2011)

(Kirui et al.,
2010)
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Chitosan/Alginate ~ TMT loaded nanoparticles DR5
Nanoparticles
5-ALA loaded nanoparticles Folate receptor
Oxaliplatin loaded nanopatrticles Hyaluronic acid
receptor

Antibody

Folic acid

Hyaluronic acid

In vitro photodynamic
therapy

In vitro photodynamic
therapy

Therapy

(Abdelghany et
al., 2013)

(Yang et al.,
2010)

(Jain et al.,
2010)

Abbreviations: (CRC), colorectal cancer; (QD), quantum dots; (VEGFR2), Vascular endothelial growth factor receptor 2; (MUC-1),

Mucin-1 receptor; (MRI), magnetic resonant imaging; (CEA), carcinoembryonic antigen; (scFv), recombinant single chain Fv antibody

fragments; (PLGA), polylactide-co-glycolic acid; (CD95/Apo-1), Fas receptor; (EpCAM), epithelial cell adhesion molecule; (MSN),

mesoporous silica nanopatrticle; (siRNA), small interfering RNA; (SR-B1), scavenger receptor type B1l; (Apo A-1), apolipoprotein A-1;

(TMT), meso-Tetra(N-methyl-4-pyridyl) Porphine Tetra Tosylate; (DR5), death receptor 5; (5-ALA), 5-aminolaevulinic acid.
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1.7 A proposed solution for intra-operative fluorescent imaging

Identification of better fluorescent photosensitisers and their delivery in targeted
manner for intraoperative visualisation of primary colon cancers and LN disease
is required and this is effectively a precursor to this project. A proposed solution
to the limitations of existing staging strategies is to develop a targeted tumour-

specific fluorescent system characterised by the following attributes:

I.  Specifically binds to colorectal cancer tissue at a molecular level,

Il. Safe and feasible to be administered to a patient prior to laparoscopic

surgery;

lll. Easily identified at laparoscopic surgery using specific light source;

IV.  Allows surgeons to accurately delineate the primary tumour margins and

detect metastatic disease;

V. Allows an intra-operative assessment of the stage of the tumour and

hence stratify surgical resection to disease stage.

The build-up of such probe will require: a) CRC-specific targeting biomarker; b)
theranostic visualisation component and c¢) nanoparticulate scaffold to combine
the two; all of which will optimise the fluorescent signal at surgery. Nanomedicine
is an expanding area of research and appears to offer a potential platform to build

up the ideal intraoperative staging system.

1.7.1 Tumour specific targeting biomarkers

Tumour targeted delivery relies on the availability of specific tissue biomarkers to

enhance the selectivity and efficacy of imaging and therapies. In colorectal
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cancer, a variety of tissue biomarkers have been investigated including:
carcinoembryonic antigen (CEA) (Heine et al., 2011, Yazaki et al., 2008,
Campos-da-Paz et al., 2018, Boogerd et al., 2018), tumour-associated
glycoprotein 72 (TAG-72) (Zou et al., 2009b, Chen et al., 2011), endothelial
growth factor receptor (EGFR) (Shinozaki et al., 2018, Sartore-Bianchi et al.,
2018, Dankner and Rose, 2018) and folate receptor alpha (FRa) (Hentzen et al.,
2018, Yang et al., 2013). A summary of these biomarkers and their expressions
is shown in Table 1.3. Tiernan et al (2013), evaluated the sensitivities and
specificities of the former four (most commonly used markers); CEA, TAG-72,
FRa and EGFR (Tiernan et al., 2013). Biomarkers were evaluated in matched
mucosal and colorectal cancer tissues from 280 patients using
immunohistochemistry. They also examined matched positive and negative
lymph nodes from 18 patients with colorectal cancer. Of clinical interest, CEA
showed the greatest differential expression, with tumours scoring a mean of 10.8
points higher than normal tissues (95% CI 10.31-11.21, P<0.001). Similarly, CEA
showed the greatest differential expression between positive and negative lymph
nodes with an overall sensitivity and specificity of 93.7% and 96.1% respectively
for colorectal cancer detection. Carcinoembryonic antigen has the greatest
potential to allow highly specific tumour targeted imaging and therapy and will be
the first choice for the build-up of the proposed system in this project. CEA, which
is the main focus of this study, is a highly N-glycosylated oncofetal antigen that
was originally found in gastrointestinal cancer tissues (Gold and Freedman, 1965,
Thomas et al., 1990). After undergoing post-translational modification, the
molecular weight of full-length CEA protein is 180-200 KDa (Hatakeyama et al.,
2013). It is comprised of an N-terminal sequence, three highly conserved repeat

domains of 178 amino acids and an anchored hydrophobic C-terminal domain
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(Bjerner et al., 2002). CEA is unique compared to the other CEACAMSs protein

because it is comprised of A3 and B3 domains that mediates the intercellular

adhesion process (Blumenthal et al., 2005).

Table 1. 3. Most commonly used tissue biomarkers for CRC and their expression

levels.
Biomarker Location CRC Tissue Expression in Other
expression other cancers tissue _
expression
CEA Membrane- +++ ++ +
bound
glycoprotein
TAG-72 Membrane- +++ +++ +
bound
glycoprotein
EGFR Tumour vessel ++ ++ ++
protein
FRa Membrane- + +++ -

bound protein

Abbreviations: CEA, carcinoembryonic antigen; TAG-72, tumour-associated

glycoprotein 72; EGFR, endothelial growth factor receptor; FRa, folate receptor alpha.

+ denote: (+++), high expression; (++), moderate expression; (+), low expression and

(-), no expression.
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1.7.2 Fluorescent visualisation component

A fluorophore is a chemical compound that absorbs light leading to electrons
being excited to a higher quantum state. When they return to their ground state
they emit photons at longer wavelengths to those that were absorbed. Non-
specific auto-fluorescence from normal tissues is well recognised and can
potentially interfere with the proposed imaging system (Monici, 2005).
Accordingly, the selected visualisation dye should have an emission wavelength
within the near infra-red spectrum (wavelength > 700 nm) to overcome auto-
fluorescence, penetrate tissues deeply without damaging them, and be suitably
bright (Weissleder and Ntziachristos, 2003, Hilderbrand and Weissleder, 2010,
Muller et al., 2001). Several clinical studies have evaluated near-infrared cyanine
(Cy) dyes (absorption wavelength 650-900 nm) for the purpose of mapping lymph
nodes, bile ducts, ureters and anastomotic perfusion during laparoscopic surgery
(Ashitate et al., 2012, Soltesz et al., 2006, Kusano et al., 2008, Hutteman et al.,
2010, Cahill et al., 2011, Matsui et al., 2011, Cahill et al., 2012a, Boogerd et al.,
2018, Lamberts et al., 2017). In all studies, the fluorophore was injected into the
anatomical area of interest and showed localised fluorescence. The results were
less impressive when the tumour-to-background ratio were considered. Most
importantly, none of these studies used targeted delivery of fluorophores. Since
laparoscopic surgery is gaining wide acceptance amongst colorectal surgeons,
resistance to photobleaching due to the sometimes-prolonged duration of

operations is also critical for such a system to be practically applicable.
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1.7.3 Photosensitisers as theranostic visualisation component

Photodynamic diagnosis (PDD) is an emerging technology for the diagnosis of
cancers. Following administration of a photosensitiser, it preferentially
accumulates in malignant tissue and fluoresces when photo-irradiated. This can
potentially enable distinction between normal and cancer tissue. When a
photosensitiser is excited, it can return to its ground state with the emission of
fluorescence and it can also become de-excited allowing the transfer of energy
to an oxygen molecule, yielding singlet oxygen species (*02). These reactive
oxygen species are responsible for the photodynamic cytotoxic effect. Integrating
PDD and photodynamic therapy (PDT) using one active agent is an interesting
area to explore, which brings both diagnostics and therapeutics (theranostics)
into a single intervention. In regard to colorectal cancer surgery, PDD can be
initially performed by exciting a specific photosensitiser intraoperatively to assess
the disease and guide treatment then, PDT is performed to kill any residual
cancer by shining a light of maximum excitation. These characteristics make
photosensitisers ideal visualisation components for the build-up of the planned
imaging system. To date, PDD has proven to be an effective intra-operative
diagnostic tool in solid cancers such as bladder and brain tumours with 5-ALA
being the most studied agent in this respect (Mowatt et al., 2011, Stummer et al.,
2006, Eljamel, 2008). 5-ALA is a pro-drug, taken up into cells, where it is
metabolised via the heme biosynthesis pathway to protoporphyrin IX (PplX).
Usually, 5-ALA synthesis is regulated by negative feedback due to high
intracellular concentrations of heme; however, this negative feedback system is
overridden when exogenous 5 ALA is administered and PpIX accumulates in
malignant cells with reported selectively. PpIX is a fluorescent molecule, which

when exposed to blue-violet light of excitation wavelength 405 nm, emits a



29

characteristic red fluorescence at a wavelength of 630 to 700 nm. This property
lends itself very well to laparoscopic surgery where the light from the laparoscope
can easily be modified; therefore 5-ALA could readily be used for in vivo

fluorescence diagnosis (FD).

A summary of photosensitiser induced fluorescence in colorectal cancer is shown
in Table 1.4. Regula et al (1995), were the first to examine colorectal PpIX
accumulation microscopically (Regula et al., 1995). High tumour/normal mucosa
selective uptake was observed with a ratio of 5:1 following oral administration of
5-ALA in seven patients with colorectal cancer. Interestingly, the selectivity
appeared to be dose dependent. In another clinical study, using ex vivo laser
fluorescence spectroscopy, Moesta et al (2000), identified PpIX as the
predominant endogenous fluorophore in 32 primary colorectal carcinomas and
1053 palpable mesenteric nodes (Moesta et al., 2000). Even in the absence of 5-
ALA administration this technique was able to distinguish metastatic from
uninvolved nodes with a sensitivity and specificity of 62% and 78% respectively.
To evaluate the capacity of 5-ALA to diagnose CRC lymph node metastases
Harada et al (2013), applied 15 mg/kg orally 2 hours prior to surgery (Harada et
al., 2013). Using fluorescence microscopy and a spectral unmixing method to
prevent collagen autofluorescence in 87 excised, fresh, bisected lymph nodes,
the fluorescence intensity in metastatic lymph nodes was 10.2-fold greater than
non-metastatic lymph nodes. The GLISTEN trial (University of Leeds) on the
other hand, was the first human clinical trial of 5-ALA-mediated fluorescence for
diagnosis of LNs in colon cancer. Although a distinct difference has been
observed in the fluorescence of the primary colon cancers, only around 30% of
cancers exhibited fluorescence and 70% showed no fluorescence. This might

suggest a tumour related underlying difference in 5-ALA accumulation and
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metabolism indicating a possibility of prognostic benefit. The only study that
examined the efficacy of photodynamic therapy in colorectal cancer was
conducted in 1995 by Regula et al (Regula et al., 1995). Two patients (1
colorectal cancer and 1 malignant polyp) received PDT after oral 5-ALA
administration using a bare fibre light source (50 J/cm?) during colonoscopy. The
authors reported evidence of tumour site necrosis on microscopic examination of
the specimens. The study reported no data on patients’ demographics, disease

stage or follow up outcomes.

The main drawbacks for using PDT in the treatment of various cancers is
associated with photosensitiser distribution and local and deep tissue irradiation.
To date, there are over a dozen photosensitisers that have desirable features
which can benefit patients, but none is completely satisfactory. Photosensitisers
are non-specific as they can be retained in normal tissue. Targeting
photosensitiser to tumours using a nanoparticles formulation offers a potential

solution to the limitations of conventional PDT.



Table 1. 4. Photodynamic diagnosis for colorectal cancer.
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PS Tissue/Examined Detection mode Study design  Results Ref
specimen
5-ALA Primary colon |O fluorescence blue In vivo 30% cancer fluorescence, 36.8% LN fluorescence (Andrew etal.,
cancer and lymph light laparoscopy 2016)
nodes
5-ALA Adenocarcinoma/a Fluorescence Ex vivo Fluorescence intensity ratio between (Regula et al.,
denoma microscopy microscopy adenoma tumour and normal mucosa 1995)
of approx. 5:1
5-ALA Dysplasia Imaging and In vivo Differentiation of inflamed fluorescence (ulcerative (Eker et al.,
(ulcerative colitis) fluorescence colitis) from normal mucosa microscopy (PS: 1999)
microscopy intensity ratio 4:1)
5-ALA Dysplasia Endoscopy imaging  In vivo Fluorescence intensity ratio (633 nm: 599 nm): (Ortner et al.,
discrimination between dysplastic and inflamed 1997)
lesions: sensitivity 81.6%, specificity 88%,
positive predictive value 75.6%, negative
predictive value 91%
5-ALA Dysplasia D-Light Imaging In vivo Fluorescence detection of low-grade (380—420 (Messmann et

nm) (adenoma, dysplasia, 2 out of 3 adenomas

ulcerative colitis) fluorescence positive

al., 1998)
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5-ALA Adenomatous and  Nitrogen laser (337 In vivo Multivariate linear regression analysis: (Eker et al.,
hyperplastic polyps nm) and dye laser differentiation between polyps’ normal mucosa 1999)
(405 or 436 nm) and adenomas: with 405 nm excitation:

sensitivity 89%, specificity 94%; 436 nm
excitation: sensitivity 86%, specificity 100%

Abbreviations: PS: photosensitiser; 5-ALA, 5-aminolevulinic acid; 10, intra-operative; LN, lymph node; Ref, reference.
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1.7.4 Mechanism of action of PDT on cancer cells and tissue

PDT aids tumour ablation via the production of reactive oxygen species and acts
via three different mechanisms. These are; direct cell death (necrosis, apoptosis
or autophagy), blood vessel constriction, and the initiation of an immune
response. The mechanisms of action of PDT in the light of the most recent

evidence is reviewed and discussed in more detail below.

1.7.4.1 Direct cell damage

Reactive oxygen species created by the activation of the photosensitiser by light
cause direct photo-damage to biological molecules including proteins, lipids and
nucleic acids. This induces cell destruction via necrosis, apoptosis or autophagy
(Yoo and Ha, 2012) depending on the availability of required components for
PDT; which are O2 and PS concentration and the intensity and duration of light
applied (Zeng et al., 2013). The process of cell death that occurs, whether it is
apoptosis, necrosis or autophagy, is determined by the intracellular localisation
and accumulation of the photosensitiser which can be different depending on the
molecule used and the genomic characteristics of the cancer cells as well (Allison
and Sibata, 2010). Sites of accumulation of different photosensitisers and the
resultant mechanism of action upon illumination is shown in Table 1.5. The
accumulation site depends on the net ionic charge of the photosensitiser, its
hydrophobicity and the asymmetry of the molecule (Castano et al., 2004).
Increasing concentrations of photosensitiser in the mitochondria caused
apoptotic cell death upon light exposure whereas cell death via necrosis is usually
due to accumulation within the plasma membrane or lysosomes (Vrouenraets et
al., 2003, Kessel et al., 1997, Hoi et al., 2012). However, some studies have

found that lysosomal accumulation can also lead to apoptosis. An in vitro study
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in 2011, found that the use of the N-aspartyl chlorin e6, a photosensitiser which
preferentially accumulated in lysosomes, lead to initiation of the mitochondrial
apoptosis pathway via Bcl-2-associated X protein activation in human lung
carcinoma cells rather than necrosis (Liu et al., 2011). Another in vitro study,
associating photosensitiser concentration in lysosomes with apoptosis, involved
using human MCF-7c3 breast cancer cells to test the newer water soluble
phthalocyanine derivative, 3-aminopropyloxy phthalocyaninato zinc Il. It was

found that photo damage to lysosomes occurred on light exposure, which was

suggested to be the primary site of action (Vittar et al., 2010) .

Table 1. 5. Photosensitisers families and their members.

The site of accumulation and mechanism of action for different photosensitisers are

shown in the table.

PS Type Examples of PS Site of Accumulation Mechanism
of Action
Hematophorphyrin ~ Photofrin, Photosan, Photofrin ~ Plasma membrane and  Apoptosis
derivates Il mitrochondria
Porphyrin based Sulphonated aluminium Mitochondria and/or Apoptosis
pthalocanines phthalocyanine (AISPc), 3- Lysosomes
aminopropyloxy
phthalocyaninato zinc Il
Chlorin e6 m-tetrahydroxyphenylchlorin Lysosomes Apoptosis
(mTHPC), N-aspartyl chlorin
e6
Benzophorphyrin Verteprofin Golgi apparatus and/or Necrosis
mitochondria
Aminolevulinic acid  ALA, Methyl-aminolevulonic Cell membrane and Apoptosis
(ALA) acid (M-ALA), Mitochondria and
Hexaminolaevulinate (H-ALA) Lysosomes
Chlorophyl 9-hyroxypheophorbide alpha, Mitochondria Apoptosis
Pheophorbide
Bacteriochlorin Palladium-metalated complex Blood vessels Inflammatory
of bacteriopheophorbide reaction and
(Tookad®) necrosis
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1.7.4.2 Tumour vascular constriction

The indirect destruction of tumour cells during PDT treatment is believed to be a
result of hypoxia and/or deprivation of nutrients to the tumour. Blood vessel
constriction and platelet aggregation occurs very early during the application of

PDT, followed by damage to blood vessel walls (Star et al., 1986).

Padoporfin (Tookad) is a pure palladium (Pd) substituted with bacteriochlorophyll
derivative. It is a second-generation photosensitiser with a peak absorption
wavelength at 763 nm. Tookad works as a vascular targeted photodynamic
therapy by damaging vasculature and altering blood supply. Padeliporfin
vascular-targeted photodynamic therapy has entered recently into phase-lll
clinical trial versus active surveillance in men with low-risk prostate cancer. At
24-month follow up, 28% (58/206) of participants had cancer progression in the
vascular-targeted photodynamic therapy group compared with 58% (120/207) in
the active surveillance group (adjusted hazard ratio 0-34, 95% CI 0-24-0-46;
p<0-0001). Importantly, the vascular-targeted photodynamic therapy was well
tolerated with low complication rate of 2% such as prostatitis, urinary retention

and erectile dysfunction (Taneja, 2017, Azzouzi et al., 2017).

In an animal model using male rats, Fingar et al (Fingar et al., 1992), showed
PDT with Photofrin increased tissue interstitial pressure, arteriole constriction, as
well as venular constriction (at the highest PS concentration used), and increased
vessel permeability to albumin. Increased adherence of polymorphonuclear
leukocytes to vessel walls was also seen and thought to result in the increased
vessel permeability observed, leading to treated tissue oedema. Rats given the
non-selective cyclooxygenase inhibitor, indomethacin, in conjunction with PDT

did not produce the same responses. Hence, the vascular effects were thought
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to be due to cyclooxygenase products as a result of PDT (Fingar et al., 1992). A
2006 study (Busch, 2006), showed that severe murine tumour cell hypoxia were
as a consequence of the photochemical oxygen consumption and/or reduced
vascular perfusion. More recent studies have reported on the fine balance
between PDT’s need for oxygen vs the vasoconstriction it causes. Nine out of
fifteen mice treated with topical 5-ALA showed a decrease in vessel diameter to
below 80% of their original diameter and 5 mice had total vessel occlusion
immediately after PDT (van Leeuwen-van Zaane et al., 2014). A similar in vivo
study investigating topical hexylaminolevulinate (HAL) as well as 5-ALA reported
complete arteriole occlusion in 64% with HAL and 60% with 5-ALA due to the
related PplX concentration in the vessel wall (Middelburg et al., 2013). An
explanation for the whole tumour not being destroyed via apoptosis or necrosis
is that PDT induced hypoxia results in less oxygen which is an essential
component required for cell eradication during PDT in tissues (Tromberg et al.,
1990). Therefore, less oxygen based free radicals are formed as the PDT
treatment is administered and cell death rate is reduced. However, a contrasting
study highlighted the importance of the PDT effects on the vasculature on tumour
abolition, noting that the persistent strong local hypoxia induced by vascular
targeted PDT (V-PDT) rather than cellular targeted PDT (C-PDT) produced
greater tumour growth inhibition, and consequent survival in mouse melanoma

cancer models (Krzykawska-Serda et al., 2014).

1.7.4.3 Immune response

It is proposed that damage of tumour cells during PDT causes release of
inflammatory mediators and cytokines such as Interleukin 1 (IL-1) and Interleukin
6 (IL-6) (Gollnick et al., 1997). This in turn triggers an immune response to the

tumour cells, resulting in infiltration of lymphocytes and macrophages (Gollnick
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et al., 1997). Adaptive immune response has been found to be of particular
importance both in the initial therapeutic effect and in the long-term control of
tumours using PDT. Lower therapeutic effect from PDT has been shown in
immunodeficient mice compared to normal (Korbelik et al., 1996). Both groups of
mice experienced the same level of PS accumulation, light absorption and initial
tumour ablation following PDT. However, immunodeficient mice lacked the long-
term tumour reduction seen in the control mice which was suggested to be due
to the absence of the immune-related mechanism of tumour cell death. PDT has
the ability to activate both the innate and adaptive immune responses (Korbelik
et al., 2005) due to the release of acute phase response mediators from the site
of treatment and complement activation (Barathan et al., 2013). Infiltration of the
area with neutrophils can be seen due to the trauma inflicted by the PDT, as well
as the PDT activation of dendritic cells causing them to phagocytose necrotic
tumour tissue and present antigens to lymphocytes (Cecic et al.,, 2006). The
activation of the host immune system is largely thought to be due to the PDT
induction of damage-associated molecular pattern (DAMP) molecules on the

tumour cell surface.

A more recent study found evidence of systemic antigen B-galactosidase specific
immune response in result of PDT (Mroz et al., 2010). Mice with antigen positive
colon adenocarcinomas were cured of their tumours and were resistant to re-
challenge. In addition, 70% of otherwise untreated metastases were destroyed in
these mice. The T lymphocytes isolated from cured mice could successfully
recognise and destroy antigen positive tumour cells. This was not the case for
mice with antigen negative tumours or mice without adaptive immune response
(Mroz et al., 2010). This study demonstrated the future potential of using PDT for

curing metastases.
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1.8 Nanoparticles scaffold

Nanopatrticles have attracted great interest for both therapeutic and diagnostic
biomedical applications. Their distinctive optical properties make them ideal
candidates for cellular imaging and biosensing. Their applications were also
extended to include fluorescent and colorimetric detection (Storhoff et al., 2004,
Tiernan et al., 2015), photothermal and photodynamic therapy (O'Neal et al.,
2004, Chatterjee et al., 2008) and multimodal techniqgues (Melancon et al., 2011).
Passive drug loaded nanoparticles have been recognised as a potential solution
to improve poor tumour tissue delivery of traditional cancer chemotherapy
(Danhier et al., 2010, Cho et al., 2008). Inherent ‘leaky’ vasculature and impaired
lymphatic drainage of solid tumour tissue allow nanoparticulate formulations to
selectively access and accumulate into tumours, the so-called the enhanced
permeation and retention (EPR) effect (Peer et al., 2007b, Matsumura and
Maeda, 1986). Organic nanoparticles (including liposomes, lipoproteins, and
polymersomes) are good examples of the EPR effect-driven tumour targeting of
nanoparticles with human therapeutic applications (Peer et al., 2007a, Gabizon,
2001). The fluorescent signal could be concentrated by providing many more
fluorophore molecules per nanoparticle while multiple antibodies or synthetic
binding bioreceptors could theoretically be conjugated to the surface to maximise
targeting sensitivity (Tiernan et al., 2015). The small size of nanopatrticles enables
deeper tissue penetration while their surface can be functionalised with a variety
of chemical groups to be hydrophilic, minimally antigenic and with prolonged

circulation time (Owens lii and Peppas, 2006, Gaur et al., 2000).

Exploitation of the EPR effect may also be suitable for selective delivery of
photosensitiser loaded nanoparticles. Unlike drug loaded nanoparticles where a

higher encapsulation of chemotherapy drug correlates with higher cellular toxicity
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effect, the ideal dose of PS for effective PDT is not necessarily dose dependent.
Extensive PS molecules within the nanoparticulate formulation may lead to self-
guenching when photo-irradiated yielding reduced photodynamic efficacy
(Master et al., 2012). The photosensitiser-nanoparticle complex has to be stable
while in the circulation and with minimal leakage of PS molecules to avoid
premature drug loss into the plasma. Photosensitiser encapsulation strategy has
also to be carefully considered when designing the system. Unlike
chemotherapeutic drugs, where the cytotoxic effects may be hindered due to slow
release kinetics of the drug from the nanoparticle core, for PDT the physical
release of the PSs from the nanoparticle may not be essential. The cytotoxic
effect of PDT is mediated via reactive oxygen species which can easily diffuse
out of the vehicle core to cause cellular damage. Therefore, nanoparticle vehicles
that allow encapsulation of PSs within the core may offer a better solution to early
drug loss into the plasma, while facilitating PSs accumulation within the tumour
tissue for subsequent PDT (Torchilin, 2008, Figueiredo et al., 2018). For this
purpose, nanoparticle designs where the PS is physically embedded within the

core or chemically conjugated to the vehicle will be considered in this project.
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1.9 Targeting bioreceptors for CRC

For any bioreceptor to be used for targeted delivery it has to possess high stability
and resistance to proteolytic activity. Bioreceptors should also be small in size
and highly soluble to allow efficient tissue penetration. Importantly, they should
be able to bind selectively to target proteins with strong affinity and avidity.
Although antibodies have been successfully conjugated to the surface of
nanoparticles for different applications including imaging and drug delivery, they
are not without limitations. Hence, alternative binding proteins have been
developed over the last two decades. To date, there are over 50 novel non-
antibody protein scaffolds that can be divided into two categories (Sha et al.,
2017a). The first is based on scaffold mediated binding via amino acids on
surface-exposed side chains of secondary structural elements. The second
category is based on scaffold mediated binding via amino acids in one or several
exposed loops on a rigid protein structure, which imitate the antibody binding site

the paratope.

1.9.1 Antibody

Antibodies have been exploited by researchers in biological science for decades.
They are one of the most frequently used bioreceptors for therapeutic and
diagnostic applications. Antibodies are clinically approved as therapeutic agents
for treatment of cancer, and autoimmune and inflammatory diseases (Slamon et
al., 2001, Dankner and Rose, 2018). However, there are a number of
disadvantages regarding antibodies. Antibodies are large molecules (150 KDa in
molecular weight and 14x8 nm in size), which limit their tissue penetration and
may reduce targeted delivery or therapy. Their complex structure of the light and

heavy chains leads to unstable domain association in the production of small Fv
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fragments. Complicated cloning steps are required for the development of
recombinant antibodies, and the manufacture of antibodies is also expensive and
time-consuming and depends on use of live animals which is undesirable. Batch-
to-batch heterogeneity is another major concern for antibody use. This is a
common problem encountered when using commercial antibodies. This issue
was highlighted by recent publications suggesting that batch-to-batch variability
and poor characterisation of antibodies are the main contributing factors for
reproducibility problems in life sciences research; accounting for ~50% of globally
invested funds being wasted (Baker, 2015, Bradbury and Plickthun, 2015).
Although monoclonal antibodies have no batch variability, their production is
much more complex, time consuming and expensive. Therefore, several
alternatives have been proposed to replace antibodies. Antibody fragments can
offer a potential replacement for whole antibodies in solving the problems
mentioned. However, their use has not gained wide acceptance due to their
instability and restricted applications (Binz and Plickthun, 2005). A lot of attention
has turned to non-antibody binding proteins and these will be discussed in the

next section.

1.9.2 Affimer (Adhiron)

The procedure of generating synthetic non-antibody binding proteins usually
starts with building a combinatorial library onto a preferred protein scaffold. The
library is built by selective random mutagenesis of unprotected surface residues
of the scaffold, typically unstructured loops. After this, a range of binding affinities
are produced by careful selection of variants using phage display. The degree of
mutagenesis and the selection conditions are the two most important factors for
determining biomolecular properties of the binding molecules. Ideally, the binding

protein should have sufficient affinity and specificity to a target. Also, it should
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exhibit thermodynamic, chemical and enzymatic stabilities (Skerra, 2007;
Hamzeh-Mivehroud et al., 2013). The Affimer, initially known as Adhiron (Tiede
et al., 2014Db), is a very recent protein scaffold developed by Tiede et al (2014)
and commercialised under collaboration between the University of Leeds, the
Leeds BioScreening Technology Group (BSTG) and Avacta Life Sciences Ltd. It
is based on a consensus phytocystatin sequence derived from protein inhibitors
of plant cysteine proteases. This scaffold consists of a single alpha helix and four
anti-parallel- B -strands and contains two unique variable regions, consisting of
nine random amino acids in each variable region, located between the first and
second B strands (VR1) and between the third and fourth B strands (VR2) (Figure
4). The variable regions are where the molecular recognition takes place in similar
fashion to the complementarity-determining region (CDR) loops of antibodies.
Affimer's molecular weight is ~13 KDa and it contains 92 amino acids.
Randomisation takes place within nine residues of each loop to generate the
Affimer library. The absence of cysteine residues in the scaffold is another
advantage, which allows the introduction of cysteine for site-specific coupling of
biotin, fluorescent labels, or other linkers. Moreover, lack of disulphide bridges in
most alternative binding proteins allows them to be employed as excellent
reagents in intracellular assays and structural biology applications. Affimers are
thermostable, with denaturing temperature of up to 100°C. This enables long-
term storage at ambient temperature (Tiede et al., 2014b, Tiede et al., 2014a). In
recent studies, Affimers have been used as a biorecognition elements for
electrochemical biosensors (Raina et al., 2015) and as a targeting agents in

diabetes to reduce cardiovascular disease (King et al., 2015).

To date, Affimers have proved to be as effective as antibodies in standard

laboratory techniques including Western blotting, Enzyme-linked immunosorbent
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assay (ELISA), super-resolution microscopy, affinity histochemistry, inhibiting
extracellular receptor function and modulating ion channel activity (Tiede et al.,
2017, Tiede et al., 2014a). Affimers against colorectal cancer marker tenascin C.
were also used for in vivo imaging and demonstrated similar staining specificity
when compared to their respective antibodies (Tiede etal., 2017). The advantage
of using non-antibody binding proteins in building a nanoparticle delivery system
for colorectal cancer is that a uniform protein can be produced by a cheaper and
less complicated process, which enables long-term availability. In addition,
because of their compact size, they can be packed on to the surface of
nanoparticle more densely as compared to larger antibodies, which may enhance
the sensitivity of targeting colorectal cancer tissue. Affimers appear to fulfil many
of the criteria required for targeting CRC intra-operatively and are the preferred

choice as a bioreceptor in this project.

VR1 VR2

N-terminal

C-terminal

Figure 1. 3. Molecular structure of an Affimer.

Four anti-parallel B strands are shown in yellow and one a helix strand in pink. VR:
Variable region. Protein data base (PDB) file was obtained from RCSB protein data bank

(http://www.rcsb.org/pdb/home/). PDB ID: 4N6T.


http://www.rcsb.org/pdb/home/
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1.10 Hypothesis and aims

1.10.1 Hypothesis

The hypothesis for this study is that a multi-functional nanoparticle which is functionalised
with anti-CEA Affimer would allow specific fluorescent imaging and cytotoxic effect on

colorectal cancer cells.

1.10.2 Aims
I.  To manufacture dye-doped silica hanopatrticle;

II. To functionalise silica nanoparticle with an anti-CEA Affimer (antibody

mimetic);

Ill.  To incorporate a photosensitiser into silica nanoparticle to enable

theranostic capability;

IV. To examine the sensitivity and specificity of these fluorescent
nanoparticles for colorectal cancer cells using model systems including

cell lines and xenograft mouse models.
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Chapter Two

Methods
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2 Methods and materials

2.1 Affimer production

All Affimers employed in this project were produced following phage display
screening, DNA sequencing while the Affimer coding sequences were subcloned
into the expression vector pET11 by Mrs. Shazana Shamsuddin (anti-CEA
Affimer) and Mrs. Eiman Al-Enezi (anti-myoglobin Affimer) at the University of
Leeds. The plasmid DNA was extracted using a QIAGEN® miniprep kit according
to the manufacturer’s instruction. For each Affimer, | received pET11a DNA (10
pli/ml) in Eppendorf tubes from Mrs Shamsuddin and Mrs Al-Enezi and | am very

grateful for their gifts to this project.

2.1.1 DNA minipreps

Unless otherwise stated, all chemicals were purchased from Sigma (Sigma
Aldrich, St Louis, USA). DNA miniprep was performed as the following. The XL1-
Blue super competent cells were slowly thawed on ice; whilst 1 pl/ml of pET11a
DNA was aliquoted into a 1.5 ml low protein binding Eppendorf tube and pre-
chilled on ice. Then, 10 ul of the competent cells were added to the pre-chilled
DNA and incubated on ice for 30 min. The cells were heat shocked in a 42 °C
water bath for 45 s before incubating on ice again for 2 min. Then, 180 ul of super
optimal broth (Hermanek et al.) medium was added to the above mixture and
incubated at 37°C for 1 h with shaking at 230 rpm. Luria-Bertani (LB) carbenicillin
(100 pg/ml) plates were then inoculated with 100 pl of the transformation mixture

and incubated at 37°C overnight.

A single colony was then picked and inoculated into 5 ml of LB carbenicillin (100

pg/ml) broth and allowed to grow overnight at 37°C and 230 rpm until the cells
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reached an optical density at 600 nm (ODsoo) of 0.7-0.8. A QlAprep ® Spin
Miniprep Kit (Qiagen, Germany) was used to purify the plasmid DNA using a
mixture of buffers provided within the kit. Plasmid DNA was then sent out to
GENEWIZ UK, LTD, UK for sequencing. A Thermo Scientific NanoDrop Lite
Spectrophotometer was used at 260 nm to measure the concentration of the

purified DNA plasmids.

2.1.2 DNA Sequencing

One hundred pg/ml of the purified plasmid DNA samples were resuspended in
phosphate buffered saline (PBS) solution in 1.5 microcentrifuge tubes then
posted to GENEWIZ UK, LTD, UK. Expasy Translate Tools was used through an
online portal to translate the sequencing data into amino acid sequence. All anti-
CEA Affimers were reported to have matching amino acids sequences when
compared with the original plasmid sequence. This is in keeping with the results
of Mrs Shamsaddin and Mrs Al-Enezi. The clones were subsequently sequenced
and 3 distinct binders termed anti-CEA Affimer I, Il, and Il were named with the

amino acid sequences of the variable regions as shown in Table 2.1.

Table 2. 1. The amino acid sequences of the binding loops from the three anti-

CEA binding Affimers.

Anti-CEA Loopl Loop2
Affimers

ot W1 v (6 Wk o P Wl e L
amern | IMIGCIEIORNEY | TEDECRERN
ammer | X EAEYECI TN | DGCASMEnmnS
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2.1.3 Expression of Affimer

The expression of Affimer protein was induced using 0.1 mM isopropyl 3-D-1-
thiogalactopyranoside (IPTG). A protocol for expression of Affimers was
established previously using an IPTG induction method by BSTG. The
expression was based on the pET expression system for recombinant proteins.
Some optimisation was carried out in order to increase the yield for each Affimer,
after plasmid DNA containing anti-CEA Affimers were transformed into BL21-
Gold (DE3) competent cells. Originally single colonies from each binder were
picked and a start-up culture was inoculated in 2 ml LB media + 1% (w/v) glucose.
However, it was found out that using 2 TY media as a start-up culture instead
could increase the yield by 0.5-1 mg/ 50 ml culture. Also, a final IPTG
concentration of 0.1 mM with a longer incubation time (16 h) provided a better
yield when compared to 0.5 mM incubated for 6 h was used. pET11a vector was
transformed into BL21 Star™ (DE3) E.coli using heat shock protocol as described
in the miniprep protocol. On the following day, 100 ul of 50 mg/ml carbenicillin
was added to the pre-warmed media, followed by 625 pl of the overnight culture.
The culture was grown until ODsoo reached ~0.8. IPTG was then added to a final
concentration of 0.1 mM. The culture was incubated for an additional 16 h at 25
°C on the shaker at 150 rpm. The cells were harvested following centrifugation at
3,220 xg for 30 min using an Eppendorf centrifuge, (5810R). The supernatant
was discarded and the cell pellet was stored at -20 °C for purification the following

day.

2.1.4 Purification of Affimer

First, frozen cell pellet was thawed and resuspended in 1 ml mixture of lysis buffer

Bugbuster® protein extraction reagent (100 ul, 1X), Benzonase® nuclease (0.4
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pl, 10 U/ml) and protease inhibitor cocktail (10 pl, 1X). The mixture was
transferred into a 2 ml microcentrifuge tube and incubated at room temperature
for 20 min on a rotator followed by an incubation at 50 °C in a water bath for 20
min to denature non-specific proteins. The mixture was then centrifuged at 16,000
xg for 20 min to pellet cell debris and insoluble proteins. Meanwhile, 300 pl of
Ni2*-nitrilotriacetic acid (Ni2+-NTA) resin, which would bind to his-tag on the
Affimer, was resuspended in 1 ml lysis buffer in a 2 ml tube and washed one time
by centrifugation at 1,000 xg for 1 min to sediment the resin and the buffer was
carefully removed using a pipette. Then, the soluble fraction of the cell mixture
was transferred to the tubes containing Ni?*-NTA resin and incubated for 2 h on
a rotator at room temperature. After incubation, the mixed solution was
centrifuged at 1,000 xg for 1 min to sediment the Affimer-bound resin. A Pierce
disposable 2 ml column was used to facilitate the purification. The Affimer-bound
resin was resuspended in 1 ml wash buffer and moved to the equilibrated column.
The resin was washed with wash buffer several times until the absorbance at 280
nm of the wash buffer was consistently lower than 0.09. If the absorbance at 280
nm was higher than 0.09 another 3 washes were applied. The Affimers were
eluted with 500 pl of elution buffer and the flow-through fractions were collected.
The concentration of purified Affimers were measured using a Nanodrop
spectrometer at 280 nm. Affimer were then either stored at -20 °C or biotinylated

immediately.

2.1.5 Affimer reduction and biotinylation

All reagents used for Affimer dimers reduction of -s-s- links and biotinylation were
purchased from Thermo scientific UK. This step was needed as the Affimer

clones were expressed bearing a C-terminal Cysteine residue. Pierce®
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Immobilised tris (2-carboxyethyl) phosphine (TCEP) reducing gel was used to
reduce Affimer disulphide bonds to free all thiol (Souris et al.) groups for
subsequent maleimide coupling chemistry. TCEP gel (150 ul) was washed with
PBS containing 1 mM edetate disodium (EDTA) three times followed by 4 ul of
PBS containing 50 mM EDTA, followed by adding of 150 pl of 0.5 mg/ml Affimer.
The mixture was incubated for 1 h at room temperature on a rotator at 20 rpm.
The mixture was centrifuged at 1,000 xg for 1 min and the supernatant containing

the reduced Affimer was recovered.

For biotinylation, EZ-Link® NHS-SS-Biotin (0.8ul) was dissolved in 1 ml of
dimethyl sulfoxide (DMSO) stock solution (5 mg/ml). Then, a 6 ul aliquot was
immediately mixed with 45 pl of 0.1 mg/ml of reduced Affimer to make a total
volume of 100 yl PBS. This was incubated at room temperature for 2 h. After that
the free biotin maleimide was removed by using a Zepa spin desalting column
(7K MWCO). The biotinylation was confirmed by ELISA.

2.1.6 Enzyme-linked immunosorbent assay (ELISA) for Affimer

biotinylation

ELISA was used to confirm the biotinylation of Affimers. Nunc-Immuno™
MaxiSorp™ strips were coated with 50 ul of PBS per well then mixed with 1, 0.1
and 0.01 ul of biotinylated Affimers. The plate was incubated over night at 4°C
then washed 3 times with 300 ul per well of phosphate-buffered saline/Tween 20
(PBST) using a plate washer (TECAN HydroFlex). Diluted high sensitivity
streptavidin-HRP (1:1000 in 2x Blocking Buffer) was added at 50ul per well then
incubated for 1 h at room temperature on a vibrating platform shaker (Heidolph
VIBRAMAX 100; speed setting 3). Six washes with 300 ul per well of PBST were

performed using the plate washer prior to developing in 50 ul of 3,3',5,5-
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tetramethylbenzidine (TMB)/substrate solution. The absorbance was measured

at 620 nm in an Ascent™ microplate reader (Thermo scientific).

2.1.7 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE)

SDS-PAGE was used to determine the molecular mass of purified Affimers and
in pull-down assays. Ten ug of total protein samples were mixed with 10 ul of 2x
Laemmli sample buffer (95%) and 2-mercaptoethanol (5%, w/v) and heated
immediately at 95°C for 10 min. Then, the mixed solutions were centrifuged at
16,000 xg for 5 min. After that, 10 ul of the supernatants were loaded into Mini-
PROTEAN® TGX™ 4-15% precast gels (4-15% (w/v)) along with 5 pl of protein
ladder. The gel was run at 100V for 75 min with 1X Tris-glycine running buffer
and developed with Generon quick Coomassie stain for 1h at room temperature.
A protein ladder (10 to 260 KDa) was used as a standard molecular weight guide.
SDS gels were washed overnight with deionised water to destain the gels.

Images were captured using Syngene G-Box imager.

2.2 Affimer characterisation

2.2.1 Immunoprecipitation (pull down assay)

All selected anti-CEA Affimers and CEA protein were dialysed in 1X PBS (pH 7.4)
before pull-down assay. Ni2*-NTA resin (40 ul) was washed three times with wash
buffer followed by centrifugation then resuspended in 40 pl wash buffer. Then,
200 ng of Affimer was added to the washed resin and incubated on rotator for
2 h at 4° C. The Affimer loaded resin was centrifuged at 1000 xg for 15 min to
remove unbound Affimer followed by a single wash using wash buffer. Affimer

loaded resins were then mixed with 40 ul of 1 mg/ml purified CEA from Abcam
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(Abcam PIc), cell lysates of LoVo and CEA secreted into the LoVo medium as
described in section 2.2.3. These mixtures were incubated overnight at 4 °C on
a rotator. The resins were washed 3x times with 1X PBS and proceed with SDS-
PAGE analysis and western blotting to determine the success of the pull-down
assay. SDS-PAGE was run including all fractions collected from the pull down
including unbound Affimer, washed Affimer, unbound CEA, washes to remove
free CEA and the lysate. The supernatants were aspirated carefully (10 ul) and
loaded into the precast gel (4-15% (w/v)) along 5 pl of protein ladder. The gel was
then run at 100 V for 75 min with 1X Tris-glycine running buffer and developed

using quick Coomassie stain dye for 1 h at room temperature.

2.2.2 Western blotting

Following electrophoresis, as for SDS-PAGE analysis, proteins were transferred
using wet electroblotting onto 0.2 um PVDF membranes under a constant voltage
of 100 V for 90 min with cooling. Then, the membranes were soaked in
SuperBlock T20 (TBS) blocking solution for 30 minutes on a rocking platform then
washed 3x with 0.1 % (v/v) TBST for 5 min each time. The membranes were then
probed with anti-CEA or anti-His tag antibody diluted 1:1000 in TBS blocking
solution followed by incubation for 1 h at room temperature on a gentle rocking
platform. Membranes were washed 3x for 5 min with 1X PBS after each
incubation and then incubated with appropriate secondary antibody HRP
conjugated (1:2000) for 1 h at room temperature. Three final washes were carried
out in 0.1% TBST followed by three washes in 1XTBS. Pierce™ ECL substrate

was added and images were captured using a Syngene G-Box imager.



53

2.2.3 CEA protein isolation

2.2.3.1 Cell culture

LoVo cells (ATCC® Cat. No. 8706010), were grown in media containing F-12
Nutrient Mixture with GlutaMAX™-| (Ham) 1X (Gibco® by Life technologies; Cat.
no. 31765-027) and 10% (v/v) Foetal Bovine Serum (FBS), 50 U/ml of penicillin
and 50 pg/ml of streptomycin in a 150 cm? flask at 37 °C inside 5% CO:2 humidified
incubator. Then culture medium was aspirated on day-3 and day-6 then stored
for CEA protein isolation. Cells were grown as monolayer until reaching

confluency at day 7.

HEK 293 cells (ATCC® Cat. No. 85120602), were grown in Dulbecco’s Modified
Eagle Media (DMEM) containing GlutaMax™-I (Gibco® by Life Technologies;
Cat. No. 31966-021) supplemented with 10% (v/v) heat-inactivated FBS (Sigma
life Science; Cat no. F7524). Culture media was aspirated and stored in a similar

manner as for LoVo cells.

2.2.3.2 CEA protein isolation

Culture medium for LoVo and HEK293 cells was centrifuged at 3220 x g for 5
min at 4°C to remove cell debris followed by careful aspiration of the supernatant.
The supernatant was then concentrated using an Amicon® Ultra Centrifugal Filter
(15 ml, 50 KDa device, Millipore) for 10 min at 5000 x g and 4°C. The supernatant

was then centrifuged at 16,000 x g for 30 min at 4°C and stored at -20 "C.

2.2.3.3 Direct ELISA

Neutravidin-coated 96-well plate was prepared as the following: A stock solution
of 1 mg/ml Neutravidin was prepared using 100 mM PBS then 50 pl of Neutravidin

at a concentration of 5 pg/ml in 100 mM PBS was added into each well of a Nunc-
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ImmunoTM MaxisorpTM 96-well plate. The plates were incubated overnight at 4
°C then 200 ul of 2x blocking buffer was added into each well and incubated
overnight at 37 °C. As a final step, the plate was washed one time with PBS

before further use.

Biotinylation of target protein CEA or human-myoglobin as a control was
performed using biotin N-hydroxysuccinimide (NHS). Biotin NHS was dissolved
in DMSO at concentration of 5 mg/ml while proteins were dissolved in 1X PBS
buffer (pH 7.4) at a concentration of 1 mg/ml. Then, 10 ul of 1 mg/ml CEA or
myoglobin solution was mixed with 0.8 ul of biotin NHS in 100 ul of PBS buffer
followed by incubation for 1 h at room temperature. Zeba Spin Desalting Columns
(7K MWCO) were then used to remove unbound biotin. Next, 100 ul of 80% (v/v)
glycerol was added to the mixture and the solution was stored at -20 °C or used

for direct ELISA.

For direct ELISA, 1 mg/ml of biotinylated protein was diluted in 2x blocking buffer
(1:2000) and aliquoted 50 pl into each well followed by incubation for 1 h at room
temperature on a plate shaker platform at 400 rpm. The plates were washed 3x
with PBS then 10 pl of 10x blocking buffer was aliquoted into each well then 40
pl of 0 — 100 pg/ml Affimers were added. The plates were then placed on a
shaking platform at 400 rpm for 1 h at room temperature. Following 3x washing
steps with PBS, 50 pul of diluted anti-His6-HRP (1:1000) in 2x blocking buffer were
added as a secondary antibody into each well and plates were further incubated
for 1 h on a plate shaker (400 rpm) at room temperature. Finally, six washing
steps were performed using PBS before 50 ul of TMB substrate was added per
well. Colour change was allowed to develop for 5 min before measuring

absorbance at 620 nm.
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2.2.3.4 Affimer immunofluorescence staining

The binding specificity of Affimers was assessed in fixed LoVo and HEK 293 cells.
Cells were seeded in a 6-well plate at 3x10° cells per well for 3 days on cover
slips (Cellpath, Newtown Powys, UK) and cultured in the same condition as
described in section 2.2.3.1. At 70% cells’ confluency, the medium was
aspirated, then each well was washed 3x with PBS (pH7.4) buffer with incubation
for 5 min at room temperature. Next, cells were fixed in 4% (w/v)
paraformaldehyde solution for 10 min at room temperature before fixative solution
was discarded. Fixed cells were washed 3x times with PBS then blocked in TBS
blocking buffer (pH7.4) and incubated for 30 min at room temperature.
Biotinylated Affimers at 10 ug/ml in blocking buffer were added and incubated
overnight at 4 "C. As a positive control, 1 pyg/ml of mouse anti-human CEA
antibody (Thermo Scientific) was used as a primary antibody on separate
coverslips. Next, the coverslips were washed 3x times with PBS and incubated
with Streptavidin DyLight 488 conjugate (1:1000) for cells probed with biotinylated
Affimers or Goat anti-mouse IgG secondary antibody conjugated with Alexa
Fluor® 488 (Invitrogen) (1:1000) for positive control coverslips. Incubation with
secondary reagents was carried out for 1 h at room temperature in the dark.
Coverslips were washed 3x with PBS then mounted with ProLong® gold antifade
reagent with DAPI and left to cure overnight then stored at 4°C in the dark. As a
negative control, biotinylated Affimers or primary antibodies were omitted.
Immunofluorescence staining was visualised using an AxioObserver Z.1
microscope equipped with an ApoTome system of structured illumination (Zeiss,

Germany).
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2.3 Silica nanoparticles

Dye-doped silica nanoparticles were synthesised according to recently published
methods (Tiernan et al., 2015, Santra et al., 2001, Huang et al., 2009, Gubala et
al., 2010). The linkage chemistry for conjugating the antibodies and Affimers to
the surface of the silica nanoparticles was assessed while confocal microscopy
was used to quantify tumour specific cell targeting across the colorectal cancer
cell lines. Unless otherwise stated in the following sections, ‘Wash’ steps refer to
the nanoparticles being pelleted via centrifugation, resuspended in the wash
solution using ultrasonication, re-pelleted by centrifugation and the supernatant

discarded.

2.3.1 Fluorophore (NIR664)-doped silica nanoparticle manufacture

Dye doped silica nanoparticles were manufactured in batches as shown in Figure
2.1. For each batch, 5 mg of near infra-red (Master et al.) 664-iodoacetamide
(4,5-Benzo-5'-(iodoacetaminomethyl)-1',3,3,3',3"-pentamethyl-1-(4-

sulfobutyl)indodicarbocyanine) dye was dissolved in 6.25 ml of 1-hexanol
followed by mixing with 3.25 ul of 3-mercaptopropyl-triethoxysilane (MPTES).
The final dye: MPTES molar ratio of this mixture was 1:2. Next, the mixture was
stirred at room temperature under N2 for 4 h to ensure conjugation of the dye and
organosilane. Then, 2 ml of the conjugated dye was added to the following
mixture in a plastic tube covered in aluminum foil: 3.78 g (4.045 ml) of the non-
ionic surfactant Triton X-100, 15 ml of cyclohexane, 1.6 ml of 1-hexanol and 960
pl of distilled water. The mixture was further stirred for 5 min to form a
microemulsion. Tetraethyl orthosilicate (TEOS) was added (200 pl) and the tube
was stirred for 30 min at room temperature. One hundred and twenty microliters

of 28% [w/w] ammonia hydroxide was added and the mixture was stirred for 24
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h at room temperature. This was followed by addition of 150 pl of TEOS, and the
tube was further stirred for 30 min at room temperature. Ethanol (20 ml) was
added to break the microemulsion and the mixture was resuspended in 30 ml
Corex centrifuge tubes (Corning) with equal volumes. Each tube was then
centrifuged at 11,000 xg for 25 min at room temperature and supernatant was
discarded and the particles were resuspended in ethanol using sonication. The
particles were washed 4x times with ethanol. Tubes were stored at 4°C or

immediately functionalised.

2.3.2 Amination of silica nanoparticles

Dye doped silica nanopatrticles (4 ml of 2 mg/ml) were suspended in ethanol plus
4% [vIv] (3-aminopropyl) triethoxysilane (APTES) for 3 h at room temperature
while stirring in a 15 ml Falcon tube. The aminated particles were then transferred
to a centrifuge tube (Corex) followed by 2x washes with ethanol and centrifuged
at 11,000 xg for 25 min. The contents were then washed once using 2-(N-
morpholino) ethanesulfonic acid (MES) buffer (pH 7.0) then resuspended in MES

buffer at final concentration of 2 mg/ml.
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Figure 2. 1. Schematic of NIR 664- dye doped silica nanoparticles synthesis

using water in oil microemulsion technique.

Water in oil phase was created by dissolving NIR 664-iodoacetamide dye in 1-hexanol
followed by mixing with 3-mercaptopropyl-triethoxysilane (MPTES) followed by mixture
with Triton X-100, cyclohexane, 1-hexanol and distilled water. Hydrolysis step was
achieved by addition of Tetraethyl orthosilicate (TEOS) and ammonia hydroxide. Silica
shell condensation was achieved by addition of TEOS then ethanol to break the
emulsion. Purification step involved centrifugation and sonication followed by amination

step. (NH4OH) : ammonia hydroxide; (APTES): 3-aminopropyl) triethoxysilane.
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2.3.3 Quantification of amine on silica nanoparticles

The fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) assay was used to quantify
the number of free amine groups on the surface of the nanoparticles (Chen and
Zhang, 2011). Fmoc-Cl is a chloroformate ester and used to introduce FMOC
group as the FMOC carbamate. The FMOC carbamate is often used as a
protecting group for amines and may be cleaved by bases such as piperidine.
The assay involves binding the fluorenyl group, which is highly fluorescent, to free
amine groups on silica nanoparticles surface (King et al., 1990). The Fmoc-Cl
assay is ideal for the dye-dope silica nanoparticles, since the quantification step
of the Fmoc-Cl fluorescent assay takes place independent of the presence of the
nanoparticles. Fmoc-Cl fluorescence was measured at various concentrations in
a borate buffer (0.1 M, pH 8.0) containing 10% [v/v] piperidine in order to create
a standard calibration curve (Chen and Zhang, 2011). The dye-doped silica
nanoparticles were suspended in borate buffer (0.1 M, pH 8.0) at a concentration
of 60 mg/ml then 435 ul of the suspension was mixed with 15 pl of Fmoc-Cl
solution (0.01 M in acetonitrile). The mixture was incubated at room temperature
for 40 min with continuous mixing then washed twice with 10 ml of 1% Tween-20
and four times with distilled water. The particles were resuspended in 450 pl of
borate buffer and 50 pl of piperidine was added at 10% [v/v] solution for 10 min.
The mixture was centrifuged at 10,000 xg for 15 min. The supernatant was
aspirated and its fluorescence measured using fluorimeter at an excitation

wavelength of 267 nm.



60

2.4 Silica nanoparticle-antibody conjugation

2.4.1 Conjugation of dendrimer onto the silica nanoparticles

Polyamidoamine (PAMAM) dendrimer (1 pmol) generation 4.5 (Dentritech,
Midland, USA) was dissolved in distilled water then 41.7 mg of N-
hydroxysulfosuccinimide (sulfo-NHS) and 71.6 mg of N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide (EDC) were added to the mixture and made up to a 1 ml
volume using MES buffer (pH 6.0) and stirred for 25 minutes at room temperature.
Nanoparticles (1 ml of 2 mg/ml) were suspended in MES pH 7.0 then added to
the reaction mixture and stirred at room temperature for 25 min. The mixture was
centrifuged at 16,000 xg for 8 min, unbound dendrimer was removed in the
supernatant and the particles were washed twice and resuspended in MES buffer

pH 7.0.

2.4.2 Conjugation of antibody onto silica nanoparticles

The dendrimer functionalised silica nanoparticles mixture was split into two equal
volumes and 10 pg of anti-CEA IgG or 10 ug of anti-digoxin IgG antibody, as a
negative control, were added to each sample and incubated at room temperature
for 4 h with gentle stirring. Sodium hydroxide (100 pl [4.5 mM], pH 9.0) was added
to stop the reaction. The functionalised nanoparticles were washed twice in 0.1
M sodium phosphate, 0.15 M sodium chloride, pH 7.2 (referred to subsequently
as 0.1 M PBS) and centrifuged at 11,000 X g for 25 min to remove unbound IgG.
The functionalised nanoparticles were resuspended in 0.1 M PBS at 2 mg/ml.
Bovine serum albumin (BSA) (2%, w/v) was added before the nanoparticles were

stored at 4°C in the dark.
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2.5 Silica nanoparticle-Affimer conjugation

2.5.1 Polyethylene glycol (PEG)-linked nanoparticle-Affimer conjugates

Bifunctional PEG linkers are capable of conjugating amine groups to sulfhydryl
groups and therefore offer oriented conjugation. NHS-PEG-Maleimide
(SM(PEG))4 was prepared as a stock solution of 250 mM by dissolving 100 mg
in 680 pl of dimethyl sulfoxide (DMSO). Next, 8 ul of 250 mM SM(PEG)4 solution
was added to 5 ml of NIR-664 dye-doped nanoparticles (2 mg/ml) and incubated
with gentle mixing for 30 min at room temperature. Particles were washed twice
with PBS (pH 7.2, 10000g x 15 minutes) to remove unbound SM(PEG)4 then
particles were resuspended in PBS at 2mg/ml. The sample was divided into two
and 60 pl (1 mg/ml) of anti-CEA or anti-myoglobin (control) Affimer were added
for each 1 mg of nanoparticles then incubated for 2 h at room temperature with
gentle mixing. The functionalised nanoparticles were then washed 2x with PBS
and resuspended at 2 mg/ml. Bovine serum albumin (BSA) 0.1% [w/v] was added

to the suspended particles and stored in the dark at 4°C.

2.5.2 EDC-linked nanoparticle-Affimer conjugation

NIR-664 dye-doped nanoparticles were first carboxylated as the following. The
nanoparticles were washed 2x in dimethylformamide (DMF) (10000g x 15
minutes) then resuspended at 1 mg/ml in 15 ml of 10% succinic anhydride
dissolved in DMF. Particles were then gently stirred under running argon gas for
4 hours at room temperature. Since there were no oxygen sensitive functional
groups present, argon gas was used as a protective gas at this step. The

particles were then washed 3x times with distilled water.

Then, 10mg of carboxylated nanoparticles were suspended in 5 ml mixture of

0.1M MES, 0.5 M NaCl (pH 6.0) and 1.92 mg of EDC. Then 5.43 mg of sulfo-NHS
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was added to the mixture and incubated for 15 min at room temperature with
gentle mixing. The reaction was quenched by adding 20 mM of 2-MEA while
unreacted molecules were removed by washing the particles 2x with PBS (6000g
x 10 minutes). Particles were resuspended at 2 mg/ml in 0.1M PBS then 60 ug
(1 mg/ml) of anti-CEA or anti-myoglobin Affimer was added for each 1 mg of
nanoparticles. The reaction mixture was incubated at room temperature for 2 h
with gentle mixing. The functionalised nanoparticles were then washed 2x with
PBS and resuspended at 2 mg/ml. Bovine serum albumin (BSA) 0.1% [w/v] was

added to the suspended particles and stored in the dark at 4°C.

2.5.3 sSMCC-linked nanoparticle-Affimer conjugates

Fresh  sulfo-succinimidyl 4-(maleimidomethyl) cyclohexane-1-carboxylate
(SMCC) (6 mg) was mixed with 60 pg (1 mg/ml) of anti-CEA or anti-myoglobin
Affimers and stirred gently at room temperature for 20 min. The reaction mixture
was then added to 4 ml of 1 mg/ml aminated nanoparticles and stirred at room
temperature for 2 h then washed twice with PBS (6,000 xg for 15 min) to remove
unbound sulfo-SMCC. The nanoparticles were resuspended at 2 mg/ml and
finally 0.1% (w/v) BSA was added. The nanoparticles were either stored in the

dark at 4°C or used immediately for in vitro experiments.

2.6 Photosensitiser encapsulated silica nanoparticle

2.6.1 Foslip® encapsulated silica nanoparticle

Water soluble meta-tetra (hydroxyphenyl) chlorin (MTHPC) Foslip®
photosensitiser (20 mg/mL DPPC/DPPG, 2.2 mM mTHPC, 50 mg/mL glucose)
was kindly provided by Biolitec AG (Jena, Germany) with molecular weight of
680.764 g/mol. It was supplied as a powder and stored at -20 °C as per the

manufacturer’s instructions. The powder was dissolved in PBS to make a stock
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solution of 100 uM and filtered through a syringe filter (0.1 um pore size; TPP,
Trasadingen, Switzerland). One mL aliquots of the stock solution were then
stored in the dark. The stock solution was used to assess Foslip® PDT-mediated
cellular toxicity on colorectal cancer cell lines before it was encapsulated inside
silica nanopatrticles. Foslip powder (20 mg) was dissolved in 25 ml of hexanol-1-
water (50%:50% v/v) solution then mixed with 6.5 pl of 3-mercaptopropyl-
triethoxysilane (MPTES). MPTES is an organosilane which prevents
nanoparticles aggregation. The mixture was stirred at room temperature under
N2 for 4 h then 2 ml of the mixture was added to 7 g (8.09 ml) of the non-ionic
surfactant Triton X-100, 30 ml of cyclohexane, 3.2 ml of 1-hexanol and 1.92 ml of
distilled water. The mixture was further stirred for 5 minutes then TEOS was
added (400 ul) and the tube was stirred for 30 minutes at room temperature. 240
ul of 28% [w/w] ammonium hydroxide was added and the mixture was stirred for
24 h at room temperature. This was followed by addition of 300 ul of TEOS, and
the tube was stirred for 30 minutes at room temperature. Ethanol (40 ml) was
added to break the microemulsion and the mixture was resuspended in 30 ml
Corex centrifuge tubes (Corning) with equal volumes. These underwent
centrifugation 3x times at 15,000 xg for 25 min at room temperature. The liquid
was discarded and the particles were resuspended in 0.1 M PBS at a
concentration of 1 mg/ml using sonication then stored at 4°C. Foslip loaded silica
nanoparticles were then functionalised with either anti-CEA or anti-myoglobin

Affimer on the following day using SSMCC as described in section 2.5.3.

2.7 Silica nanoparticles characterisation

2.7.1 Spectrofluorometer measurements of silica nanoparticles

The fluorescence intensity of dye or photosensitiser doped silica nanoparticles
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was quantified on a spectrofluorometer (Berthold Technologies Mithras LB 940
multimode microplate reader with Mikro Win 2000 software) with a halogen lamp
intensity of 23,000 and excitation and emission spectra of 405 nm +/- 10 nm and
645 nm +/- 30 nm corresponding to NIR665 dye and Foslip. Thirty-six separate
readings were recorded for each well. The values corresponding to outer areas
of each well were discarded from further analysis in order to negate the effects of

increased cell density at the edge of each well.

2.7.2 Dynamic light scattering (DLS)

The DLS measurement for nanoparticles was made using a Zetasizer Nano
series, Nano-ZS DLS system with a red (633 nm) laser (Malvern Instruments Ltd)
at room temperature and in a small volume disposable cuvette. Data analysis
was performed using DTS Applications 5.10 software. Data acquisition was
performed following 10 measurement runs with 10 s/run for each sample and the
average value was reported. For characterisation of functionalised silica

nanoparticles, 100 ul of each sample was used in the measurement.

2.7.3 Scanning electron microscopy imaging (SEM)

SEM images were captured using field emission gun scanning electron
microscopy (FEG-SEM, LEO 1530 Gemini FEGSEM) fitted with an Oxford
Instruments 80 mm X-Max SDD detector, Carl Zeiss. Silica hanoparticles were
dispersed in water and a drop of the particle suspension was placed on a piece
of micro glass slide fixed to a metal grid coated with carbon film. The drop was
dried gradually at room temperature then sputter coated with gold and observed

using the SEM to assess the particle size and shape.
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2.8 Cell culture

The human embryonic kidney (HEK) 293 epithelial cell line (Cat. No. 85120602)
as a control, and the human colorectal cancer cell lines: LoVo (Cat. No. 8706010,
metastatic left supraclavicular lymph node from a primary colon
adenocarcinoma), HCT116 (Cat. No. 91091005, colonic adenocarcinoma), and
LS174T (Dukes’ B human colorectal adenocarcinoma) were obtained from the
American Type Culture Collection (ATCC). Cells were passaged when they were
70 to 80% confluent. HEK 293 cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (1X) with GlutaMAX™-| (Gibco® by Life Technologies;
Cat. No. 31966-021) and 10% (v/v) foetal bovine serum (FBS) (Sigma life
Science; Cat no. F7524). LoVo cells were maintained in F-12 Nutrient Mixture
with GlutaMAX™-| (Ham) 1X (Gibco® by Life technologies; Cat. no. 31765-027)
and 10% (v/v) FBS. LS147T cells were maintained in minimum essential media
(MEM) with 10% (v/v) FBS. HCT116 cell lines were maintained in Roswell park
memorial institute medium (RPMI 1640) with GlutaMAX™-| (Gibco® by Life
Technologies; Cat. no. 61870-044) and 10% (v/v) FBS. Cells were grown on
tissue culture treated non-pyrogenic polystyrene culture plates (Corning®

Costar®) at 37 °C in a humidified atmosphere, in the presence of 5% COo..

2.8.1 Cell counting

Cell number was assessed using an improved Neubauer haemocytometer, by
introducing 10 pl of cell suspension. Cells were counted in four large corners (x10
magnification) on each of the grids and an average number was calculated. This
value was multiplied by 10* to give the total number of cells per ml of cell

suspension.
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2.9 Nanoparticle in vitro fluorescence imaging assay

2.9.1 Celllines

Colorectal cancer LoVo, LS174T, and HCT116 (9x10%) cells were seeded onto
three sterile glass coverslips (Cellpath, Newtown Powys, UK) in a six-well plate
(Corning) and grown for 24 h. Next, culture media was discarded and the cells
were washed 2x with PBS followed by addition of paraformaldehyde (4%, v/v) for
fixation. The cells were incubated at room temperature for 30 min. then the
fixative was discarded and cells were washed 3x times with PBS. BSA (0.1%
(w/v), (EMD chemicals, San Diego, USA)) was added to each well and incubated
for 30 min at room temperature. The BSA was removed and the cells underwent
3x washes with PBS. Antibody or Affimer functionalised (NIR665 or Foslip
loaded) nanoparticles (suspended in PBS at 1 mg/ml) were added to the wells
and incubated at room temperature in the dark for 1 h. The nanoparticle
suspension was discarded and the cells were washed 3x times with PBS then
coverslips were mounted onto glass slides using Depex (Waltham,
Massachusettes, USA). The slides were left to cure overnight then stored at 4 °C
in the dark then imaged using confocal microscopy. For each experiment, three
biological replicates were performed and results were discarded if the cell

monolayer was disrupted.

2.9.2 Confocal microscopy

A Nikon A1R-A1 confocal microscope (Nikon, Tokyo, Japan) with NHS Elements
software (version 4.0) was used for all imaging. The microscope was calibrated
and settings were saved and used for all subsequent image capturing. Each slide
was divided into 4 quadrants, each of which was examined systematically. For

each slide, five z-stack files were captured including an image from approximately
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the centre of each quadrant and one from the centre of the entire coverslip. For
each quadrant, a phase/Cy7 z-stack image (distance between stacks: 0.5 um,
0.2 um and 0.4 pm for LS174T, LoVo and HCT116 cells respectively, chosen to
produce a similar number of z-stack images) was captured. The whole depth of
at least one cell was included during imaging by setting up the upper and lower
limits of the z-stack. The microscope stage was then moved to the next quadrant
and a z-stack captured. The fluorescent image was not examined during image

location selection in order to eliminate the potential selection bias.

2.9.2.1 Nanoparticle image analysis: single z-stack slice

The analysis strategy was adopted from Tiernan et al 2015. A fluorescence value
per um of membrane for the image was calculated using the following equation

and as shown in Figure 2.2:

Membrance fluorescence per ym

RaWIntDenback round
{RaWIntDenmembrane - [( g ) X Areamembrane] l

Are abacground
Circumference

\ )




68

Figure 2. 2. Quantification method of membrane fluorescence.

The cell membrane was traced (left) of the fluorescent image and measurement was
taken. The mean background was then subtracted (right). Confocal images of LoVo cells

incubated with anti-CEA Affimer functionalised dye-doped silica nanopatrticles.

Two analysis strategies were employed to quantify the fluorescence signal
intensity for each cell line. First, a single slice from each z-stack was selected
approximately half way between the base and top of the cell. These distances
were 5 um, 1.4 um and 4.8 um for LS174T, LoVo and HCT116 cells respectively.
These slices were saved as fluorescent, phase and combined “.tiff images, then
fluorescence was gquantified using ImageJ software version 1.42q (NIH Freeware,
Maryland, USA). Using the phase image, the inner and outer boundaries of the
cell membrane were traced then applied to the fluorescent only image and the
raw integrated density (RawlIntDen, the sum of the pixel values in the selected
area) were recorded. A background area was also selected (ie. an area with no
cell fluorescence) and the same measurements were taken. The circumference

of the cell being examined was also measured. The above fluorescence
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measurement protocol was used for five z-stacks per cell line, in all three cell
lines including test and control nanopatrticles.
2.9.2.2 Nanoparticle image analysis: maximum image projection

The second image analysis was performed using the maximum image projection

(MIP) function according to the following equation:

RaWIntDencell) <RaWIntDenbackground>

Mean cell fluorescence = (
Areace”

Areabackground

NHS Elements software offers this function where all of the z-stack images are
constructed to give a new single image by taking the brightest pixel from all of the
z-stacks. This is not a true cumulative image but can be used to verify the results
of the single z-stack slice analysis. MIP images analysis was performed in a

similar manner as described in the single z-stack analysis.

2.9.3 Image analysis: statistical methods

The mean fluorescence and standard error were compared for CEA-targeted
nanoparticles and control nanoparticles for in all cell lines using unpaired t-test

and Mann-Whitney test.

2.10 Nanoparticle photodynamic therapy in vitro assay

All experiments were conducted in subdued lighting to prevent the photodynamic

effects of photosensitisers.
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2.10.1 Photodynamic treatment of cell lines

LoVo, LS147T, HCT116 and HEK293 cells were grown as described previously
(section 2.9.1) in two identical 6 well plates. Anti-CEA Affimer functionalised
nanoparticles and their respective controls with various concentrations (1-5
mg/ml) were added to the wells and incubated at room temperature in the dark
for 24 h. The nanoparticle suspension was removed after 24 h and the cells were
washed 3x times with PBS. Cells were checked again to ensure no disruption of
the monolayer. Cell culture plates were placed on top of the diffuser surface of a
light-radiating device and treated with a light dose of 0.225 - 0.675 J/cm? then
kept in the dark. Light dose was calculated based on treatments which lasted for
10-45 min at 0.25 mW/cm?. The light-radiating device comprised of a series of
LEDs (Avago Technologies, California, USA), with peak wavelength of 600-
700 nm and a spectral half-width of 12 nm. Control plates were kept in the dark
with no light irradiation. Three biological replicates were performed for each
experimental condition. Results were discarded if the cell monolayer was

incomplete or disrupted and the experiment was repeated.

2.10.2 Viable cell counts with trypan blue

At 24 h following light irradiation, cells were detached from the 6-well plate with
trypsin 0.05 % (v/v) and 0.5 % ethylenediaminetetraacetic acid (EDTA), (Gibco®
by Life Technologies™ Cat no. 15400-054) in sterile Dulbecco’s phosphate
buffered saline (DPBS) (1X), (Gibco® by Life Technologies™; Cat. no. 14190-
094), for 5 minutes at 37 °C in a humidified atmosphere, in the presence of 5%
CO:s2. The plates were visualised under x10 magnification to ensure cells were no
longer adherent to the plate. Cell specific media with phenol red and FBS was

added to each well to inactivate the trypsin and the contents of each well were
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aspirated and transferred to an individual 15 ml centrifuge tube (Corning® Costar®
Cat. No. 430790). Each well was washed with 1 ml DPBS and the wash was
added to the 15 ml centrifuge tube. Tubes were centrifuged at 400 g for 5 minutes
at 21 °C, the supernatant was removed and the cell pellet was re-suspended in
0.5 ml of cell specific media. The cell suspension was transferred to a 4 ml vicell
cup (Beckman Coulter Cat. No 10192147) and viable cell counts were performed
via an automated cell counter incorporating Trypan Blue staining, (Vi-cell®

Beckman Coulter) to obtain the number of viable cells per well.

2.10.3 Cell viability assay

The 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
tetrazolium salt (yellow) is reduced into a blue/purple formazan dye via the
mitochondria of the cells. If the mitochondria are not viable or have reduced
activity then there will be very little or none precipitate formed. Stock solution of
MTT (Sigma,Cat. No. M-2128) was prepared at 5 mg/ml in PBS and wrapped in
foil to protect from light. The media, in which the seeded cells were grown, was
replaced with 50 ul of 1 mg/ml working MTT solution and incubated in the dark
for 3 hours. MTT solution was then removed and the dark blue formazan dye
formed was dissolved in 100 pl of propan-1-ol. Optical density was measured

using a microplate reader (Opsys MR™, Dynex technologies Itd, UK) at 570 nm.

2.10.4 Cellular reactive oxygen species detection assay

Effect of Foslip on the intracellular Reactive Oxygen Species (ROS) levels was
estimated using 2’,7° —dichlorofluorescin diacetate (DCFDA). DCF is a highly
fluorescent compound which can be detected by fluorescence spectroscopy with
maximum excitation and emission spectra of 495 nm and 529 nm respectively.

Cells were seeded on a 96 well plate 2.5 x 10* cells/well and incubated for 24 h.
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Cells were then washed once using 1X Buffer then stained with 25 uM DCFDA
in 1X Buffer for 45 min at 37 °C. Cells were then washed once with PBS then
incubated with functionalised silica nanoparticles for 24 h in the dark then
illuminated for 30 min. Immediately after illumination, nanoparticles suspension
was then discarded and 10 uM DCF-DA (Merck, New Jersey, USA) in Hank’s
balance salt solution (Merck, New Jersey, USA) was added for 30 min and
incubated in a CO:2 incubator then washed with PBS. DCF fluorescence was

observed using confocal microscope.

2.11 Animal model of colorectal cancer

2.11.1 General considerations

All in vivo experiments were approved and licensed by the Home Office (animal
licence holder Dr Louise Coletta, current licence number P93AOF172 and
expired licence number 70/7965) and carried out in keeping with the University
of Leeds ethical review committee. Personal animal licence was obtained from
Home Office with reference number 41683 after | successfully completed the
licensee training course. All reasonable efforts were made to reduce the number
of mice required and to minimise any likely suffering. The animals were inspected
daily by a qualified technician while their weight and tumour dimensions were
measured twice per week. Mice were housed in a polypropylene cage with a 12
h day/night cycle while food and water were provided. Mice were euthanised at
the end of each experiment following standard regulations. | am very grateful to
Mr Thomas Maisey and Ms Debra Evans at St. James Biomedical Services
(SBS), University of Leeds who purchased the animals, developed the xenograft

model and helped with the tail vein injections for this part of the project.
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2.11.2 Colorectal cancer mouse xenograft model

Four to 6-week-old BALB/c nu/nu female mice were injected subcutaneously to
the right flank with 1.5 x 10% LS174T cells. When the tumours reached
approximately 8-10 mm in diameter (approximately 10-12 days), the mice were
injected with nanoparticles through the tail vein then imaged using an IVIS small
animal molecular imaging system (Perkin ElImer, Waltham, USA) with excitation

and emission filters set at 652 nm and 684 nm respectively.

2.11.3 Nanoparticles in vivo fluorescence imaging

Foslip-loaded nanoparticles were suspended in Eppendorf tubes and imaged
using Living Image (version 4.3.1, Caliper Life Sciences, Massachusetts, USA)
before they were injected into mice to ensure that they were fluorescent and
active. Mice were randomised into 4 groups. Mice were injected with 100 pL of 1
mg/ml concentration of nanoparticles (suspended in PBS) as the following: anti-
CEA Affimer Foslip-loaded silica nanoparticles, anti-myoglobin Affimer Foslip-
loaded silica nanoparticles, anti-CEA Affimer Foslip-negative silica nanoparticles
and anti-myoglobin Affimer Foslip-negative silica nanoparticles. The mice were
imaged at 1 h, 6 h, 30 h and 48 h post injection. For each mouse at every single
time point, three images were captured. The animals were then sacrificed under
anaesthesia and organs tissues were harvested and imaged again using the IVIS
imaging system. All organs including xenografts were halved and one half was
snap frozen while the other half was embedded in 4% (w/v) paraformaldehyde
for future analysis. Fluorescence measurements were taken using Living Image
(version 4.3.1, Caliper Life Sciences, Massachusetts, USA) as the following. The
tumour was traced as a ‘region of interest’ and a mean quantum efficiency

measurement taken. A second region of interest was drawn on the opposite flank
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and another mean quantum efficiency measurement taken (background

fluorescence) and subtracted from the tumour measurement.

2.11.4 Fresh frozen tissue

Archived sample of freshly frozen fluorescence positive xenograft and matched
control (fluorescence negative) from mice were cryosectioned (Leica LM3050,
Leica Biosystems, Newcastle, UK) into 5 um thick sections and mounted directly
onto SuperFrost Plus slides. They were left to dry at room temperature for 60 min
and rehydrated with TBS. They were then mounted, viewed and captured as per

the fixed cells using confocal microscopy.

2.11.5 Nanoparticles in vivo photodynamic therapy

This experiment has been postponed due to the ongoing corona virus pandemic.
We plan to perform this part of the project in the near future as the following.
LS174T xenograft bearing mice will be randomised into three groups. Mice will
then be injected with the following: anti-CEA Affimer Foslip loaded silica
nanoparticles followed by light illumination, anti-CEA Affimer Foslip loaded silica
nanoparticles but will be kept in the dark and finally anti-myoglobin Affimer Foslip
loaded silica nanoparticles followed by light illumination. Xenograft's size and
volume will be measured for a period of 2 week then mice will be sacrificed.

Organs will be harvested and treated as described in section 2.11.4.
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Chapter Three

Anti-CEA Affimer targeted, dye-
doped silica nanoparticles for

Imaging of colorectal cancer cells
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3 Anti-CEA Affimer targeted, dye-doped silica

nanoparticles for imaging of colorectal cancer cells

3.1 Abstract

Background

Nanoparticles can offer potential solutions for targeting colorectal cancer during
laparoscopic surgery, including sensitive imaging. Targeting can be achieved
using a bioreceptor. Synthetic binding proteins, such as Affimer, are emerging as
potential alternative to antibodies with many additional advantages. The aim of
this chapter was to conjugate carcinoembryonic antigen (CEA) -specific Affimers
to dye-doped silica nanoparticle and test its targeted fluorescent imaging of

colorectal cancer cells in vitro.
Methods

Three clones of anti-CEA Affimer (I-11l) were expressed and purified then tested
for binding specificity to CEA using pull-down assay, ELISA and
immunofluorescence. NIR664-doped silica nanoparticles were fabricated using
water-in-oil microemulsion technique. Anti-CEA or control Affimers were
conjugated to nanoparticles using three different chemical linkers: polyethylene
glycol (PEG); 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC) and sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-
1-carboxylate (sulfo-SMCC). The positive control anti-CEA antibody was
conjugated to nanoparticle using polyamidoamine dendrimers (PAMAM).

Colorectal cancer cells (LoVo, LS174T and HCT116) were incubated with CEA-
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targeted or control nanoparticles for 24 h then washed. Fluorescent imaging of

cell lines was quantified using confocal microscopy.

Results

Immunofluorescence staining of biotinylated anti-CEA Affimers (I-111) showed cell
membrane binding specificity in LoVo cells and in a similar pattern to anti-CEA
antibody. Conjugation of anti-CEA Affimers via sSMCC showed strong tumour-
specific targeting, with CEA-targeted nanoparticles demonstrating 9-, 10.7- and
2.8-fold greater fluorescence than control in LoVo, LS174T and HCT116 cells
respectively (p<0.0002). EDC and PEG-linked anti-CEA Affimer nanoparticles

showed negligible tumour-specific binding in all cell lines.

Conclusion

Anti-CEA Affimer was specific to CEA and when it was conjugated to silica
nanoparticles it allowed tumour-specific fluorescent imaging of colorectal cancer

cells in vitro.



78

3.2 Introduction

There is a substantial clinical need to develop a system that allows accurate intra-
operative staging of colorectal cancer to facilitate precision oncological surgery.
Only 35% of patients who undergo colorectal cancer resection will have lymph
nodes metastases, yet all of them receive radical resection that entails removal
of the primary cancer, vasculature and lymphatics. This means that almost 65%
of patients are over-treated with unnecessary extended resections that increase
the risk of morbidity and mortality (Logan et al., 2011); see section 1.2 . These
figures are likely to increase due to the introduction of the NBCS programme,
which led to increased diagnosis of small, early stage cancers, such as polyps
and Dukes’ A cancers. To date, there is no accurate method for pre- or intra-
operative lymph nodes staging. A potential solution to this problem is to target a
tumour specific biomarker using antibodies or synthetic binding proteins, such as
Affimers (Hoogstins et al., 2018, Andrew et al., 2016). The recently published
work by Tiernan et al (Tiernan et al., 2015), demonstrated that CEA antibody
targeted dye-doped silica nanoparticles allow specific in vivo fluorescent imaging
of colorectal cancer in a mouse model. Antibodies have their own limitations and
alternative methods are warranted to develop a robust imaging system for
colorectal cancer. This chapter focuses on anti-CEA Affimer production and a
method to conjugate them to dye-doped silica nanoparticles. The proposed
fluorescent nano system is a nanoparticle encapsulated fluorophore conjugated
to a targeting molecule using a tumour-specific antibody or Affimer. Fluorescent
signal to background ratio has to be substantial to allow translational potential; a
feature that has not been achieved in colorectal cancer surgery so far. Affimers
are synthetic binding proteins and proved to be match antibodies in their

biorecognition characteristics (Tiede et al., 2017). In an application requiring
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biorecognition, specific binding of the Affimer to its target tissue dictates the
successful targeting of the fluorescent nanoparticles. In this chapter, a unique
feature of the near-infrared (NIR664) dye has been exploited to improve the
signal-to-background ratio compared to published studies (Heath et al., 2012, van

Scheltinga et al., 2011).

The aims for this part of the project were to:

i.  Assess the ability of anti-CEA Affimers to target colorectal cancer cells in
Vitro;
ii.  Fabricate and characterise dye-doped silica nanopatrticles;
iii.  Conjugate anti-CEA and control Affimers or antibodies to the nanopatrticle
surface;
iv. ~ Compare the ability of the targeted nanopatrticles (Affimer or antibody) to

bind to tumour cells in vitro.
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3.3 Results

3.3.1 Affimer expression and purification

Here, the aim was to assess the binding specificity of three different anti-CEA
Affimers in order to select the most specific for colorectal cancer cell targeting.
Anti-myoglobin Affimer was used as a negative control because we hypothesised
that colorectal cancer cells do not express this muscle-related protein. The anti-
CEA and anti-myoglobin Affimers were selected and characterised for Kd value
and other parameters using mass spectrometry, surface plasmon resonance and
ELISA and the expression plasmids for Affimers were kindly provided for this
project by Dr. S. Shamsaddin (Shamsuddin, 2019) and Mrs E. Al-Enezi
respectively. Once the DNA sequence of the plasmids was confirmed, anti-CEA
and anti-myoglobin Affimers were expressed and purified in order to be used for
other investigations in this project. After validation of DNA sequence, the
plasmids of Affimer were expressed in BL21 (DE3) E.coli and purified using Ni2+-
NTA Affinity column chromatography; exploiting the His tag region as described

in section 2.1.4.

Anti-CEA Affimer expression was effective for Affimer Il and Il with a yield of ~ 3
mg/ml whilst Affimer | yielded only 0.5 mg/ml as shown in Table 3.1. Next, |
attempted to improve the yield of anti-CEA Affimer | by inoculating the bacterial
colonies in 2TY media as a start-up culture instead of 2 ml LB media + 1% (w/v)
glucose. A final IPTG concentration of 0.1 mM with a longer incubation time (16
h) was also used as an optimisation step. This method increased the expression
yield substantially in anti-CEA Affimer Il and Il but the yield of Affimer I only
showed slight increase to 0.9 mg/ml. The original protocol provided by the BSTG

for Affimer purification included a heating step at 50 °C. The heating was
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introduced in order to remove non-specific proteins based on the property of
Affimers that they are stable at higher temperature compared to other proteins.
Although we avoided this step in anti-CEA Affimer | expression, the yield did not
improve beyond 0.9 mg/ml. This finding suggested that anti-CEA Affimers with

different loop sequences may have unique properties.

Table 3. 1. Outcome of anti-CEA and anti-myoglobin Affimers expression and

purification.
Clone Concentration Aggregation Volume
(mg/ml)
Anti-CEA-I 0.5 Yes 1mi
Anti-CEA-II 3.1 No 1ml
Anti-CEA-III 3.7 No 1ml
Anti-myoglobin 2.9 No 1ml

Next, purification of anti-CEA Affimers was performed using Ni>*-NTA resins and
their molecular size was determined using SDS-PAGE gel as shown in Figure
3.1. The cell lysates were centrifuged to remove insoluble proteins and only
soluble fractions were transferred to the tubes containing the Ni?*-NTA resin.
Elutions of each Affimer were run on the gels and compared to their respective
soluble fractions. For all three anti-CEA Affimer (I-111), the elution bands migrated
in the range between 10-15 KDa, suggesting successful Affimer monomers
purification. The intensity of the bands observed indicated that anti-CEA Affimer
| was less expressed than anti-CEA Affimer Il and Il despite using the same

volume of eluant (5 pl). Affimer dimers were seen on the gel due to the presence
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of cysteine amino acid in the C-terminus. This is due to disulphide bond formation

between two cysteine groups on two Affimers.
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Figure 3. 1. SDS-PAGE gel of purified anti-CEA Affimers.

Lt

Gels show: (A); soluble fractions of each Affimer before Ni?*-NTA resin purification; (B),
purified Affimers after Ni>*-NTA resin had been loaded. Five pl of each sample was
added to each well and run in 4-15% (w/v) gradient gel under reducing condition. The
lanes denote: (M), protein marker in KDa; (CEA Aff-1), anti-CEA Affimer I; (CEA Aff-11),

anti-CEA Affimer II; (CEA-III), anti-CEA Affimer Ill and (Myo Aff), anti-myoglobin Affimer.
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3.3.2 Anti-CEA Affimer binding specificity

Next, the aim was to assess the binding specificity of purified anti-CEA Affimers
and, if they were specific, to conjugate them to silica nanoparticles for targeting
colorectal cancer cells. The binding specificity of the Affimer was determined

using pull down assays, immunofluorescence and ELISA.

3.3.2.1 Pull down assay of anti-CEA Affimer against CEA protein

The aim of this experiment was to determine whether purified anti-CEA Affimer
could specifically bind to cellular CEA within the context of a complex protein
mixture. Therefore, proteins were purified from the culture medium taken from the
colorectal cancer cell line LoVo, which is known to secrete CEA into the medium
(Lee et al., 2013). As controls, recombinant CEA from Abcam (positive control)
and media of HEK293 cell line (negative control) were also purified. The Affimers
were purified onto Ni?*-NTA resin and excess Affimers were removed by
centrifugation followed by two washing steps. The supernatant containing
unbound Affimers (UB Aff) and from two washing steps were kept and run on
SDS-PAGE gel. Then, the Affimer-loaded resins were mixed and incubated with
the protein mixtures and supernatant containing unbound CEA was removed and
kept to be run on SDS-PAGE gel. The result from SDS-PAGE analyses for
protein recovery with Coomasie stain is shown in Figure 3.2. In the lane of
unbound Affimer (UB Aff), there were bands migrating between 10 — 15 KDa,
suggesting Affimers were still in the supernatant with reduced intensity of the
band after the second wash (W2). This confirmed that the resins were saturated
with Affimers before moving to the next step. Results from SDS-PAGE analysis
then showed that all anti-CEA Affimers successfully pulled-down CEA from CEA

secreted into the media (LoVo M) as shown by a band detected at around 200
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KDa (Figure 3.2. A-C). The same size of band was also observed in the positive
control sample whereby anti-CEA Affimers | and lll, less for anti-CEA Affimer II,
bound specifically to recombinant CEA (Recom CEA) that was commercially
obtained. No band at this position was detected in the cell media of HEK293.
Similarly, no high molecular weight protein was seen on anti-myoglobin Affimer

which was used as control Affimer (Figure 3.2. D).



260
140

100
70
50

40
35
25
15
-
- -
U -
C Ub CEA Aff lll + CEA
Ub  Afflll+
M UbAffll Wi W2 LoVoM  Recom LoVoM Recom HEK293 HEK293
260 | l
- - :
140
100
70 ..
50 —
40

35

25

A Ub CEA Aff1+ CEA

Ub  Affl+

M UbAfl Wi W2 LovoM Recom LoVoM Recom HEK203 HEK293

l

-y

85

260

140

%5

25

B Ub CEA Affll + CEA
Ub  Affll+
M UbAfll Wi W2 LoVoM  Recom LoVoM Recom HEK293 HEK293

Aff Myo + CEA

D Ub CEA

Ub Ub  AffMyot
M AffMyo Wi w2 LoVoM  Recom LoVoM Recom HEK293 WEk293

—

Figure 3. 2. Anti-CEA Affimers successfully bind to protein of the correct size.

SDS-PAGE gel for pull-down CEA using Affimers: (A-D), showing gels of anti-CEA 1, I,

Il and anti-myoglobin Affimers respectively. Ten pl of each sample was added to each

well and run in 4-15% (w/v) gradient gel under reducing condition. The lanes denote:

(M), protein marker in KDa; (W), washed fraction; (Ub Aff) and (Ub CEA), unbound

fractions of Affimer and CEA, respectively; (LoVo M), LoVo’s cell media; (Recom),

recombinant CEA from Abcam; (Ub HEK293) unbound HEK293 media; (Aff + CEA) and

(Aff + HEK293), mixture pull down lysate. Arrows denote: (red), the pulled-down CEA,;

(blue), Affimers band.
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Next, immunoblotting of the corresponding pull-down complex was carried out to
confirm that the protein bands detected represented the actual CEA and Affimers.
For western blotting, protein samples were separated following the same
procedure as for SDS-PAGE analysis. Then, membranes were probed with anti-

CEA or anti-His tag antibody followed by secondary antibody HRP conjugated.

Two bands from the pull-downs of LoVo media (LoVo M) and recombinant CEA
(Recom) were detected at 200 KDa and represented CEA on the western blot
probed with anti-CEA antibody as shown in Figure 3.3. A. No bands were seen
from the pull-downs of HEK293 cell media or by the control anti-myoglobin
Affimer. The western blot probed with an anti-His tag antibody confirmed that the
protein band detected at 13 KDa represented the corresponding anti-CEA

Affimers as shown in Figure 3.3. B.

Collectively, these findings suggested that anti-CEA Affimers were able to

specifically bind to CEA in the protein complex.
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Figure 3. 3. Immunoblotting of anti-CEA Affimer bound to CEA.

Gels for immunoblotting from the pull-down complex using: (A), monoclonal anti-CEA
antibody to detect CEA and (B), anti-His tag antibody to detect Affimers respectively. The
lanes denote: (M), protein marker in KDa; (Aff I, II, 1l, and Myo) anti-CEA 1, II, lll and anti-
myoglobin Affimers respectively; (LoVo M), LoVo’s cell media; (Recom), recombinant

CEA from Abcam; (Aff + CEA) and (Aff + HEK293), mixture pull down complex.
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3.3.2.2 ELISA analysis of purified Affimers

To further evaluate the binding characteristics of anti-CEA Affimers against CEA,
an ELISA was used. Recombinant CEA was biotinylated and immobilised onto
streptavidin coated Nunc-Immuno™ Maxisorp™ 96-well plate and each Affimer
was used as a primary detection agent at varying concentrations. Anti-Hiss-HRP
was used as secondary antibody at 1:1000 dilution. A single well of 1x PBS was
used as negative control. Three 96-well plates with three replicates were carried
out for ELISA and absorbance at 620 nm (As20) was quantified using plate reader
as shown in Figure 3.4. All three anti-CEA Affimers showed binding to CEA in
proportion to the concentration of Affimers, whereas anti-myoglobin Affimer

showed minimum response suggesting specific binding of anti-CEA Affimers to

CEA.
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Figure 3. 4. Direct ELISA results for anti-CEA Affimers together with negative

controls.

Anti-Hiss-HRP conjugate was used as the secondary reagent. Data are mean Aszo (SEM,
n=3, X3). Symbol denote: (-®) Anti-CEA Affimer I;(7®~), Anti-CEA Affimer II; (-®-), Anti-

CEA Affimer lll; (-®=), Anti-myoglobin Affimer and( -®-), empty well.
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3.3.2.3 Anti-CEA Affimer immunofluorescent imaging of LoVo cells

Next, the aim was to assess the binding specificity of anti-CEA Affimers to fixed
colorectal cancer cells LoVo which is known to have high expression of CEA on
the cellular membrane (Ohannesian et al., 1995, Ashraf et al., 2009, da Paz et
al., 2012, Fahigren et al., 2003, Wang et al., 1999). A key step, which was Affimer
biotinylation, had to be performed before immunofluorescence could be assessed
in fixed cells. | aimed to biotinylate anti-CEA and control Affimers to allow Affimer-
based staining when it is bound to streptavidin conjugated DyLight in the
immunofluorescence staining. Affimer biotinylation was performed by mixing
freshly reduced Affimer with biotin-maleimide then excess biotin was removed
using Zeba spin desalting column (7 MWCO). The success of Affimer biotinylation
was then confirmed using ELISA in a 96-well plate with two replicates for each
Affimer. Nunc-Immuno™ MaxiSorp™ wells were aliquoted with 50 ul of PBS per
well then mixed with biotinylated Affimers then incubated with streptavidin-HRP.
Wells were then washed prior to developing in TMB/substrate solution. Affimers
biotinylation was validated by colour change from colourless in the negative
control well (omitted the biotinylated Affimer) to a blue colour as shown in the
positive wells Figure 3.5. A. Then, absorbance at 620 nm (As20) was quantified

in all Affimers using plate reader Figure 3.5. B.
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Figure 3. 5. ELISA result of biotinylated anti-CEA Affimers and control.

(A), biotinylated anti-CEA Affimers and control in the first column of wells and followed
by anti-myoglobin Affimer and control in the second column of wells. Negative control
wells consisted of 1x PBS and TMB. (B), comparison between biotinylated anti-CEA and
anti-myoglobin absorbance measurements. Data are mean As20 (SEM, X2) using TMB

as substrate.

Having demonstrated successful biotinylation of anti-CEA Affimer, the aim was

then to assess the binding specificity of anti-CEA Affimer to LoVo cells.

LoVo and HEK293 control cells were fixed with paraformaldehyde on a 6-well
plate and incubated with 10 pg/ml biotinylated anti-CEA and control anti-
myoglobin Affimers. Mouse anti-human IgG CEA (1pg/ml) was also used as a
primary antibody and included as a positive control on separate coverslips.
Streptavidin DyLight 488 conjugate was then applied to cells incubated with
biotinylated Affimers while goat anti-mouse IgG secondary antibody conjugated

with Alexa Fluor® 488 was used on the positive control coverslip then images



91

were taken as shown in Figure 3.6. All anti-CEA Affimers selectively (Figure
3.6. A-C) targeted CEA expressing LoVo cells in a similar fashion to the staining
pattern seen with anti-CEA antibody (Figure 3.6. K). No CEA staining in LoVo
cells was seen when incubated with the control anti-myoglobin Affimer (Figure
3.6. D). Also, no CEA staining was seen in HEK293 cells (Figure 3.6. E-H) and
in negative control slides of LoVo (Figure 3.6. I) and HEK293 (Figure 3.6. J)
where the anti-CEA Affimer was initially omitted. Collectively, these images
suggest that anti-CEA Affimers can specifically bind to CEA-expressing cell line.
The immunofluorescent images suggested that CEA protein could be imaged as

early as 24 h following incubation.

Considering all the results on anti-CEA Affimer binding specificity thus far, it
appeared that the Affimer was worthy of being assessed as a bioreceptor for
targeting silica nanoparticle against colorectal cancer which was the subject of

the next part of this chapter.
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Figure 3. 6. Immunofluorescence staining of LoVo cells with anti-CEA Affimers.

Cells were incubated with Affimers or anti-CEA antibody for 24 h then imaged. Images denote: (A), (B), (C) and (D), LoVo cells incubated with anti-CEA
Affimer I, II, lll and anti-myoglobin Affimer respectively; (E), (F), (G) and (H), HEK293 cells incubated with anti-CEA Affimer I, Il, Il and anti-myoglobin

Affimer respectively; (1) and (J), LoVo and HEK293 negative control cells where anti-CEA Affimer was omitted respectively; (K) and (L), LoVo and

HEK?293 cells incubated with anti-CEA antibody respectively. Scale bar on the images represent 10 um.
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3.3.3 Dye-doped silica nanoparticles: fabrication and characterisation

The aim of this part of the project was to synthesise dye-doped silica
nanoparticles to target colorectal cancer cells using anti-CEA Affimer as a
bioreceptor for selective fluorescent imaging. The NIR664 dye-doped silica
nanoparticles were fabricated using an established and published protocol
(Tiernan et al., 2015). The particles size, density of amine groups available on

the surface and their fluorescence spectra were characterised and measured.

3.3.3.1 Particle size

To measure particle size, field emission gun scanning electron microscopy (FEG-
SEM) was used. Sixty nanoparticles were randomly selected to calculate the

mean diameter which was 58.62 nm (+0.96 SEM); Figure 3.7.
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Figure 3. 7. Size distribution of NIR664 dye-doped silica nanoparticles.

(A), the particles were imaged using FEG-SEM and the diameter of 60 randomly selected
particles was measured using Photoshop; (B), the size distribution is shown with particles

diameter being binned into 5 nm intervals (n=60).
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3.3.4 Physical characterisation of ‘bare’ nanoparticles

3.3.4.1 Amine group on silica nanoparticles quantification

Following the manufacturing of the dye-doped silica nanopatrticle, the surface was
aminated using 3-aminopropyltriethoxysilane (APTES) to add amine functional
group and allow conjugation of Affimer to the surface of the nanoparticle. The
efficiency of the  amination process was  quantified  using
fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) (Chen and Zhang, 2011) using
the absorbance of the solution containing the cleaved Fmoc-CI molecules with
reference to a standard curve for Fmoc-Cl absorbance from five batches of
freshly aminated nanoparticles. The data showed that 1 mg of nanoparticles
would be functionalised with 1.92 x10%¢ amine groups; Table 3.2. Therefore, the
amination process was effective when compared to other published results

(Tiernan et al., 2015, Liu et al., 2007).

Table 3. 2. Quantification of amine groups on silica nanopatrticles.

Sample
Batch Fluorescence Con(ﬁ&?tlon (Crg]r?;;ha Mol Fmoc/mg  Amine groups/mg

n et al.)

1 443.0 13.9 3.3 1.50 x10”7 8.89 x10%°

2 426.3 12.8 4 3.51 x107 18.29 x10*°

3 410.5 12.9 25 5.11x107 29.54 x10%°

4 4155 13.8 25 5.24 x10”7 30.01x10%°

5 459.0 15.1 4 1.55 x10”7 9.20 x10%°

Mean 3.38x107 1.92 x10%°
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3.3.4.2 Fluorescence analysis

Excitation and emission spectra of the dye-doped nanoparticles was measured
using spectrofluorometer at various concentrations. Measurements were taken
from three freshly synthesised batches suspended in 1X PBS. The peak
excitation (Aex) and emission (Aem) wavelengths for particles loaded with NIR664
were 670 and 696 nm respectively; Figure 3.8. A. The fluorescent signal
produced by particles increased with increasing concentration up to
approximately 2 mg/ml, after which the signal reduced most likely due to internal

filter effect; Figure 3.8. B.
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Figure 3. 8. Fluorescence spectrum of NIR664-doped silica nanoparticles.

Dye-doped silica nanoparticles were suspended in PBS. (A), peak absorption and
emission wavelengths were recorded on a spectrometer. The blue and red lines
represent the excitation and emission spectra. (B), the relationship between NIR664-
doped nanoparticle concentration and emission fluorescence. Data denote mean (SEM,

n=3).



96

3.3.5 Chemical linkage strategies for Affimer conjugation

The aim in this section was to target aminated NIR664-doped silica nanoparticles
to CEA using anti-CEA Affimer. To do so, three chemical linking strategies were
used to assess the ability of the nanoparticles to bind to tumour cells in vitro and
guantify the specificity and fluorescent signal magnitude for each linking strategy.
Amine groups on the scaffold and sulfhydryl groups on c-terminal cysteine of the
Affimer were available for chemical linkage to nanoparticles. Therefore, chemical
linkers that could link those functional groups were assessed. Due to the low yield
of anti-CEA Affimer | as shown in Table 2.1, only anti-CEA Affimer Il and Il were

assessed in nanoparticle conjugation.

3.3.5.1 Affimer linkage to nanoparticle using EDC

The nanoparticle surface was carboxylated as described and then EDC was used

to link the amine groups on the Affimer scaffold as shown in Figure 3.9.
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Figure 3. 9. Schematic of EDC as a chemical linker for Affimer functionalised

dye-doped silica nanoparticles.

EDC and sulfo-NHS were used as a zero length crosslinker to conjugate carboxylated
nanoparticles and Affimers. Four anti-parallel 8 strands are shown in yellow and one a

helix strand in pink. PDB ID: 4N6T.
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Due to the presence of lysine amine acid within the loop of anti-CEA Affimer I,
which could potentially link this Affimer to the nanoparticle in manner in which
would be compromised it was not used. Instead, anti-CEA Affimer Il and anti-
myoglobin Affimers were selected for this experiment. The nanoparticle
suspension was washed 3 times to ensure that unbound Affimers were discarded
following centrifugation. Removal of unbound Affimers was confirmed by
measuring the absorbance corresponding to protein in the reaction mixture and
each discarded supernatant. It is evident from the graph that Az2so nm, dropped
significantly following incubation and washing, showing removal of loosely bound
Affimers; Figure 3.10. This approach was used with all other chemical linkers for
Affimer conjugation. Washing unbound Affimers would allow only those
conjugated to nanoparticles to target CEA on colorectal cancer cells. The mean
diameter of EDC linked nanoparticles was 65 nm (+10.7 SEM, n=5) using

dynamic light scattering (DLS).
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Figure 3. 10. Absorbance measurement of EDC-linked anti-CEA Affimer Il to

nanoparticles.

Azgo Of the reaction mixture comprising sulfo-NHS, EDC and anti-CEA Affimer Il prior to
the nanoparticles being added (pre-incubation), following incubation but with the
nanoparticles removed, and of the supernatant following washes in ethanol. Data denote

mean (SEM, n=3).
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3.3.5.2 Affimer linkage to nanoparticle via bifunctional PEG

Bifunctional PEG crosslinkers, that contain an NHS ester at one end and a
maleimide group at the other, were used to conjugate reduced Affimers and link
free amine groups on the surface of the aminated nanoparticles to the free

sulfhydryl groups on c-terminal cysteine of the Affimer; Figure 3.11.
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Figure 3. 11. Schematic of PEG as a chemical linker for Affimer functionalised

dye-doped silica nanoparticles.

Bifunctional PEG crosslinker was used to conjugate Affimer to aminated nanopatrticles.
The blue colour on the reduced Affimer represents the 11 lysine residues at the surface
of the Affimer scaffold whilst the yellow colour represents the cysteine at the C-terminal

(pdp. 4N6T).
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The nanoparticle mixture was washed 3 times to remove unbound Affimers in a
similar manner to that described in section 3.5.1. Although a prolonged (2 h)
incubation was used more unconjugated Affimer remained (Figure 3.12);
possibly due to the much larger number of amine groups available when carrying
out EDC catalysed conjugation. The mean diameter of PEG linked nanoparticles

was 90 nm (+18.5 SEM, n=5) using DLS.
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Figure 3. 12. Absorbance measurement of PEG-linked anti-CEA Affimer Il to

nanoparticles.

Azgo Of the reaction mixture comprising PEG and anti-CEA Il Affimer prior to the
nanoparticles being added (pre-incubation), following incubation but with the
nanoparticles removed, and of the supernatant following washes in ethanol. Data denote

mean (SEM, n=3).
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3.3.5.3 Affimer linkage to nanoparticles via sSMCC

TCEP reduced anti-CEA and anti-myoglobin Affimers were prepared and linked
via the free Affimer sulfhydryl group to the aminated nanoparticle surface using
sSMCC; Figure 3.13. The mean diameter of SSMCC linked nanoparticles was 61
nm (+£18.5 SEM, n=5) using DLS. In a similar manner to PEG linkage to
nanoparticle, more unbound Affimers post incubation was observed when

absorbance was measured at 280 nm.
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Figure 3. 13. Schematic of sSSMCC as a chemical linker for Affimer functionalised

dye-doped silica nanoparticles.

sSMCC reacts with the aminated nanoparticle surface to form a stable amide bond with
a maleimide group that can then be conjugated to the free sulfhydryl group on a reduced
Affimer. The blue colour on the reduced Affimer represents the 11 lysine residues at the
surface of the Affimer scaffold whilst the yellow colour represents the cysteine at the C-

terminal (pdp. 4N6T).
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3.3.6 PAMAM linkage of anti-CEA antibody to nanoparticles

Next, the aim was to conjugate anti-CEA antibody to the surface of NIR664 dye-
doped silica nanoparticles using an established conjugation protocol (Tiernan et
al., 2015) as shown in Figure 3.14. Anti-CEA antibody functionalised
nanoparticles acted as positive control, when compared to anti-CEA Affimer
functionalised nanoparticles. PAMAM dendrimers are branched chain molecules
that can be synthesised to contain a specified number of branches. PAMAM
generation 4.5 carboxylate sodium salt dendrimers were used to conjugate
aminated nanoparticles to whole IgG. Each ‘R’ group in this case has 16 available
carboxyl groups, due to the increased number of branches (four versus one).
PAMAM dendrimer conjugation should lead to change in nanoparticle diameter
due to its size (approximately 5 nm). Therefore, the size of ‘bare’ nanoparticles
and CEA-targeted nanopatrticles were compared using DLS. The mean diameter
of PAMAM linked nanoparticles was 72 nm (+11.5 SEM, n=5); compared to 58.62
nm (+0.96 SEM, n=5); for bare nanoparticles (p< 0.0001; unpaired t-test); Figure
3.15. The size of functionalised nanoparticles was still small enough for the

proposed applications.
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Figure 3. 14. Schematic of antibody functionalised silica nanoparticles.

PAMAM generation 4.5 carboxylate sodium salt dendrimers was used to conjugate
aminated nanoparticles to whole IgG antibodies. EDC and sulfo-NHS were used as a
zero length crosslinker between the dendrimer and aminated nanoparticle and between
the dendrimer and whole antibody forming covalent bond. Each ‘R’ group has 16

available carboxyl groups.
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Figure 3. 15. Size difference of functionalised and bare nanoparticles.

Bare dye-doped silica hanopatrticles compared to Affimer (conjugated via sSSMCC, EDC
and PEG) targeted nanoparticles and antibody targeted nanoparticles conjugated via
PAMAM dendrimers. NP denotes: nanoparticle. Data denote diameter mean (SEM, n=5).

Data are significantly different at P<0.0001.

3.3.7 In vitro analysis of binding specificity of targeted nanoparticles

against colorectal cancer cells

The potential of each of the chemical linking strategies was assessed
systematically and quantitatively to ascertain the success of targeted tumour-
specific fluorescent imaging. The binding specificity of anti-CEA antibody was
optimised previously within our group and identical methods were followed to

confirm the findings. The ability of each anti-CEA Affimer functionalised
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nanoparticles was then compared to anti-CEA antibody and control Affimer
functionalised nanoparticles. The control nanoparticle was identical in structure
and chemical properties to the anti-CEA functionalised nanoparticle and varied
only in the Affimer specificity. Although bare nanoparticles have been used in
other published studies as controls, their size, surface chemistry and charge are

different which makes them inappropriate controls.

Confocal microscopy was used to quantify the fluorescence in two ways: a
representative optical signal through the cell, and a maximum image projection
(MIP) as described in Chapter 2. Data are expressed as the fold difference in
fluorescence intensity between the cells incubated with control and anti-CEA

functionalised nanoparticles.

3.3.8 Affimer functionalised fluorescent nanoparticles

First, the potential of each of the linking strategies for directing tumour-specific
fluorescent imaging was quantitatively assessed. To do this, the ability of each
conjugated nanoparticle type to direct binding to CEA-positive colorectal tumour
cells in vitro was compared. In each case, binding directed by the anti-CEA
Affimer was compared with a control anti-myoglobin Affimer. Anti-CEA and anti-
myoglobin functionalised nanoparticles were incubated with LoVo cells to assess
specific binding. PEG- and EDC-linked Affimer tagged nanoparticles failed to
demonstrate significant Affimer-dependent tumour cell binding. PEG-linked
particles produced poor signals whilst nanoparticles to Affimer conjugated using
EDC showed very poor Affimer-dependent tumour cell binding, with only 1.1-fold
greater binding of CEA-targeted nanoparticles as compared to control (p=0.013).

Conjugation of Affimer carried out with sSMCC showed strong tumour-specific
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targeting, with CEA-targeted nanoparticles demonstrating 3.2-fold greater

fluorescence than control in the MIP analysis (p<0.0003); Figure 3.16.
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Figure 3. 16. Affimer conjugation of dye-doped silica nanoparticles using PEG, EDC or sSMCC.
LoVo cancer cells were incubated with either anti-CEA (CEA-Aff) or control anti-myoglobin Affimers Il tagged nanoparticles. Images were collected
using confocal microscopy and fluorescence was quantified. Representative maximum image projection images are shown. Data denote mean

fluorescence (SEM, n=5). Data are significantly different at p<0.0003.
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Having identified SMCC as the appropriate chemical linker to conjugate the
Affimer to the surface of the nanoparticle, anti-CEA Affimer Il and 1ll, conjugated
via SMCC to nanoparticles, were incubated with three different colorectal cell
lines, each of which is known to express CEA at differing concentrations and
HEK293 control cell line. LoVo cells show high level expression, LS174T cells
moderate to high expression, HCT116 cells low expression, and HEK293 cells
no expression of CEA (Ohannesian et al., 1995, Ashraf et al., 2009, da Paz et al.,
2012, Fahlgren et al., 2003, Wang et al., 1999). Conjugation of Affimers via
sSMCC allowed strong tumour-specific targeting, with CEA-targeted
nanoparticles demonstrating 9-, 10.7- and 2.8-fold greater fluorescence than
control in LoVo, LS174T and HCT116 cells respectively (p<0.0002) for the single
slice analysis (Figure 3.17-19). Only data for single slice images were shown in
the graphs. A similar pattern of successful CEA-targeted fluorescence was
observed in the MIP analysis, with CEA-targeted nanoparticles demonstrating
3.3-, 4.4-, and 2.2-fold greater fluorescence than control particles in LoVo,
LS174T, and HCT116 cells respectively (p<0.0002). There was no fluorescent
signal seen when HEK293 cells were incubated with anti-CEA Il and Ill or anti-
myoglobin functionalised nanoparticles. The data are summarised in Table 2 and
3. Importantly, there were no differences in the fluorescent signal when
comparing nanoparticles bearing anti-CEA Affimer Il or lIl. Similarly, the mean
fluorescence for anti-CEA Affimer functionalised nanoparticles was comparable
to anti-CEA antibody functionalised nanoparticles. Anti-CEA antibody targeted
nanoparticles via PAMAM dendrimer also showed high antibody-dependent
tumour cell binding with 7.8-fold greater fluorescence than control in LoVo cells
(p<0.0002) for the single slice analysis and 3.2-fold greater fluorescence than

control particles in the MIP analysis (p<0.002).
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In all three cell lines that | tested, anti-CEA Affimer targeted nanoparticles showed
significantly greater fluorescence compared to non-targeted control nanoparticles. The
time dependent nature of the fluorescence and the fact that it appeared to be

cytoplasmic, suggests the fluorophore had been internalised by the cells.
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Figure 3. 17. Fluorescent imaging of LoVo cells using anti-CEA Affimer functionalised nanoparticles.

LoVo cancer cells were incubated with either anti-CEA Affimer Il and 1l or control anti-myoglobin Affimers tagged nanoparticles. Images were collected
using confocal microscopy and fluorescence was quantified. Panels A and B show single slice and maximum projection images respectively. Graphs

C and D show quantification of fluorescent from single slice images (A). Data denote mean fluorescence (SEM, n=5). Data are significantly different at
p<0.0002.
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Figure 3. 18. Fluorescent imaging of LS174T cells using anti-CEA Affimer functionalised nanoparticles.

LS174T cancer cells were incubated with either anti-CEA Affimer Il and Il or control anti-myoglobin Affimers tagged nanoparticles. Images were
collected using confocal microscopy and fluorescence was quantified. Panels A and B show single slice and maximum projection images respectively.

Graphs C and D show quantification of fluorescent from single slice images (A). Data denote mean fluorescence (SEM, n=5). Data are significantly

different at p<0.0002.
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Figure 3. 19. Fluorescent imaging of HCT116 cells using anti-CEA Affimer functionalised nanoparticles.

HCT116 cancer cells were incubated with either anti-CEA Affimer 1l and IIl or control anti-myoglobin Affimers tagged nanoparticles. Images were
collected using confocal microscopy and fluorescence was quantified. Panels A and B show single slice and maximum projection images respectively.

Graphs C and D show quantification of fluorescent from single slice images (A). Data denote mean fluorescence (SEM, n=5). Data are significantly
different at p<0.0002.
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Unpaired t-test Mann-Whitney test
CEA Control p value | Fold difference CEA Control p value | Fold difference
targeted (Mean) targeted (Median)
(Mean) (Median)

PEG Single slice | LoVo 44.91 42.30 0.71 1.06 30.20 30.9 0.99 0.98
LS174T 53.11 59.5 0.72 0.9 63.091 64.01 0.98 0.99

HCT116 465.2 495.01 0.71 0.94 479.58 478.04 1 1

MIP LoVo 2.7 2.65 0.99 1.04 3.5 3.2 0.98 1.1

LS174T 3.1 3.059 0.98 1.01 3.7 3.45 0.89 1.07

HCT116 7.2 6.48 0.84 1.1 7.7 7.1 0.99 1.08

EDC Single slice | LoVo 812.00 722.18 0.013 1.12 665.89 410.78 0.016 1.62
LS174T 869.6 779.0 0.41 1.12 767.94 714.24 0.65 1.08

HCT116 891.78 889.4 0.84 1 531.11 486.25 0.45 1.09

MIP LoVo 30.7 20.04 0.013 1.53 31.99 19.04 0.014 1.68

LS174T 29.2 28.1 0.81 1.04 30.08 29.85 0.59 1

HCT116 26.05 22.70 0.49 1.15 18.6 18.51 1 1

SMCC | Single slice LoVo 3510.000 390.1 0.0003 9 3881.2 464.24 0.0071 8.4
LS174T 1402.0 131.05 0.002 10.7 1311.5 128.03 0.008 10.24

HCT116 2449.4 848.14 0.0004 2.8 2610.4 840.45 0.008 3.1

MIP LoVo 46.42 14.10 0.0002 3.3 52.4 17.61 0.0071 2.9

LS174T 31.42 7.10 0.0001 4.4 29.22 6.56 0.0071 4.5

HCT116 31.05 13.91 0.0002 2.2 36.74 12.89 0.0072 2.9

Table 3. 3. Summary of in vitro fluorescent quantification analysis of anti-CEA Affimer Il functionalised dye-doped silica nanoparticles
binding.

Data from control and test experiments were compared using both parametric and non-parametric statistical analyses. Bold numbers represent statistical

significance. CEA targeted: Anti-CEA Affimer Il dye-doped silica nanopatrticles; control: Anti-myoglobin dye-doped silica hanoparticles.
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Unpaired t-test Mann-Whitney test
CEA Control p value | Fold difference CEA Control p value | Fold difference
targeted (Mean) targeted (Median)
(Mean) (Median)

PEG Single slice | LoVo 45.11 41.00 0.694 1.1 30.97 30.87 0.98 1
LS147T 51.45 61.2 0.78 0.84 61.89 64.44 0.88 0.96

HCT116 441.9 486.21 0.655 0.91 480.88 478.32 0.89 1

MIP LoVo 2.9 2.6 0.97 1.11 3.1 3.09 0.99 1
LS174T 3.3 3.09 0.98 1.07 3.45 3.21 0.89 1.07
HCT116 6.5 5.87 0.765 1.11 7.45 6.99 0.78 1.07
EDC Single slice | LoVo 845.00 768.18 0.0127 1.1 678.45 397.78 0.0149 1.71
LS174T 877.6 798.0 0.39 1.1 779.4 678.45 0.45 1.15

HCT116 891.78 889.4 0.79 1 542.91 389.14 0.09 1.4
MIP LoVo 30.9 19.80 0.0142 1.5 32.19 19.44 0.0125 1.66
LS174T 28.9 27.9 0.49 1.04 31.15 29.72 0.419 1.05

HCT116 26.4 19.40 0.219 1.4 18.9 17.11 0.78 1.1

SMCC | Single slice LoVo 3502.000 389.1 0.0003 9 3876.4 450.74 0.0071 8.6
LS174T 1380.0 125.5 0.002 11 1299.5 116.03 0.0072 11.2

HCT116 2465.7 850.24 0.0004 2.9 2590.9 835.77 0.0079 3.1

MIP LoVo 47.69 14.90 0.0002 3.2 51.8 17.86 0.0071 2.9

LS174T 30.12 6.85 0.0001 4.4 29.71 6.063 0.0071 4.9

HCT116 31.50 13.125 0.0002 2.4 35.45 11.44 0.0072 3.1

Table 3. 4. Summary of in vitro fluorescent quantification analysis of anti-CEA Affimer Il functionalised dye-doped silica nanoparticles
binding.

Data from control and test experiments were compared using both parametric and non-parametric statistical analyses. Bold numbers represent statistical

significance. CEA targeted: Anti-CEA Affimer Il dye-doped silica nanopatrticles; control: Anti-myoglobin dye-doped silica nanopatrticles.
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It is therefore concluded that anti-CEA Affimer functionalised dye-doped silica
nanoparticles, using sSMCC for effective coupling, allowed tumour cell-specific
fluorescent targeting in vitro. This is the first successful and sufficiently controlled
use of targeted fluorescent nanoparticles using Affimers for in vitro colorectal

cancer imaging.
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3.4 Discussion

The data presented in this chapter are the first to demonstrate specific, in vitro
imaging of colorectal cancer cells using Affimer-targeted fluorescent
nanoparticles. A nanotechnological approach was utilised to concentrate a
fluorescent dye within the core of silica nanoparticles then directed against the
CEA on tumour cells using synthetic binding protein Affimer. To achieve this, a
number of distinct steps were formulated that allowed a logical progression from

a hypothesis to in vitro testing with successful outcomes.

The challenge in developing a targeted nanoparticle against a specific tissue is
to produce a stable detection probe with reliable binding properties between the
bioreceptor on the nanoparticle surface and the target tissue. CEA was selected
as the target tissue because it has been shown to be a robust tissue biomarker
for colorectal cancer (Tiernan et al., 2013). The characteristic features of dye-
doped silica nanoparticles are fit for purpose here as they are sufficiently small,
easy to synthesise, non-toxic, can be functionalised with targeted proteins and
are cheap to mass produce (Guillou et al., 2005a, Santra et al., 2001, Tiernan et
al., 2015). Silica nanoparticles can be made by a variety of routes, which may be
categorised into “chemical” or “physical”’. However, the main two methods are:
the Stober method or the water-in-oil reverse microemulsion method. The latter
was used in this project because it produces monodispersed nanoparticles with
well-controlled diameter below 100 nm (Bagwe and Khilar, 2000, Bagwe et al.,
1999). The silica core is hydrophilic and suitable for water-soluble dyes in order
to make a stable core as the electrostatic interaction of positive dye with the
negatively-charged silica molecules is an important factor for stability. Our group
had a significant experience with manufacturing NIR664-doped silica

nanoparticles that allowed consistent production of the optimised nanopatrticles.
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Having synthesised the dye-doped particle, the surface was modified through
attachment of an amino-silane to make amine groups available for conjugation to
antibody/Affimer. Amination of the particles was required for all of the tested
linking strategies. Quantification of the number of amine groups on the surface
on the nanoparticles can be achieved using several assays. Some of these
traditional assays rely on absorbance or fluorescence measurement (Habeeb,
1966) but would not be ideal for the current project as the amine groups are
located on a fluorescent particle that would distort the results via light scattering.
Accordingly, the methodology to quantify amine groups in fluorescent
nanoparticles was employed and showed effective loading of amine groups

(Chen and Zhang, 2011).

3.4.1 Anti-CEA Affimer as atargeting bioreceptor

Antibodies have very high specificity to the antigens and recognise a defined
molecular structure (epitope) (Haggarty et al., 1986). When considering an
alternative binding protein to antibody, high affinity and specificity are key
parameters. The relationship between specificity and affinity in anti-CEA
antibody to CEA interactions has been investigated extensively (Muraro et al.,
1985, Haggarty et al., 1986, Bosslet et al., 1985, Byers et al., 1988). Antibodies
are enriched with amino acids residues containing aromatic side chains such as
tyrosine, tryptophan and phenylalanine which are surrounded by short-chain
hydrophilic side chains (aspartate, asparagine, serine, threonine and glycine).
The highly structured amino acids organisation of antibody plays an important
role in attaining the conformation which accounts for its high affinity binding
(Koide and Sidhu, 2009, Peng et al., 2014). This phenomenon occurs in other
synthetic binding proteins such as nanobody and monobodies as these residues

present favourable interaction with the epitope surface (Sha et al., 2017b). Of
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interest, all anti-CEA Affimers contain these amino acids in each variable region
with approximately 44% frequency as shown in Table 2.1. Apart from the
chemical properties of epitopes that contribute to the protein-protien interaction,
Affimer has many other advantages over antibody. The advantages of using
Affimers is that a uniform protein can be produced by a cheaper and less
complicated process, which enable long-term availability. In addition, their
compact size when compared to antibodies, allow more stable conjugation to
nanoparticles which inevitably improve the binding affinity and avidity (Tiede et
al., 2014b). So far, Affimers have been able to bind to around 60 target molecules,
including CEA (Kyle, 2018). Affimers are expressed in E.coli with no animals used
for production. This makes Affimers more ethically sound and in keeping with the
National Centre 3Rs principles (replacement, refinement and reduction) of
animals in research. The average cost for 1 ml (50 ug/ml) of human anti-CEA
antibody is ~£275 whereas the cost for producing 5 ml (3 mg/ml) of anti-CEA
Affimer is less than £100. On a mass scale, the Affimer offers a substantial cost
effectiveness when compared to antibody, an important criterion for clinical
application in the future. Since anti-CEA Affimers would be used as bioreceptors
in developing a targeted fluorescent nanoparticle, extensive characterisation was

crucial, particularly in regard to specificity of the Affimers against CEA.

Results from Affimer-fluorescence analysis demonstrated that all three anti-CEA
Affimers were highly specific to CEA secreted on LoVo cell surface and no
binding was observed in control HEK293 cells. These results matched the
tumour-specific fluorescence of LoVo, LS174T and HCT116 cell lines when
targeted by anti-CEA antibody functionalised silica nanoparticles (Tiernan et al.,
2015) and in accordance with CEA being membrane—anchored glycoprotein

(Tiernan et al., 2013). To date, no reports on anti-CEA Affimer being conjugated
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to nanoparticles for fluorescent imaging in colorectal cancer. Kaushal et al
(Kaushal et al., 2008a), used anti-CEA antibody-AlexaFluor488 conjugate for
targeted fluorescent imaging of colorectal cancer cells LoVo, HCT116, SW948,
LS174T, HT29 and SW480 in vitro. Interestingly, only LoVo, HCT116, SW948,
and LS174T cancer cell lines expressed CEA as identified by antibody staining.
HT29 and SW480 cell lines were reported to be CEA-expressing negative due to
weak antibody-based fluorescence above background. However, the authors did
not describe a systematic method for quantification of antibody-based
fluorescence and confined the definition of CEA expression in these cells to being
CEA-expressing positive. In addition, their study lacked control cell line and
control antibody. In sharp contrast, Boonstra et al (2015), showed high CEA
expression in LoVo, SW480 and HT29 cancer cell lines when targeted by
fluorescein-conjugated anti-CEA antibody in flow-cytometry,
immunohistochemical and immunofluorescent analysis (Boonstra et al., 2015).
They also found HCT116 cell line to have low CEA expression, which is in
keeping with our findings. There are plethora of recombinant anti-CEA antibodies
that have been engineered for imaging and therapy of colorectal cancer such as
single chain Fv (scFv, ~25 kDa) (Graff et al., 2004, Pavoni et al., 2006), single
chain antibody (scAb), diabody (Db, ~50 kDa) (Mglgaard et al., 2017),

nanobodies (Leung, 2012) and bispecific antibody (Yazaki et al., 2012).

Anti-CEA Affimers showed specific binding to CEA in different forms including
secreted CEA by LoVo cells and commercially available native protein.
Collectively, these results justified using anti-CEA Affimer as an alternative

bioreceptor to anti-CEA Antibody.
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3.4.2 Affimer chemical linkage strategies

To covalently link two compounds, it is first necessary to understand the reactive
groups that are present in each of them. Next, it is required to choose the most
appropriate crosslinker to participate in the selected conjugation reaction. The
selection of potential chemical linkers to conjugate the Affimer onto the
nanoparticle was based on both published and novel techniques. Three linking
strategies were employed including PEG, EDC and sSMCC in an effort to control
the orientation of the Affimer and therefore increase sensitivity while reducing

steric hindrance.

PEG is hydrophilic co-polymer that consists of repeating units and in variable
range of lengths (Harrison et al., 2016). Bifunctional PEG linkers are capable of
conjugating amine groups to sulfhydryl groups and therefore offer oriented
conjugation hence it was tested. PEGylated gold nanoshells were one of the first
models to successfully harness the potential of metallic nanoparticles for use in
photothermal ablation therapy (Hirsch et al., 2003). PEG had been successfully
used to conjugate tumour-necrosis-factor-alpha (TNF) antibody to gold
nanoparticles with mean diameter ~ 34 nm and resulted in a significant reduction
in tumour volume and enhanced survival in MC38 colorectal tumour-burdened

C57/BL6 mice (Paciotti et al., 2004, Lipka et al., 2010, Libutti et al., 2010).

PEG linking failed to demonstrate any Affimer-dependent cell binding as show in
the present study. Varying experimental conditions were employed in attempt to
discover the cause of this. We hypothesised that some of the amine groups of
the nanoparticles were not bound to the PEG linker. Two different methods were
tested including: PEG to nanoparticle initially or PEG to Affimer initially before

attaching the second component. Different concentrations, media pH and
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solvents were also employed but all failed to produce any successful tumour
specific imaging. PEG decreases the amount of attraction between nanoparticles
by increasing the steric distance between them and increasing hydrophilicity via
ether repeats forming hydrogen bonds with solvent. PEG linked nanoparticles
measured ~100 nm in diameter. The relative size of the particles means there
are likely to be unbound antigen sites between adjacent bound particles. Steric
hindrance, where the size of the nanoparticle-Affimer complex, the location and
orientation of the Affimers on the surface, and the relative density of the antigen
on the cell membrane can all reduce binding specificity (Lu et al., 1996, Jie et al.,
2011). Yoon et al (2005), fabricated cobalt ferrite magnetic nanoparticles coated
with a shell of amorphous silica (MSN), which contained luminescent rhodamine
B isothiocyanate or fluorescein isothiocyanate on the inside of the silica shell
(Yoon et al., 2005). Then, they attached PEG on the outside of silica shell to
compare the efficiency of uptake into MCF7 breast cancer cells the particles with
and without PEG modification. Attachment of PEG did not significantly change
the size of their nanoparticles, but we observed 1.8-fold increase in silica
nanoparticles size when conjugated to PEG. They also reported that PEGlation
of the MSN increased internalisation into lung cancer cells (A-549), and breast
cancer cells (MCF-7) but also into control mammalian lung normal cells (NL-20).
The unwanted internalisation into control cells is a common problem with
untargeted nanoparticles despite PEG functionalisation. On the other hand, Yoo
et al (2004), used PEG to conjugate folate as a bioreceptor to doxorubicin to form
a nano-aggregates with an average size of 200 nm in diameter (Yoo and Park,
2004). Doxorubicin and folate were respectively conjugated to a- and N-terminal
end group of a PEG chain. The doxorubicin nano-aggregates showed a greater

extent of intracellular uptake against folate-receptor-positive cancer cells than
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folate-receptor-negative cells, suggesting folate-receptor-mediated endocytosis.
The nano-aggregates also exhibited more potent cytotoxic effect on epidermal
nasopharyngeal carcinoma cancer cell line KB and lung cancer cell line A549
than free doxorubicin. Therefore, PEG linkers are appropriate for a liposome
nanoparticle but may fail when deployed to solid, metallic nanoparticles as
liposomal nanoparticles better mimic naturally circulating entities and, thus, may
not require as stringent of a PEGylation protocol. Nanoparticle composition is the
most important consideration when selecting a PEG conjugation approach

(Jokerst et al., 2011).

EDC has been used to conjugate whole IgG antibodies to silica nanoparticles
(Zhao et al., 2004, Wu et al., 2008) for tumour targeting in vitro. It is used to
conjugate carboxyl and amine groups and is known as a zero-length cross-linker
due to the ‘leaving group’. However, crosslinking is essentially randomly oriented.
EDC linking demonstrated tumour-specific binding, but with low effect (fold
increase ~1) in LoVo cells only. Although EDC seems to have been the most
popular chemical linker for conjugating antibody to nanopatrticles, here it failed to
demonstrate a significant tumour-specific imaging. Control EDC-linked
nanoparticles produced high levels of non-specific fluorescence too. Researchers
reported that EDC forms an unstable O-acylisourea ester that is prone to fast
hydrolysis and regeneration of the carboxyl (Tiernan et al., 2015, Gubala et al.,
2010). The unstable chemical linkage could lead to increased level of unbound
anti-CEA Affimer to the surface of nanoparticle and the fluorescence observed
was due to nanopatrticles being very sticky to cells surface as shown in the control
group. In attempt to reduce the non-specific binding of control nanoparticles and
after Affimers were conjugated to the surface, succinic anhydride was used to

convert remaining free amine (positively charged) groups into negatively charged
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carboxylates. No difference in fluorescence was observed despite this step and
attempting this prior to Affimer incubation would prevent their conjugation. In a
recent study, doxorubicin-loaded mesoporous silica hanoparticles were targeted
against the epithelial cell adhesion molecule (EpCAM) in colon cancer cells
SW620 with aptamer (Xie et al., 2016). The aptamer functionalised nanopatrticles
were synthesised by EDC/NHS amide coupling reaction between carboxyl
modified particles and amino modified aptamer with mean diameter ~ 180 nm.
The targeted nanoparticles increased cellular uptake and increased cytotoxicity
of doxorubicin in SW620 but not in Ramos human B lymphoma control cells when
compared to nanoparticles without aptamer on the surface. However, the authors
did not describe whether the control particles were bare nanoparticles or EDC
functionalised but without aptamers. Their synthesis protocol involved 12 h
incubation period of NHS, aptamer and EDC activated nanoparticles mixture and
the final particles were obtained by centrifugation at 15,308 xg at 4 °C. Our
incubation period was only 2 h and the centrifugation to remove unbound
molecules was 10,000 xg. The shorter incubation period of the nanoparticles
mixture might suggest reduced number of bound Affimers despite the low
absorbance readings following the 3 washing steps. Further optimisation of the
EDC linkage protocol in our study could potentially improve the efficacy of Affimer

conjugation to nanoparticles.

SMCC is a heterobifunctional linker that can react with the aminated nanoparticle
surface to form a stable amide bond with a maleimide group that can then be
conjugated to the free sulfhydryl group on the Affimer. A number of published
reports described linking a reduced antibody to a quantum dot using SMCC and
iron oxide (Abdolahi et al., 2013, Tiwari et al., 2009). sSMCC linking allowed

strong tumour-specific imaging across all colorectal cancer cell lines. The figures
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for fluorescence fold difference correlated with the relative expression of CEA for
each cell line, but importantly it is also the level of non-specific fluorescence for
control nanoparticles that dictates the highest fluorescence fold change that was
seen in LS174T. However, it is difficult to draw any conclusions regarding the
relationship between targeted-nanoparticle-induced fluorescence and cell
surface antigen density. Gubala et al (Gubala et al., 2010) reported successful
functionalisation of dye-doped silica nanoparticles with goat anti-human IgG
using sSMCC. Although they reported a significant increase in nanoparticle
diameter to ~200 nm following the conjugation process, their bare nanoparticles
size was ~ 100 nm when compared to ~ 50 nm in our report. In addition, Affimers
are 10 times smaller than antibodies which also accounts for the size difference
observed. Control sSMCC-linked patrticles produced low levels of non-specific
fluorescence. We hypothesised that a proportion of amine groups on the patrticle
surface may not be bound to SMCC linkers and may be creating a positive
surface charge leading to non-specificity in the control group. However, there was
significant difference in fluorescence between CEA-Affimer dependent cell
binding and control Affimers. The conjugation process used in this chapter proved
to be stable and effective for functionalising the Affimers on the surface of the
nanoparticles. However, the techniques for each surface modification (amination
or carboxylation) and subsequent conjugation process (PAMAM or SMCC) can
be further optimised by controlling different factors such as temperature, media
pH, antibody/Affimer to nanoparticles ratio and so on. For the purpose of this
project this appeared to be exhaustive and infeasible where testing nanoparticles

in a cellular system will yield a huge number of variables.
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3.5 Conclusion

It is concluded that the purified anti-CEA Affimer is specific to CEA and when it is
linked to dye-doped silica nanoparticles using sSMCC it can be targeted against
CEA-expressing colorectal cancer cells for in vitro imaging. The successful targeted
delivery of the nanoparticle to colorectal cancer cells lends itself to be an ideal vehicle
to replace the dye with a molecule that can allow fluorescent imaging and cytotoxic
effect simultaneously. Functionalisation of the nanopatrticle with a photosensitiser is
an appealing option to make it a true multi-functional theranostic nanopatrticle

which will be the subject of chapter 4.
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Chapter Four

Anti-CEA Affimer targeted, Foslip-
loaded silica nanoparticles
successfully deliver PDT to

colorectal cancer cells
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4 Anti-CEA Affimer targeted, Foslip-loaded silica
nanoparticles successfully deliver PDT to colorectal

cancer cells

4.1  Abstract
Background

Targeted delivery of photosensitisers by functionalised nanoparticles is an
appealing strategy to increase the efficacy of their photodynamic therapy and
reduce side effects. Meso-tetra(hydroxyphenyl)chlorin (mTHPC) is one of the
most potent photosensitisers against cancers and is clinically approved for
treatment of head and neck cancer in Europe. The aim of this chapter was to
encapsulate mTHPC (Foslip) inside silica nanoparticles and test its targeted

fluorescent imaging and phototoxic effect on colorectal cancer cells in vitro.

Methods

Foslip was encapsulated inside silica nanoparticles using the water-in-oil
microemulsion technique. Mixture of anti-CEA (Il and Ill) or control anti-myoglobin
Affimers were then conjugated to the surface of the particles via sSMCC.
Colorectal cancer cells (LoVo, LS174T and HCT116) and control HEK923 cells
were incubated with CEA-targeted or control nanoparticles for 24 h then washed.
Fluorescent imaging of cell lines was quantified using confocal microscopy. Cells
were also photo-irradiated with 0.45 J/cm? to allow photodynamic therapy while

cell death post irradiation was quantified using MTT and ROS generation assays.
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Results

Anti-CEA Affimer-functionalised Foslip-loaded silica nanoparticles showed strong
tumour-specific targeting with 9.5, 10.2- and 3.5-fold greater fluorescence than
control-Affimer targeted nanoparticles in LoVo, LS174T and HCT116 cells
respectively (p<0.0001). Cellular uptake of anti-CEA Affimer targeted
nanoparticles was time and dose dependent in colorectal cancer cells
(p<0.0001). At 2 mg/ml of anti-CEA Affimer-functionalised Foslip-loaded silica
nanoparticles concentration, significant cell death rate was observed in LoVo
(70%), LS174T (80%) and HCT116 (65%) when compared to HEK293 (0%)
(p<0.0001) following photo-irradiation. The cytotoxic effect seen in the PDT

results was Foslip-mediated via ROS generation.

Conclusion

Anti-CEA Affimer-functionalised Foslip-loaded silica nanoparticles allowed
tumour-specific fluorescent imaging and cellular death of colorectal cancer cells

in vitro.
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4.2 Introduction

Personalised surgery focuses on tailoring the surgical approach to the individual
characteristics and needs of patients at all levels of management. Fluorescence
guided surgery has the potential to offer surgeons the ability to visualise positive
lymph nodes, tumour margins and distant metastasis intra-operatively. Based on
the fluorescent visualisation, the surgical resection can then be stratified
according to the patient's specific disease progression. Simple fluorescent
molecular probes for intra-operative cancer imaging have been designed
previously using fluorophores conjugated to tumour-specific antibodies. Several
near infrared dyes including Oregon Green Thermo (Thermo-Fisher,
Massachusetts, USA), Cy7, IRDye 800CW (Li-Cor, Nebraska, USA) and
Rhodamine have been evaluated in murine models of colorectal (Kaushal et al.,
2008b, Zou et al., 2009a), pancreatic (Kaushal et al., 2008b), breast (van
Scheltinga et al., 2011, Wu et al., 2013) and head and neck cancers (Heath et
al., 2012, van Scheltinga et al., 2011). The fluorophores were conjugated to
tumour specific antibodies for fluorescent labelling of tumours. Although the
probes allowed fluorescent imaging of tumour tissue, the fluorescent signal
appeared to be low when non-specific background fluorescence was taken into
account. Despite these initial studies in 2008, none of the probes have been
translated to the operating theatre and there has been no progress beyond

mouse models.

We have shown that anti-CEA Affimer functionalised dye-doped silica
nanoparticles allow specific fluorescent imaging of colorectal cancer cells in vitro
and the system warrants further evaluation in an animal model. If we can deliver
the fluorescent dye to colorectal cancer cells for visualisation then there is a

strong argument to deliver a therapeutic agent in a theranostic nanopatrticle. The
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rationale would be to kill residual tumour cells that are not removed and act as

the source of local cancer recurrence following surgery with curative intent.

Photodynamic therapy (PDT) is an attractive alternative in the treatment of
malignant diseases and might benefit from nanosystems to enhance drug
delivery to tumour tissue (Gary-Bobo et al., 2012, Bechet et al., 2008, Chatterjee
et al., 2008). Photosensitisers (PSs) are ideal candidates to be delivered as a
therapeutic drug using nanoparticles, because the PDT-mediated killing of cancer
cells is due to the cytotoxic reactive oxygen species (ROS) generated after its
activation by an external light (Tada and Baptista, 2015, Yu et al., 2016). As a
result, there is no need to release the PS from the nanoparticle to achieve the
therapeutic effect, unlike chemotherapeutic agents (Abrahamse and Hambilin,
2016, Brown et al., 2004). Therefore, no controlled release mechanism needs to
be designed, provided the nanopatrticle is porous and transparent to allow light
and molecular oxygen to reach the photosensitiser in the core and ROS to diffuse
out. The majority of photosensitisers only meet some of these criteria due to their
low water solubility and the difficulty in conjugation to antibodies (Agostinis et al.,
2011, Dolmans et al., 2003). An ideal photosensitiser should have good efficacy
(dependent upon the triplet state lifetime 7T and the triplet quantum yield (®T) of
the photosensitiser) for PDT while minimising side effects and should meet the

following criteria:

I.  Chemical purity; constant composition that will induce a reliable PDT

treatment;

II.  Tumour selectivity;

lll.  Fastaccumulation in target tissue;
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IV. Rapid clearance from circulating system,;

V. Activated at NIR wavelength;

VI.  No dark toxicity;

Several studies have reported the use of nanoparticles loaded with
photosensitiser for photodynamic therapy such as liposomes (Buchholz et al.,
2005, de Visscher et al., 2010), polymerosomes (Gao et al., 2007), gold (Cheng
et al., 2008) and silica nanopatrticles (Kim et al., 2007, Ohulchanskyy et al., 2007,
Roy et al.,, 2003, Compagnin et al., 2009) to overcome the limitations of
photosensitiser only systemic administration. Although these nanoparticles
improved tumour specific accumulation, they still suffered from rapid up take by

the phagocytic system.

Silica based nanoparticles appear to be superior to other systems for carrying
photosensitisers because they are transparent to light, photochemically inert,
compatible with biological systems, relatively easy to synthesise and
functionalise and the porous shell allows the diffusion of ROS out of the core
(Compagnin et al., 2009, Yan and Kopelman, 2003, Gary-Bobo et al., 2012). We
therefore aimed to evaluate the potential of substituting the NIR664 dye used in
the previous chapter with a photosensitiser and evaluate its theranostic

capabilities against colorectal cancer cells.

The aims for this part of the PhD project were to:

I.  Manufacture photosensitiser encapsulated silica nanoparticles;

[I. Conjugate anti-CEA and control Affimers to the surface of the

nanoparticle;
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lll.  Assess the ability of the nanoparticle to bind to tumour cells in vitro and

the specificity of fluorescent signal,

IV. Assess the efficacy of PDT-mediated cytotoxic effect of photosensitiser

loaded nanoparticles on tumour cells;

V. Assess the mechanism of PDT-mediated cytotoxic effect of the

nanoparticles on the tumour cells.

The photosensitiser was selected to be encapsulated inside the core of silica
nanoparticle which was water-soluble meta-tetra(hydroxyphenyl)chlorin
(mTHPC) Foslip. Foslip belongs to the second generation of photosensitisers and
100 times more potent than first generation such as Photofrin. Foslip produces a
PDT effect with low drug concentration and low light dose, with negligible dark
toxicity (Josefsen and Boyle, 2012). In clinical PDT, mTHPC is applied at a very
low drug dose (0.15 mg/ kg) and light intensity (order of 10 J/cm2), resulting in a
total PDT dose (light dose x PS dose) >100 times lower as compared to other
clinically approved photosensitisers, such as haematoporphyrin derivatives
(Savary et al., 1998, Savary et al., 1997) and Photofrin (Ball et al., 1999). Along
with Photofrin, mTHPC is the only other photosensitiser approved for use in
systemic cancer therapy (Yakavets et al., 2019b). In 2001, mTHPC was approved
in the European Union and used as a solvent-based formulation (Foscan®;
Biolitec Research GmbH, Jena, Germany) for the palliative treatment of head and
neck cancers (Senge and Brandt, 2011). In addition, mTHPC has been
successfully used for the treatment of early squamous cell carcinoma (de
Visscher et al., 2013, Jerjes et al., 2011), basal cell carcinoma (Betz et al., 2012),

biliary tract carcinoma (Wagner et al., 2015), prostate (Swartling et al., 2016),
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pancreatic cancer (Huggett et al., 2014) and non-melanoma skin cancers
(Horlings et al., 2015). In colorectal cancer, the application of mMTHPC has not

progressed beyond pre-clinical studies.
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4.3 Results
4.3.1 Optimisation of experimental conditions for Foslip induced

fluorescence

The aim was to optimise the experimental conditions for soluble Foslip before
encapsulating it inside silica nanoparticles to confirm the fluorescence spectrum
and PDT-cytotoxic efficiency against colorectal cancer cells. It would also inform
the experimental conditions for Foslip encapsulation in silica nanoparticles and

serve as an additional control.

4.3.1.1 Foslip concentration in colorectal cancer cells

To determine the optimum concentration of Foslip induced fluorescence,
representative human colon cancer cells lines (LoVo, LS174T and HCT116) were
seeded in 6-well plates in phenol red and FCS free media then incubated with
various concentrations of Foslip (0 nM — 250 nM) for 24 h while control cells were
incubated with media only. Fluorescence intensity was read using appropriate
excitation (Aex= 420 nm) and emission (Aem = 652 nm) for Foslip. Figure 4.1 shows
Foslip induced fluorescence with increasing doses of Foslip, showing a dose
dependent response, seen to plateau and fall at 200 nM in all cell lines. Foslip
induced greater fluorescence intensities in moderately and well differentiated cell
lines, LS174T and HCT116, while poorly differentiated and metastatic cell line
LoVo, showed lower fluorescence intensities. The variation in fluorescence
intensities observed in colorectal cancer cell lines might be due to biological and
genomic variations of colon cancer cells. Foslip at a concentration of 150 nM
induced fluorescence in all cell lines in comparison to the untreated control.

Therefore, this dose of Foslip was used as a baseline for further experiments.



136

6000 1 — HCT116
—- LS174T
LoVo
S
(1]
2
‘w4000 -
c
Q
P}
E
(4]
o
c
Q
(3]
(7]
o
5 2000 .
=
11
0 1 L] L] L L} L]

Control 50 100 150 200 250

Concentration of Foslip (nM)

Figure 4. 1. Foslip induced fluorescence in colorectal cancer cells with optimum

dose at 24 h incubation.

Foslip induced fluorescence was measured after incubating LoVo, LS174T or HCT116
cells for 24 h at Foslip concentration 0-250 nM. Data denote fluorescence mean from 3
separate biological experiments, each with 4 technical replicates, (SEM). Control

represents cells treated with FBS and phenol free RPMI media.
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4.3.1.2 Foslip incubation period in colorectal cancer cells

A similar method was used to determine the optimum incubation period for Foslip.
Cells were incubated with 150 nM Foslip for various time periods (1 — 48 h) and
then fluorescence emission was analysed. Figure 4.2 shows Foslip induced
fluorescence with increasing incubation periods in 150 nM Foslip, showing a time
dependent response. LS174T and HCT116 cell lines exhibited the greatest
fluorescence readings but in all cell lines incubation with 150 nM Foslip for 24 h
gave the maximum fluorescence. Therefore, 24 h incubation time point was used
as a baseline for further experiments. After 24 h incubation period, Foslip induced
fluorescence plateaued then decreased after 30 h in all cell lines.

- B LoVo

e | S174T

~

(i

= 6000- —@- HCT116
< -
>

" —
§ 4000-

£ -
D —-—
(&)

S 2000- {"' T ————
7 -

o

(@)

=

L

| | | | |
o 6 12 18 24 30 36 42 48
Foslip incubation period

Figure 4. 2. Foslip induced fluorescence at 150 nM with optimum incubation

period.

Foslip induced fluorescence was measured after incubating LoVo, LS174T or HCT116
cells with 150 nM Foslip concentration for 0-48 h. Data denote fluorescence mean from
3 biological experiments, each with 4 technical replicates, (SEM). Control represents

cells treated with FBS and phenol free RPMI media.
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4.3.1.3 Foslip induced fluorescence intensity in non-tumour cells

Next, the aim was to explore the potential for selective accumulation of Foslip in
malignant cells. Therefore, two non-tumour cell lines including HEK293 cell line
and breast cancer associated fibroblast (CAF) cell line were grown to a
monolayer on collagen coated 6-well plates in phenol red and FCS free media
then incubated with 150 nM of Foslip for 24 h. Figure 4.3 showed that the non-
tumour cell lines produced similar fluorescence intensities to the poorly
differentiated and metastatic (LoVo) colon cancer cell line. The data suggest that

higher Foslip fluorescence signals are not only observed in tumour cells in vitro.
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Figure 4. 3. Foslip induced fluorescence in tumour and non-tumour cell lines.

Foslip induced fluorescence in untreated and Foslip treated (150 nM Foslip, 24 h
incubation) tumour (LS174T, HCT116 and LoVo) and non-tumour cells lines (CAF and
HEK 293). Data denote the fluorescent mean from 3 biological experiments, each with 4
technical replicates, (SEM). Control represents cells treated with FBS and phenol free

RPMI media.
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4.3.1.4 Foslip induced fluorescence per 1000 viable cells

In all spectrofluorometer experiments, cells were seeded at 9x104 /ml and grown
to confluence in collagen coated 6-well plates over 5 days in cell specific media.
However, cell lines varied in size and shape, and grew at different rates, resulting
in variation in the numbers of cells per well. As the number of viable cells may
impact on the overall fluorescence intensity an attempt was made to standardise
this variable. Spectrofluorometer experiments were conducted in the same
fashion as described previously. Immediately following fluorescence readings
cells were trypsinised and stained with Trypan Blue. Viable cell counts were
ascertained for each well via the Beckman Coulter vi-cell counter. The mean
fluorescence intensity of each well was divided by the number of viable cells per
well to calculate fluorescence per 1000 viable cells. Figure 4.4 shows that when
viable cell numbers were standardised, all colon cancer cell lines exhibited a
significant increase in fluorescence intensity when incubated with 150 nM Foslip
for 24 h in comparison to untreated controls (p<0.0001). However, the variation
in fluorescence intensity between Foslip treated cells was large, and appeared to
correspond to the degree of differentiation of the cell line. Moderately and well-
differentiated cells (LS174T and HCT116) exhibited a 13- and 15-fold change in
fluorescence intensity in comparison to untreated controls, whilst the poorly

differentiated and metastatic cells (LoVo) exhibited a 3-fold change only.
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Figure 4. 4. Normalised Foslip induced fluorescence per 1000 viable cells.

Foslip induced fluorescence per 1000 viable cells in untreated and Foslip treated (150nM
Foslip, 24 h incubation) cell lines. Data denote fluorescence mean from 3 biological
experiments each with 4 technical replicates, (SEM). Untreated cells represent those
cultured with FBS and phenol free RPMI media. Data are significantly different at

p<0.0001.
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4.3.2 Foslip-loaded silica nanoparticles characterisation

4.3.2.1 Nanoparticles synthesis and characterisation

Next, the aim was to encapsulate Foslip inside silica nanoparticles. The Foslip-
loaded silica nanoparticles were manufactured using the water-in-oil
microemulsion technique as detailed in Chapter 2. Their mean diameter was
92.22 nm (+10.96) using DLS for measurement. Fluorescence of the Foslip-
loaded nanoparticles was measured at various concentrations and recorded
using spectrofluorometer in water suspension. Encapsulation of Foslip inside
silica nanoparticles was demonstrated by the absorption and fluorescence
emission spectra of the synthesised nanoparticles. Figure 4.5 A. shows typical
peak excitation and emission wavelengths for particles loaded with Foslip at 420
and 652 nm, respectively. The spectral properties of Foslip-loaded silica
nanoparticles were almost equivalent to soluble Foslip and after destruction with
Triton X-100, indicating that Foslip molecules were included inside the
nanoparticles in a monomeric form. The fluorescent signal produced by particles
suspended in PBS increased with increasing concentration up to approximately

2 mg/ml, after which the signal reduced as shown in Figure 4.5 B.
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Figure 4. 5. Fluorescence spectrum of Foslip-loaded silica nanoparticles.

(A), Foslip-loaded silica nanoparticles were manufactured and suspended in PBS then
peak absorption and emission wavelengths for Foslip alone (—), Foslip-loaded silica
nanoparticles (—), dissolved silica nanoparticles (—) and empty silica nanopatrticles
(—) were measured and plotted on the same graph. (B), the relationship between
Foslip-loaded nanoparticle concentration and emission fluorescence. Data fluorescence

mean from 3 biological separate experiments (SEM, n=3).
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4.3.2.2 Quantification of Foslip encapsulation efficiency in silica

nanoparticles

Encapsulation of Foslip inside silica nanoparticles was confirmed earlier by the
UV-is absorption and fluorescence emission spectra of the synthesised
nanoparticles in water. Next, | aimed to quantify Foslip encapsulation efficiency
in silica nanoparticles. The efficiency of the encapsulation process was quantified
by measuring the absorbance of Foslip with reference to a standard curve
(Figure 4.6) using microplate reader. Therefore, Foslip absorbance at A420 was
measured before and after encapsulation process. The nanoparticle suspension
was washed 3 times and A420 was also measured for each discarded supernatant.
Then, Foslip encapsulation efficiency (EE) was calculated by using the following

equations:

Ecapsulation ef ficiency (%)

_ Amount of Foslip added — Amount of Foslip in supernatant 100
h Amount of Foslip added X

The results suggested that a typical nanoparticle sample contained ~ 1 mg/ml of
nanoparticles and 110 nM of Foslip. These values correlated to Foslip loading of

~52.2 + 2.1 % of the nanoparticles.
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Figure 4. 6. Foslip encapsulation efficiency in silica nanoparticles synthesis.

A standard curve of absorbance was plotted for soluble Foslip. Foslip-loaded silica
nanoparticles were manufactured using a water-in-oil microemulsion technique and
suspended in water then readings were taken for samples from three separate batches

of Foslip-loaded nanoparticles.
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4.3.2.3 In vitro analysis of fluorescent imaging of LoVo cells by anti-CEA

Affimer targeted nanoparticles

Having identified sSMCC as the appropriate chemical linker to conjugate the
Affimer on to the surface of the nanoparticle in Chapter 3, here we aimed to
investigate whether polyclonal anti-CEA Affimer (Il and IlI) would enhance
fluorescent imaging of colorectal cancer cells when compared to monoclonal anti-
CEA Affimer (Il or Ill) tagged nanoparticles. sSSMCC was mixed with 60 ug of
reduced anti-CEA Affimers Il and Ill (50/50, v/v) for 2 h then the reaction mixture
was added to 4 ml of 2 mg/ml aminated nanoparticles followed by washing steps
to remove unbound molecules. As controls, Foslip loaded nanoparticles were
also functionalised with monoclonal anti-CEA Affimer 1l or Ill and anti-myoglobin
Affimer. Next, LoVo, LS174T, HCT116 and control HEK293 cells were grown in
6-well plates then incubated with 1 mg/ml of nanoparticles for 2 h then imaged.
Cell-specific fluorescence was quantified based on central optical sections

analysis via confocal microscopy.

Figure 4.7 shows that polyclonal tagged nanopatrticles increased the fluorescent
imaging of colorectal cancer cells by 1.5-, 2.2-, 1.6- folds in LoVo, LS174T and
HTC116 respectively (p<0.06-0.12) without increasing non-specific fluorescent
imaging in the control cell line. The increased level of fluorescence in the
polyclonal Anti-CEA Affimer tagged nanoparticles did not reach statistical
significance in comparison to control monoclonal nanoparticles in this small

number of experiments.
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Figure 4. 7. Fluorescent imaging of colorectal cancer cells with polyclonal anti-

CEA Affimer functionalisation.

Foslip-loaded silica nanopatrticles were conjugated to anti-CEA Affimer Il, 1ll or to both.

LoVo and HEK293 cell lines were incubated with anti-CEA Affimer or control myoglobin

Affimer tagged nanoparticles then imaged. Data denote fluorescence mean for central

optical sections from 3 biological experiments (SEM, n=3). Significance was tested using

unpaired t-tests.
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4.3.2.4 Invitro analysis of fluorescent imaging of colorectal cancer cells

by polyclonal anti-CEA Affimer targeted nanoparticles

Next, the aim was to assess the fluorescent imaging of colorectal cancer cell lines
when incubated with polyclonal anti-CEA Affimers tagged to Foslip-loaded silica
nanoparticles. The mean diameter of the particles was ~101 nm (£2.5) using DLS
for measurement. Nanoparticles (1 mg/ml) were then incubated with colorectal
cancer and control cell lines for 2 h in a 6-well plate then imaged and cell-specific
fluorescence was quantified based on central optical sections analysis. As
positive control, cells were grown in 6-well plate then incubated with 150nM of
soluble Foslip for 24 h then fluorescence was measured using
spectrofluorometer. Anti-CEA  Affimer-functionalised Foslip-loaded silica
nanoparticles produced strong tumour-specific targeting, with anti-CEA targeted
nanoparticles showing 9.5-, 10.2- and 3.5-fold greater fluorescence than control-
Affimer targeted nanoparticles in LoVo, LS174T and HCT116 cells respectively
(p<0.0001) for single slice analysis; Figure 4.8. Anti-CEA targeted nanoparticles
also produced significant increase in fluorescence intensity across all colorectal
cancer cell lines when compared to soluble Foslip. In contrast, soluble Foslip
produced strong fluorescence intensity in the control cell line HEK293 when
compared to anti-CEA targeted silica nanoparticles (p<0.0002). This is of clinical
interest as it confirms that the anti-CEA Affimer targeted silica nanopatrticles were
specific to CEA expressing cells and likely to prevent unwanted accumulation in

normal tissues, thereby reducing side effects.
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A similar pattern of successful anti-CEA targeted fluorescence was observed in
the maximum image projection analysis, with anti-CEA targeted nanoparticles
demonstrating 3.0-, 4.1-, and 1.9-fold greater fluorescence than control particles
in LoVo, LS174T, and HCT116 cells respectively (p<0.0001). Confocal

microscopy images are shown in Figure 4.9.
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Figure 4. 8. Fluorescent imaging of colorectal cancer cells with polyclonal anti-

CEA Affimer, Foslip-loaded silica nanoparticles.

Foslip-loaded silica nanoparticles conjugated to mixture of anti-CEA Affimer Il and Il via
sSMCC in vitro. LoVo, LS174T, HCT116 and HEK293 cell line were incubated with either
nanoparticles conjugated to anti-CEA, control Affimer or soluble (molecular) Foslip for
24 h. Data denote fluorescence mean for central optical sections from 3 biological

experiments (SEM, n=3). Significance was tested using unpaired t-tests.
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Figure 4. 9. Fluorescent imaging of colorectal cancer cells with polyclonal anti-
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CEA Affimer functionalised nanoparticles.

LoVo, LS174T, HCT116 and HEK?293 ell lines were incubated with either anti-CEA
targeted or control Affimer nanoparticles for 24 h then washed 3 times before imaging.
Images were collected using confocal microscopy and fluorescence was quantified.
Abbreviations denote: (Anti-CEA Affimer targeted), Anti-CEA Affimer functionalised silica
nanoparticles; (Anti-myoglobin Affimer targeted), anti-myoglobin Affimer functionalised

silica nanopatrticles and (DAPI), 4',6-diamidino-2-phenylindole.
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4.3.2.5 Cellular uptake of anti-CEA Affimer targeted nanoparticles

Next, we aimed to characterise cellular uptake of Foslip-loaded nanoparticles in
colorectal cancer cells. In a similar manner to what was described in the previous
experiments, colorectal cancer and HEK293 cell lines were grown on a 6-well
plate then incubated with polyclonal anti-CEA Affimer-functionalised Foslip—
loaded silica nanoparticles. Cells were incubated with 1 and 2 mg/mi
nanoparticles for 4 and 24 h. After incubation, the cells were washed and fresh
nanoparticle-free media was added for an additional 20 h (4+ 20h) and 24 h
(24+24h). Fluorescent imaging using confocal microscopy was used to quantify

the cellular uptake of targeted nanopatrticles.

LoVo cells internalised larger amounts of targeted nanoparticles than other cell
lines (p<0.02) followed by LS174T and HCT116 cells in a dose dependent
manner (Figure 4.10-1). Cellular uptake was seen as early as 4 h but the
difference between the single time points was most obvious at 24 and 24+24 h in
all cancer cell lines. Although fluorescence was still present in nanoparticles after
24 h incubation, the mean fluorescence intensity at 24+24 h was greater than 24
h time point (p=0.01) indicating that cellular uptake was also time dependent. The
mean fluorescence caused by Foslip-loaded nanoparticles in HEK293 cell line
was almost identical at 4+20 h and 24h (p>0.9) while in the colorectal cell lines a
significant difference was observed between these two time points (p<0.001);
highlighting the selectivity towards cancer cells was increased using the targeting
anti-CEA Affimer. Such increased uptake would lead to a higher concentration of
Foslip-loaded nanoparticles inside cells with a potential greater photodynamic

effect. Confocal images of LoVo and HEK293 cells are shown in Figure 4.10-II.
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24+24 h

Figure 4. 10. Cellular uptake of Foslip-loaded silica nanoparticles in colorectal
cancer and control cell lines at different time points and nanoparticles

concentrations.

(), cells were incubated with 1 or 2 mg/ml of anti-CEA targeted nanoparticles for 4 and
24 h. After incubation, the cells were washed and fresh nanopatrticle-free media was
added for an additional 20 h (4+ 20 h) and 24 h (24+24 h). Data denote fluorescence
mean from 3 biological experiments (SEM, n=3). Significance was tested using unpaired
t-tests. (Il), confocal images represent: (A and B) LoVo cells incubated with 1 mg/ml and
2 mg/ml of anti-CEA Affimer tagged nanoparticles respectively at 4 and 24 h incubation
period; (C and D) HEK293 cells incubated with 1 and 2 mg/ml of anti-CEA Affimer tagged

nanopatrticles respectively 4 and 24 h incubation period.
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4.3.2.6 Dark cytotoxicity of Foslip-loaded silica nanoparticles

The next experiment was aimed at investigating the cytotoxic effect of anti-CEA
Affimer tagged to Foslip-loaded silica nanoparticles against colorectal cancer
cells. It was paramount to ensure that the nanoparticles had no dark toxicity
before the cells were photo-irradiated. Here, | tested all elements of the designed
nanoparticle up to the maximum concentration in the dark. Colorectal cancer and
control cell lines were grown on 6-well plates then incubated with empty silica
and functionalised silica nanoparticles at 4 mg/ml, poly clonal anti-CEA and anti-
myoglobin Affimer at 1 mg/ml and soluble Foslip at 250 nM for 24 h. Wells were
then washed and cells kept in free media for additional 24 h followed by MTT
assay quantification of cellular viability. At all steps during this experiment, plates

were wrapped in foil and kept in the dark during incubation periods.

High dose of empty silica nanoparticles, did not affect the survival of all cell lines
when exposed to high concentrations of 4 mg/ml for 24 h which is much higher
than that used to achieve cell-specific fluorescence and cellular uptake in the
previous experiments. The MTT assay showed that the number of metabolically
active cells at 24 h and 24+24 h after exposure to nanoparticles was not reduced
relative to controls (Figure 4.11 A-D). Similarly, no cellular death was observed
when cells were incubated with Affimers (anti-CEA or anti-myoglobin) alone at
high concentration of 4 mg/ml. The dark toxicity of Foslip-loaded nanoparticles
was evaluated and compared with soluble Foslip delivered in the standard
solution. Foslip-loaded silica nanoparticles were highly toxic in the dark at 4
mg/ml suggesting a possibility of Foslip leakage. Similarly, soluble Foslip was
highly toxic at 300 nM concentration in all cell lines with cell survival reduction to
<20 % in all cell lines. Therefore, concentrations of Foslip used in our

experiments are below the threshold of dark toxicity of all formulations.
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Figure 4. 11. Dark toxicity of Affimers, free Foslip, empty silica hanoparticles and functionalised silica nanoparticles in colorectal cancer

cells.

Cells were incubated with empty silica and functionalised silica nanoparticles up to 4 mg/ml, poly clonal anti-CEA and anti-myoglobin Affimer up to 4
mg/ml and soluble Foslip up to 300 nM for 24 h in the dark then washed and kept in free media for additional 24 h. Cells viability was quantified using
MTT assay. Data denote mean cells viability from 3 biological experiments (SEM, n=3) for: (A), LoVo; (B), LS174T; (C), HCT116; and (D), HEK293

cells. Abbreviations denote: (CEA), carcinoembryonic antigen; (Si), silica; (NP), nanopatrticle; (Myo), myoglobin; (Aff), Affimer.
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4.3.2.7 Photo-irradiation period cytotoxicity effect on colorectal cancer

cells

Next, | aimed to investigate the effect of the light dose on cells survival in order
to ensure that any cytotoxic effect to be observed was Foslip-mediated only.
Colorectal cancer and control cell lines were grown on 6-well plates then
incubated with anti-CEA Affimer functionalised Foslip-loaded silica nanoparticles
at various concentrations for 24 h while wrapped in foil and kept in the dark. Wells
were then washed and cells were incubated with fresh media then photo-
irradiated immediately with a light dose of 0.15 - 0.675 J/cm? . Cells were then
kept in free media for additional 24 h followed by MTT assay quantification of

cellular viability.

At 0.45 J/cm? light dose, significant reduction in cell survival percentage was
observed in LoVo, LS174T and HCT116 cells when compared to relative control
HEK?293 cells (p<0.0001) (Figure 4.12 A-D). Data showed that light dose of 0.45
Jicm? did not reduce cell survival percentage in the untreated cells. Photo-
irradiation above 0.45 J/cm? appeared to be toxic to untreated colorectal cancer
cells where cell survival was reduced to 80%. Cell survival in HEK293 was also
reduced significantly at light does above 0.45 J/cm? (p<0.0001). Importantly,
there appeared to be no additive cytotoxic effect of anti-CEA Affimer
functionalised nanoparticles on cell survival in HEK293 cells before or after 30
min illumination period. Therefore, light dose at 0.45 J/cm? was considered as the
cut-off point for safe photo-irradiation of cells and would be used for assessing
the targeted photodynamic effect of Foslip-loaded nanoparticles in the next

experiment.
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Figure 4. 12. Photo-irradiation light dose effect on colorectal cancer cells.

Cells were incubated with various concentrations of anti-CEA Affimer functionalised Foslip-loaded silica nanoparticles for 24 h then photo-irradiated
with 0.15 — 0.675 J/cm? of 600-700 nm. Cells viability was quantified using MTT assay. Data denote mean cells viability from 3 biological experiments
(SEM, n=3) for: (A), LoVo; (B), LS174T; (C), HCT116; and (D), HEK293 cells. Symbols denote nanoparticles concentration at: (~®~), untreated cells; (

—) 0.5; (—*), 1; (=), 1.5 and (=), 2 (mg/ml).
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4.3.2.8 Light cytotoxicity of Foslip loaded silica nanoparticles

Next, the aim was to assess the phototoxicity efficacy of Foslip-loaded silica
nanoparticles in killing cancer cells in vitro. The experiment was carried out using
anti-CEA and anti-myoglobin Affimer targeted nanoparticles against colorectal
cancer cell lines and control cell line. LoVo, LS174T, HCT116 and HEK293 cells
were grown on 6-well plates then incubated with various concentrations of
nanoparticles for 24 h, wrapped in foil and kept in the dark. Supernatant was
carefully aspirated and replaced by fresh media and immediately photo-irradiated
with a light dose of 0.45 J/cm?. After irradiation plates were covered in foil and
stored in the dark in an incubator for additional 24 h before MTT assay was

carried out.

As shown in Figure 4.13 A, the reduction in cell survival measured at 24 h after
irradiation was dose dependent. At 2 mg/ml poly clonal anti-CEA Affimer-
functionalised Foslip-loaded silica nanoparticles concentration, significant cell
death rate was observed in LoVo (60%), LS174T (90%) and HCT116 (70%) when
compared to HEK293 (0%); p<0.0001. However, cellular toxicity was seen in the
control HEK293 cells when treated with the anti-CEA targeted nanoparticles at
concentration above 2 mg/ml. Importantly, no cellular toxicity was observed when
cells were treated by identical nanoparticles but functionalised with the control

anti-myoglobin Affimer (Figure 4.13 B).



160

A Anti-CEA Affimer targeted nanoparticles B Anti-myoglobin Affimer targeted nanoparticles
% 100- -e- LoVo % 1004 - & % -~ LoVo
g -=- LS174T g = - [S174T
8 HCT116 8 HCT116
| o
o [}
2 5o == HEK293 2 5 -+ HEK?293
© ©
2 2
2 2
= =
n ("]
I ]
0 c 1 1 1 1 1 1 o c ] ] ] ] ] ] ]
Control05 1 15 2 25 3 Control 0.5 1 16 2 25 3
Nanoparticles concentration (mg/ml) Nanoparticles concentration (mg/ml)

Figure 4. 13. Light cytotoxicity of CEA-targeted nanoparticles in colorectal cancer cells.

Cells were pre-incubated with increasing dose of: (A), targeted anti-CEA Affimer- or (B), anti-myoglobin Affimer-functionalised Foslip-loaded silica
nanoparticles for 24 h and then photo-irradiated with light dose of 0.45 J/cm? . Viability was evaluated using MTT assay 24 h post irradiation. Data

denote mean percentages of cells survival from 3 biological experiments (SEM, n=3) with respect to untreated and non-irradiated cells (Control).
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4.3.2.9 Cellular reactive oxygen species detection in colorectal cancer

cells

Having demonstrated that the optimised anti-CEA Affimer functionalised
nanoparticle allowed selective cytotoxic killing of colorectal cancer cells, next we
aimed to assess the mechanism of cellular death induced. The DCFDA assay
was performed to study the cell death mechanism which is widely used to detect
ROS. DCFDA is cell permeable redox sensitive fluorescent probe that is oxidised
by ROS to yield the highly fluorescent product 2,7-dichlorofluoroscein. The
DCFDA assay was performed following PDT to mimic the experiments in which
cell viability was assessed using the MTT assay. Cells were incubated with PBS
containing 10 mM DCFDA for 30 minutes in a CO:2 incubator then washed with

PBS. DCF fluorescence was observed using confocal microscope.

The assay showed strong fluorescence in all cancer cells treated with anti-CEA
targeted Foslip-loaded silica nanoparticles but not when using control
nanoparticles or in control cells (Figure 4.14). The results supported the
hypothesis that the cytotoxic effect seen in the PDT experiment was Foslip

mediated via ROS generation.
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Figure 4. 14. ROS detection in colorectal cancer cells following PDT post-
incubation with anti-CEA and anti-myoglobin Affimer tagged Foslip-loaded silica

nanoparticles for 24 h.

Cells were incubated with PBS containing 10 mM DCFDA for 30 minutes in a CO;
incubator then washed with PBS. DCF fluorescence was observed using confocal
microscope. Abbreviations denote: (Anti-CEA Affimer targeted), Anti-CEA Affimer
functionalised silica nanoparticles; (Anti-myoglobin targeted), anti-myoglobin Affimer

functionalised silica nanoparticles and (DAPI), 4' 6-diamidino-2-phenylindole.
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It is therefore, concluded that polyclonal anti-CEA Affimer-functionalised Foslip-
loaded silica nanoparticles were specific to colorectal cancer cells and allowed

specific tumour fluorescent imaging and photodynamic killing in vitro.
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4.4 Discussion

In this chapter, | used a combination of (bi-Affimer) anti-CEA Affimers to produce
polyclonal bioreceptor to target Foslip-loaded silica nanoparticles to colorectal
cancer cells. The nanoparticles showed significant anti-CEA specific cellular
fluorescence in colorectal cancer cell lines, which appeared to be both time and
dose dependent. We have also shown that the same nanoparticle allowed
targeted photodynamic therapy via ROS generation. These promising results
suggested that the functionalised nanoparticles were theranostic for both imaging
and photodynamic therapy of colorectal cancer cells in vitro. Importantly, the
control nanoparticles did not cause fluorescence or PDT activity in the cancer
cells. These data are the first of their kind in the field of Affimer targeted
nanoparticles against colorectal cancer for fluorescent imaging and

photodynamic therapy.

The use of nanoparticles as drug delivery systems can significantly improve the
distribution of the photosensitiser for PDT and the efficacy of the treatment in
cancer patients (Rawal and Patel, 2019, Cisterna et al., 2016). The inclusion of
the photosensitiser in the nanoparticle may lead to completely different
pharmacokinetics and bio-distribution, and selective accumulation in the tumour
tissues can be improved either by passive enhanced permeability and retention
(EPR) effect or active targeting (Cho et al., 2008). In this study, we synthesised
silica nanoparticles with Foslip incorporation into its core. The average particle
size of ~ 100 nm would enable nanoparticles accumulation at the tumour site by
the EPR effect and selective targeting via the anti-CEA Affimer. For application
in photodynamic therapy, silica nanoparticles such as Stober silica nanoparticles

(Kim et al.,, 2010), organically modified silica (Ohulchanskyy et al., 2007,
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Compagnin et al., 2009), and mesoporous silica nanoparticles (Lu et al., 2007)
have been reported frequently. Silica-based nanoparticles are recognised as

efficient delivery systems for mTHCP photosensitiser (Brezaniova et al., 2018).

4.4.1 Interactions of Anti-CEA Affimer functionalised nanoparticles with

cells in vitro

Photosensitisers entrapped inside nanoparticles were suggested to form
aggregates that dissociate to monomeric forms after their release from the
nanoparticles and transfer to plasma proteins (Konan-Kouakou et al., 2005,
Vargas et al., 2009). Aggregation inside the nanopatrticles can potentially lead to
fluorescence quenching. However, we hypothesised that Foslip will not
aggregate inside silica nanoparticles due it its liposomal nanoformation and
encapsulation inside silica nanoparticles did not significantly change the
fluorescence properties of Foslip. This was further confirmed by the targeted
fluorescence seen in colorectal cancer cells when incubated with the Foslip

loaded silica nanoparticles.

The subcellular localisation of the photosensitiser is one of the key factors
governing the outcome of photodynamic therapy, since it determines the primary
sites of photo-induced damage (Moor, 2000, Berlanda et al., 2010). Other
researchers reported that Foslip was successfully internalised into cellular
membranes ensuring efficient accumulation in many types of cancer cells (Gaio
etal., 2016, Meier et al., 2017, Kiesslich et al., 2007, Gyenge et al., 2011b). After
internalisation, the liposomal membrane is simply fused with cellular membranes
and mTHPC is redistributed between cellular compartments. Although Foslip was

reported to show reduced dark cytotoxicity effects when compared to mTHCP in
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monolayer cells in vitro (Berlanda et al., 2010, Compagnin et al., 2011, Petri et
al., 2012), our results suggested the contrary. We observed significant cellular
uptake of free Foslip in two control cell lines. Therefore, there is an argument to
encapsulate Foslip in targeted silica hanoparticle to overcome the drawbacks of
non-specific cellular uptake in control cells. Silica nanoparticles are internalised
by specific endocytotic processes (Gyenge et al., 2011a). Our results of Foslip
intracellular uptake could be explained by two mechanisms of cell internalisation
when silica nanoparticles were used as a delivery system. First, bound anti-CEA
Affimers were recycled which mediated possible silica nanoparticle
internalisation. Although we did not investigate the internalisation process of anti-
CEA Affimer tagged nanoparticles, evidence related to anti-CEA antibodies
suggested that they were internalised by colorectal cancer cells with a half-life of
10-16 hours (Schmidt et al., 2008). We therefore hypothesised that anti-CEA
Affimer would internalise in a similar manner to bound anti-CEA antibody. Our
results suggested cellular uptake of the nanoparticles as early as 4 h post
incubation in a time and in a dose dependent manner. Second, Foslip released
from silica nanopatrticles prior to cell internalisation followed the same route as
the internalisation of free Foslip (Compagnin et al., 2009, Rojnik et al., 2012). In
support of this theory, no dark cytotoxicity for empty silica nanoparticles at high
concentrations up to 4 mg/ml was seen in colorectal and control cells lines;
whereas nanoparticles loaded with Foslip were highly toxic at 4 mg/ml. This
suggested that Foslip might leak outside the silica shell and internalise into the
cells as a free molecule. In colorectal cancer cell lines, the cytoplasmic
fluorescence reduced after 48 hours suggesting that Foslip was either excreted

by the cell or degraded within it. This reduction in fluorescence also suggested
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that either the membrane-bound CEA molecules were recycled at a slower rate
than they were bound and internalised, or the nanoparticle was processed by the
cell membrane. Nonetheless, the encapsulation of Foslip into silica nanopatrticles

reduced its unwanted dark cytotoxicity.

4.4.2 Fluorescent imaging and photodynamic therapy with Foslip-loaded

nanoparticle

In all three cell lines tested, targeted nanoparticle showed significantly greater
fluorescence at each time point from 4 to 48 hours compared to non-targeted
control nanoparticle. The time dependent nature of the fluorescence and the fact
that it appeared to be cytoplasmic, suggested that Foslip had been internalised
by the cells. Cellular fluorescence from control nanoparticles was negligible. Peak
fluorescence occurred at 24 to 36 hours post incubation and decreased after 48
hours. In all three cell lines tested, the fluorescence at 48 hours was greater than
at 4 h. The fold difference in mean fluorescence between anti-CEA and control
Affimer conjugated nanoparticles at 36 hours was 9.5, 10.2- and 3.5-fold for
LoVo, LS174T, and HCT116 respectively (p<0.0001). Importantly, the mean
fluorescence of Foslip-loaded silica nanoparticle was comparable to that
observed in NIR664 dye-doped silica nanoparticle (Chapter 3). The near infra-
red fluorescence of Foslip-loaded silica nanoparticles is an important
characteristic feature for imaging. However, this feature was hardly reported in

the literature when Foslip was utilised for photodynamic therapy.

Each of the three cell lines is known to express CEA but at differing
concentrations: LoVo cells have a high expression, LS174T cells a moderate/high

expression and HCT116 cells a low expression (Ohannesian et al., 1995, Ashraf
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et al., 2009, da Paz et al.,, 2012, Fahlgren et al., 2003, Wang et al., 1999).
Although our results suggested a relationship between fluorescence intensity and
CEA expression level, this does not reflect a true CEA expression concentration
on cell surfaces. This is the case even when non-specific control binding is
ignored (to consider the higher levels in LS174T cells). This is likely to be due to
differing steric hindrance, where the antigen density at the cell membrane can
affect Affimer binding occurring between cell lines (Kent et al., 1978). Although
our results showed anti-CEA specific fluorescence, the relationship between

cellular CEA concentration and fluorescence is not clear.

Reports on targeted delivery of mTHPC nanoparticulate formation to colorectal
cancer cells for photodynamic therapy are very limited. Abdelghany et al (2013),
were successful at encapsulating meso-tetra(N-methyl-4-pyridyl) porphine tetra
tosylate (TMP) photosensitiser in a hydrogel-based chitosan/ alginate
nanoparticle formulation (Abdelghany et al., 2013). Anti-death-receptor-5 (DR5)
antibody, a cell surface apoptosis-inducing receptor up-regulated in various types
of cancer and found on HCT116 cells, was then conjugated onto the particles.
Although their nanoparticle elicited a more potent photocytotoxic effect than free
drug, the nanopatrticle diameter was prohibitively large at 560 nm. In addition, the
tissue target DR5 is not specific to colorectal cancer and not known to be highly
expressed. On the other hand, Yang et al (2010) synthesised Folic acid-
conjugated chitosan nanoparticles and loaded them with protoporphyrin IX (PplX)
photosensitiser (Yang et al., 2010). They used folic acid as a bioreceptor to target
high folate receptor-expressing colorectal cancer cells HT29 and Caco-2. The
authors reported that PplX accumulated in cancer cells via receptor-mediated

endocytosis with significant fluorescence when compared to free PpIX but with
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no report on the photodynamic effect. In addition, their experiments did not
include either control nanoparticles or control cell lines. Others reported
successful encapsulation of mMTHPC in nanoparticles for photodynamic therapy
in colorectal cancer cells but lacking a targeting molecule on the surface (Low et

al., 2011).

The photodynamic effectiveness of Foslip delivered by targeted silica
nanoparticles was assessed following light (600—700 nm) irradiation of colorectal
cancer cells compared to control nanoparticles. The in vitro photocytotoxic effect
of the anti-CEA targeted and control nanoparticle was significantly different. The
data showed that anti-CEA Affimer targeted nanoparticles significantly allowed
Foslip-mediated photodynamic therapy in all three colorectal cancer cells when
compared to control nanoparticles. This is a novel finding and we are the first to
demonstrate effective PDT using anti-CEA Affimer as a targeting bioreceptor on
the surface of silica nanoparticles. However, at doses above 2 mg/ml a cytotoxic
effect was observed in the control cell line HEK293. The photodynamic toxicity
observed in the HEK293 cells when incubated with Anti-CEA Affimer targeted
nanoparticles was likely due to the non-specific binding of nanoparticles to the
cells. Interestingly, such photo induced cytotoxicity was not seen in HEK293 cells
when incubated with the control anti-myoglobin Affimer nanoparticles. Whether
HEK293 cells express CEA at the surface or whether the polyclonal
functionalised nanoparticles at high concentration mediated the unwanted
cellular death is unknown. These findings necessitate further investigations
including another control cell line. Taking together, the results suggested that a
dose of 2 mg/ml of targeted nanopatrticles is the cut-off for safe treatment in vitro.

However, this cut-off value for safe dose of Foslip-loaded silica nanoparticle may
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differ when tested in vivo. The mechanism of cellular toxicity was suggested to
be mediated via ROS generation. Although quantification of the fluorescent signal
of the ROS generation assay is feasible, it would not be a true reflection of the

exact mechanism of cellular cytotoxicity induced.

The conclusion from this piece of research is that Foslip-loaded silica
nanoparticles conjugated to anti-CEA Affimers allowed tumour cell-specific
fluorescent and photodynamic therapy in vitro, with sufficient promise to justify

testing in an animal model of colorectal cancer.
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Chapter Five

Anti-CEA targeted, Foslip-loaded
silica nanoparticles for colorectal

cancer imaging in vivo
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5 Anti-CEA targeted, Foslip-loaded silica

nanoparticles for colorectal cancer imaging in vivo

5.1 Abstract
Aim

The aim of this chapter was to test anti-CEA Affimer-functionalised Foslip-loaded

silica nanoparticles fluorescent imaging in colorectal cancer murine model.
Methods

Anti-CEA (II+11l) and anti-myoglobin Affimer functionalised Foslip-loaded silica
nanoparticles were synthesised and suspended in sterile PBS. Six-week-old
BALB/c nu/nu female mice, bearing LS174T xenograft tumours in the right flank,
were injected with either anti-CEA Affimer-functionalised Foslip-loaded
nanoparticles (n=6) or control anti-myoglobin-functionalised Foslip-loaded (n=6)
nanoparticles via tail vein. IVIS animal imaging system with excitation filters at
615 - 665 nm and 8 s exposure time was used for in vivo and ex vivo imaging at
6, 24, 30 and 48 h while confocal microscopy was used for histological imaging
of xenografts. Wilcoxon Signed Rank Test was used for statistical analysis and

P<0.05 was considered significant.
Results

Foslip-loaded silica nanopatrticles were detectable by the IVIS system at 2 mg/ml,
200 pg/ml and 20 pg/ml. Anti-CEA Affimer-functionalised Foslip-loaded
nanoparticles allowed tumour-specific imaging of LS174T xenografts in all 6

mice. Fluorescence in the CEA-targeted tumours was significantly greater than
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controls at every time point after and including 6 h (p<0.0001). Mean tumour
fluorescence increased from 6 h (mean 0.55x107 psecicm-2sr/uW/cm?) to 30 h
(mean 9.415x107 psec'cm-2sri/uW/cm?). Mice injected with control anti-
myoglobin Affimer-functionalised nanoparticles showed no tumour fluorescence
above background at any point. The xenograft tissue sample from the mouse
injected with anti-CEA Affimer targeted nanoparticles showed fluorescent signal
within the tumour microenvironment while no fluorescence was seen in the

control xenograft.
Conclusion

Anti-CEA Affimer-functionalised Foslip-loaded silica nanoparticles allowed

tumour-specific fluorescent imaging of LS174T colorectal cancer murine model.
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5.2 Introduction

The application of antibodies to colorectal cancer targeting nanoparticles is still
an emerging field, but there are already many antibodies in preclinical and clinical
development (Low et al.,, 2011, Conaghan et al., 2008, Oukkal et al., 2010,
Douillard et al., 2010). For example, the humanized A33 monoclonal antibody
has shown great promise in clinical trials as an immunotherapeutic biological
agent and also as a targeting ligand for colorectal cells of polymer capsules
formed by the layer-by-layer method (Chong et al., 2005, Cortez et al., 2007) .
Using targeted nanoparticles as a drug delivery system based on antibodies is
now one of the main approaches for colorectal cancer therapy under preclinical
development. However, the major limitation of antibodies is their large size and
complexity, posing a challenge to their conjugation on the surface of
nanoparticles (Brennan et al., 2004, Weinberg et al., 2005). Peptides also
represent a promising targeting alternative, given their small size and ease of
attachment to nanoparticles. However, the use of peptides for colorectal cancer
, for example, the tumor necrosis factor-related apoptosis- inducing ligand (Cao
et al., 2008) , and the peptide RPMrel (CPIEDRPMC) (Kelly and Jones, 2003) as
a targeting ligand, has not yet been well explored. One study has shown high
cellular uptake of HPMA-copolymer-doxorubicin conjugate with the oligopeptide
GE11 in colorectal cancer cells that overexpress epidermal growth factor receptor
(EGFR), achieving selective release of doxorubicin (Kopansky et al., 2011). The
differential expression of folate receptor-a (FRa) has been associated with
several types of cancers including colorectal cancer (Shia et al., 2008). Cell lines
such as Caco-2 and HT29, which overexpress the folate receptor, selectively

internalise nanoparticles with folate conjugated to their surface (Li et al., 2011).
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Sharma et al (2013), described a multifunctional nanosystem based on
methotrexate-loaded guar gum nanoparticles functionalised with folic acid , which
released methotrexate at colonic pH 6.8 and displayed preferential in vivo uptake
by colon tissue (Sharma et al., 2013). A recent study reported that mesoporous
silica nanoparticles, loaded with porphyrin and camptothecin, were successfully
targeted against HCT116 cells using galactose on the surface as bioreceptor
(Gary-Bobo et al., 2012). The combined drug delivery and photodynamic therapy
of the nanoparticle showed a dramatic enhancement of cancer cell death

compared to separate treatments.

Other types of nanoparticles loaded with different types of photosensitisers and
functionalised with different type of bioreceptors have been described. This
highlights the difficulties faced when a fluorescent, tumour-specific molecular
nanoparticle, for live in vivo colorectal cancer imaging, and photodynamic therapy
is considered. The particular challenge in this application is to construct a particle
that can simultaneously fluoresce and target tumour cells. The nanoparticle must
have pharmacokinetic properties that enable it to be delivered efficiently to a
tumour following systemic vascular delivery; while the fluorescent signal must be
of adequate magnitude to pass through the muscular bowel wall and the
mesentery and must have favourable toxicity profile. In addition, the tumour-to-
background ratio must be large enough to allow sensitive and specific detection

of cancer cells and deliver specific photodynamic therapy in a targeted manner.

A limited number of studies have been published in which mTHPC loaded
nanoparticles were targeted against colorectal cancer. In chapter 4, we have
exploited the unique features of near-infrared fluorescence spectrum and the

potent photodynamic cytotoxicity effect of Foslip encapsulated in silica
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nanoparticles against colorectal cancer cells in vitro. In an effort to further improve
those features, we aimed to test the nanoparticle in an animal model of colorectal
cancer. For systemic delivery, the particles must be capable of passing out of
the vasculature. Although, it is worth noting that the requirements for this are less
stringent in the context of relatively permeable tumour-associated vasculature.
Although dependent upon many factors including particle shape, surface
chemistry and charge, it is generally accepted that for this to occur, nanoparticles
must have a diameter of less than 200 nm (Matsumura and Maeda, 1986,

Moghimi et al., 2012, Perrault et al., 2009).

The aims for this part of the project were to:

v. Assess the ability of polyclonal anti-CEA Affimer (l1+11l) tagged to Foslip-
loaded silica nanoparticles to bind to colorectal cancer xenograft in vivo
vi.  Quantify the specificity and fluorescent signal magnitude of Foslip-loaded
nanoparticles
vii.  Test the effectiveness of the Foslip-induced photodynamic therapy in
vivo. This part of the project will be carried out in the near future as

described in section 2. 11. 5.

In this chapter we show what we believe is the first successful and sufficiently
controlled use of systemically delivered, anti-CEA Affimer targeted fluorescent

nanoparticles for live in vivo colorectal cancer imaging.
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5.3 Results

5.3.1 Dye-doped silica

To perform the in vivo analysis of binding of colorectal cancer cells by targeted
nanoparticles, a series of experiments were carried out involving systemic

nanoparticle delivery to a murine xenograft model of colorectal cancer.

5.3.1.1 Anti-CEA Affimer Foslip-loaded silica nanoparticles are detectable

in vivo.

First, we confirmed that the IVIS small animal imaging system, which was to be
used for all in vivo experimental imaging, was capable of detecting the fluorescent
signal from the nanoparticles. The nanoparticles were suspended in PBS at 2
mg/ml, 200 pg/ml and 20 pg/ml and took fluorescent images with the appropriate
wavelengths selected (Figure 5.1). A dose of 50 mg/kg was planned to be used
in the targeting experiments, in line with other silica nanoparticle mouse
experiments (Meng et al.,, 2011, Tivhan et al., 2012), which equates to
approximately 625 pug/ml (assuming a six week old BALB/c nu/nu female mouse
has a weight of 25 g and circulating blood volume of 80 ml/kg (Doevendans et
al.,, 1998) with uniform nanoparticle distribution throughout the vascular
compartment). The strong fluorescent images obtained with a 20 pg/mi
suspension suggested that the IVIS system should be able to detect this

concentration at the lowest threshold ~ 1 x 108 (p/sec/cm3/sr)/(uW/cm?).
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Figure 5. 1. Fluorescent signal detection from polyclonal anti-CEA (lI+111) Affimer

tagged nanoparticles.

Anti-CEA tagged nanoparticles suspended in PBS at 2 mg/ml, 200 pg/ml and 20 pg/ml
then imaged using an VIS small animal imaging system. Images were captured using
IVIS with excitation filters at 615 - 665 nm and 8 s exposure time. Colour scale represents

minimum = 9.58 x 107 and maximum = 5.94 x 108 (p/sec/cm?/sr)/(uW/cm?).

Next, the aim was to determine in a pilot experiment whether nanoparticles
delivered systemically to mice were detectable, for how long, and their tissue
location. Anti-CEA Affimer tagged nanoparticles (200 pg/ml) were injected into
the tail veins of three 6-week-old BALB/c nu/nu female mice (without xenograft
tumours) and live IVIS images were taken at 1, 24, and 48 h after injection

(Figure 5.2). At 24 h post-injection, all three mice were imaged as normal,
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allowing the IVIS system to auto-expose and detect more sensitively the

fluorescence in the livers.

The injection in mouse-2 failed to deliver successfully to the tail vein as evidenced
by the fact that particles were visible in the subcutaneous tissue of the tail at all
time points. The other mice demonstrated systemic delivery of particles and
accumulation in the liver within 24 h, consistent with hepatic excretion. At 24 h
post-injection there appeared to be biliary fluorescence in addition to hepatic
fluorescence. At 24 h post-injection, mouse -1 was sacrificed and the liver,
kidneys, heart, brain and spleen were retrieved and imaged ex vivo. The same
was done with a control mouse that had not been injected with nanoparticles. By
48 h, the hepatic fluorescence had decreased in mouse-3, leaving only biliary
fluorescence. This was suggestive of hepatobiliary excretion, a feature observed
previously in systemically delivered silica nanoparticles (Souris et al., 2010,

Tiernan et al., 2015).

The mean fluorescence of the ex vivo liver from mouse-1 injected with
nanoparticles at 24 h was 28.15 x 10’ pseclcm-?sri/uW/cm?, compared to a
degree of natural fluorescence of 0.521 x 107 pseccm-?sri/uw/cm? for the
control mouse liver with a fold difference of 174 (Figure 3). The control mouse
spleen and kidney exhibited no natural fluorescence whilst the spleen and kidney
from treated exhibited low-level fluorescence (0.501 and 0.328 x 107
pseclcm2sri/uW/icm? respectively). These findings confirmed that the
nanoparticles were detectable in vivo, were deliverable systemically, and were
metabolised and excreted predominately by the liver. Importantly, no photo-

sensitivity reactions were observed in any of the injected mice.
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Figure 5. 2. Polyclonal anti-CEA Affimer (II+Ill) tagged silica nanoparticle bio-

distribution.

Mice were injected with 200 pug/ml of anti-CEA Affimer tagged nanoparticles and were
imaged in groups using IVIS at 4, 24 and 48 h time points as shown. Mouse-1 was
sacrificed at 24 h post injection. Abbreviations denote:(M-1), mouse-1; (M-2), mouse-2;
(M-3), mouse-3 and (h), hour. Images were captured using IVIS with excitation filters at
615 - 665 nm and 8 s exposure time. Colour scale represents minimum = 4.31 x 10’ and

maximum = 1.06 x 108 (p/sec/cm?/sr)/(uW/cm?).

Mouse-1

Figure 5. 3. Ex vivo imaging of nude mouse injected with polyclonal anti-CEA

Affimer (lI+11l) tagged silica nanoparticle.

After 24 h of nanoparticles injection, organs were harvested from mouse-1 and imaged
ex vivo, along with the same organs from a mouse that had not received the
nanoparticles (control). Numbers denote: (1), liver; (2), spleen; (3), kidney; (4), heart and
(5), brain. Images were captured using IVIS with excitation filters at 615 - 665 nm and 8
s exposure time. Colour scale represents minimum = 9.58 x 10’ and maximum = 5.94 x

108 (p/sec/cm?/sr)/(uUW/cm?).
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5.3.1.2 Anti-CEA Affimer-functionalised silica nanoparticles for tumour-

specific imaging in a murine xenograft model of colorectal cancer

For the next experiment, we aimed to test whether anti-CEA Affimer-
functionalised nanoparticles were capable of tumour-specific labelling, as
measured by fluorescence in vivo. Six-week-old BALB/c nu/nu female mice,
bearing LS174T xenograft tumours in the right flank, were injected with 50 pl (1
mg/ml) either anti-CEA Affimer-functionalised Foslip-loaded nanopatrticles (n=5)
or control anti-myoglobin-functionalised Foslip-loaded (n=4) nanopatrticles via tail
vein. Then, fluorescent images were obtained at 1, 6 and 24 h post-injection
(Figure 5.4). Two of the tail vein injections showed extravasation at the injection
site in the anti-CEA Affimer-functionalised nanoparticles targeted group, leaving
3 test and 4 control mice. At 24 h post injection, 2 out of 3 mice demonstrated
tumour-specific fluorescence in LS174T xenograft murine model of colorectal
cancer. Importantly, no tumour cell fluorescence above background at any point
was observed in mice injected with control anti-myoglobin Affimer-functionalised
nanoparticles. Three additional LS174T tumour-bearing mice were injected with
anti-CEA (n=2) and anti-myoglobin (n=1) Affimer-functionalised nanoparticles
which were free of Foslip (Figure 5.5). No tumour cell fluorescence was observed
in all three mice at lowest threshold ~ 2 x 107 (p/sec/cm®/sr)/(uW/cm?) confirming
that the fluorescence seen in Figure 5.4 was only Foslip-related. Fluorescence
in other mouse tissues was not seen for either control or CEA-targeted particles,
demonstrating that the particles have negligible non-specific or Affimer directed
binding to host cells. The continued accumulation of tumour fluorescence with

the CEA-targeted nanoparticles for up to 24 hours suggested that at least a



182
proportion of the conjugated particles are stable in the circulation for a minimum

of 24 h.
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Figure 5. 4. Systemic administration of polyclonal anti-CEA (lI+Ill) and anti-

myoglobin Affimer-functionalised Foslip-loaded nanoparticles.

Mice were injected with anti-CEA Affimer tagged nanoparticles (n=5) or anti-myoglobin
nanoparticles (n=4) through the tail vein. Mice were imaged at 1, 6 and 24 h post

injection. Images were captured using IVIS with excitation filters at 615 - 665 nm and 8
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s exposure time. Panel (A); images of mice injected with CEA-targeted nanoparticles;
(B), photograph of mouse injected with anti-CEA Affimer tagged nanoparticles at 24 h
showing the tumour xenograft and (C); images of mice injected with anti-myoglobin
Affimer tagged nanoparticles. Note that a strong signal from anti-CEA targeted group is
observed in the tumour in 2 mice. Colour scale represents minimum = 4.31 x 10’ and

maximum = 1.06 x 108 (p/sec/cm?®/sr)/(uW/cm?).
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Figure 5. 5. Systemic administration of polyclonal anti-CEA (lI+IIl) and anti-

myoglobin Affimer-functionalised Foslip-free nanoparticles.

Mice were injected with anti-CEA Affimer tagged nanoparticles (n=2) or anti-myoglobin
nanoparticles (n=1) through the tail vein. Mice were imaged at 24 h post injection. Images
were captured using IVIS with excitation filters at 615 - 665 nm and 8 s exposure time.
Colour scale represents minimum = 0.5 x 10’ and maximum = 2.06 x 10’

(p/seclcm®/sr)/(uW/cm?).
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Liver fluorescence was evident at 6 h in all mice (mean 59.1 x 108 pseclcm-2sr
Yuw/cm?) and increased at 24 hours (85.8 x 10° pseclcm-?sr/uW/cm?) (Figure
5.6). Hepatic localisation was confirmed by ex vivo imaging of isolated organs.
There was no significant difference in liver fluorescence between mice injected
with control particles and those injected with anti-CEA Affimer targeted particles

at any time point.
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Figure 5. 6. Hepatic fluorescence following systemic delivery of control and

polyclonal anti-CEA (lI+1ll) Affimer targeted nanoparticles in vivo.

Data denote mean fluorescence (SEM, n=3). Control: anti-myoglobin Affimer tagged

nanoparticles.

During this experiment, all mice had to be sacrificed at 24 h due to the tumour
volume reaching the upper limit for acceptable diameter and due to skin
ulceration. This has limited the understanding of the in vivo fluorescent imaging
in our animal model and limited the conclusion that can be drawn from the

presented data. One of the challenges faced in the in vivo experiment was the
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success rate of tail vein injections. Tumour xenograft fluorescence appeared in 2
out of 3 mice injected with CEA-targeted nanoparticles but the intensity was less
than what was expected when compared to Tiernan et al (Tiernan et al., 2015).
When the background fluorescence parameter was set to eliminate the hepato-
biliary fluorescence, the signal in the xenograft was weak. Therefore, we refined
the protocol and repeated the experiment to better enhance the targeted

fluorescent imaging in the xenogratft.

5.3.1.3 Anti-CEA Affimer-functionalised Foslip-loaded nanoparticles allow
tumour-specific imaging in LS174T xenograft model of colorectal

cancer

In this experiment, the nanoparticles were suspended in sterile PBS at higher
concentration (2 mg/ml). Xenografts were grown to ~10 mm in diameter then mice
were injected with 150 pl of nanoparticles. Six mice in two groups were injected
with either anti-CEA Affimer-targeted (n=6) or control anti-myoglobin Affimer-
targeted (n=6) nanoparticles and imaged at 6, 24, 30 and 48 h. For better
understanding of the biodistribution and fate of the nanoparticles one mouse,
from each group, was sacrificed after imaging at each time point and organs were
harvested then imaged ex vivo. The background fluorescence point was set high
to eliminate the hepato-biliary fluorescence and ensure that any fluorescence to

be seen in the xenograft was a real signal.

Tumour-specific fluorescence was seen in the xenograft of all mice that were
injected with anti-CEA Affimer-functionalised Foslip-loaded nanoparticles as
shown in Figure 5.7. The fluorescent signal was seen as early as 6 h, peaked at

30 h and remained in the xenograft at 48 h. Fluorescence ratio, which was defined
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as the fluorescence of the tumour site over the fluorescence of normal tissue, at

6, 24, 30 and 48 h was 21, 88, 95 and 85 respectively.

In sharp contrast, no fluorescent signal was seen in any of the mice that were
injected with anti-myoglobin Affimer-functionalised Foslip-loaded nanopatrticles.
The lateral view of the imaged mice also confirmed that the fluorescent signal
was located at the xenograft tissue as shown in Figure 5.8. Fluorescence in the
CEA-targeted tumours was significantly greater than controls at every time point
after and including 6 h (p<0.0001, Wilcoxon Signed Rank Test). Mean tumour
fluorescence increased from 6 h (mean 0.55 x 107 psecicm-?sr/uwW/cm?) to 30
h (mean 9.415 x 107 psec'cm-2sr/uW/cm?). Mice injected with control anti-
myoglobin Affimer-functionalised nanoparticles showed no tumour fluorescence

above background at any point.

The tumour tissue and other organs were harvested and imaged ex vivo. The
tumour xenograft was halved and imaged. Tumour fluorescence was only
detected in xenografts of mice injected with CEA-targeted nanoparticles as

shown in Figure 5.9.
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Figure 5. 7. Polyclonal anti-CEA (lI+Ill) and anti-myoglobin Affimer-functionalised Foslip loaded nanoparticles tumour fluorescent imaging

in vivo.

Mice were injected with 150 ul (2 mg/ml) anti-CEA Affimer tagged nanoparticles (n=6) or anti-myoglobin nanoparticles (n=6) through the tail vein. Mice
were imaged at 6, 24, 30 and 48 h post injection. An image of 1 representative mouse from both groups at each time point is shown. Images were
captured using IVIS with excitation filters at 615 - 665 nm and 8 s exposure time. Note that a strong signal from anti-CEA Affimer targeted group is

observed in the tumour at all time points. Colour scale bar: minimum = 4.31 x 107 and maximum = 1.06 x 108 psec*cm-2sr/uw/cm?.
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Figure 5. 8. Lateral view of polyclonal anti-CEA (lI+1ll) and anti-myoglobin Affimer-functionalised Foslip loaded nanoparticles tumour

fluorescent imaging in vivo.

Mice were injected with 150 ul (2 mg/ml) anti-CEA Affimer tagged nanoparticles (n=6) or anti-myoglobin nanoparticles (n=6) through the tail vein. Mice
were imaged at 6, 24, 30 and 48 h post injection. An image of 1 representative mouse from both groups at each time point is shown. Images were
captured using IVIS with excitation filters at 615 - 665 nm and 8 s exposure time. Note that a strong signal from anti-CEA Affimer targeted group is

observed in the tumour at all time points. Colour scale bar: minimum = 4.31 x 10" and maximum = 1.06 x 108 psec*cm-2sri/uw/cm?.



189

Anti-CEA Affimer Anti-myoglobin Affimer
targeted group targeted group

Epi-flucrescence Epi-fluorescence

- 10 - 10

x107 *®107

6.0 6.0

Radiant Efficiency Radiant Efficiency

Color Scale
Min = 4.31e7
Max = 1.0628

Color Scale
Min = 4.31e7
Max = 1.06e8

Liver Spleen Kidney Heart Brain Xenograft Liver Spleen Kidney Heart Brain Xenograft

Figure 5. 9. Ex vivo fluorescence detection in LS174T mouse model.

Mice were injected with 150 pl (2 mg/ml) anti-CEA Affimer tagged nanoparticles (n=6) or anti-myoglobin nanoparticles (n=6) through the tail vein. Mice
were sacrificed at 6, 24, 30 and 48 h then organs were imaged. Each image represents a single mouse organs. Images were captured using VIS with
excitation filters at 615 - 665 nm and 8 s exposure time. Note that a strong signal from anti-CEA Affimer targeted group is observed in the tumour at all

time points. Colour scale bar: minimum = 4.31 x 107 and maximum = 1.06 x 108 psec*cm-2srt/uw/cm?>.
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Mean fluorescence in xenografts of mice injected with anti-CEA Affimer targeted
nanoparticles increased from 6 h (mean 0.65 x 107 p/sec/cm?/sr/uW/cm?) to 24 h
(mean 9.9 x 107 p/sec/cm?/sr/uW/cm?) then plateaued (Figure 5.10 A).
Importantly, the ex vivo imaging of the halved CEA-targeted xenografts showed
fluorescence within the core of the xenograft and not only on the outer surface as
shown in Figure 5.9. This is a very promising finding which suggested that the
nanoparticles were able to accumulate within the tumour microenvironment and
thereby likely to overcome the limitations of poor tissue penetration known to
traditional chemotherapeutic drugs. To confirm this observation, confocal imaging
was performed on histological sections from xenograft of a mouse injected with
anti-CEA Affimer targeted and control nanoparticles (Figure 5.10 B). The
xenograft tissue sample from the mouse injected with anti-CEA Affimer targeted
nanoparticles showed fluorescent signal within the tumour microenvironment
while no fluorescence was seen in the control xenograft. Collectively, these

findings suggested a directed-nanopatrticles delivery to the tumour site.
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Figure 5. 10. Polyclonal anti-CEA (lI+11l) Affimer targeted nanoparticles

fluorescent tumour detection ex vivo.

(A), data are mean tumour fluorescence for ex vivo xenografts for mice injected with anti-
CEA Affimer and anti-myoglobin Affimer targeted nanopatrticles respectively (SEM, n=6).
Normal tissue represents skin. (B), fluorescence histology images of tumour xenograft
from mice injected with anti-CEA Affimer and anti-myoglobin Affimer targeted
nanoparticles 30 h after injection respectively. Red and blue indicate Anti-CEA Affimer

targeted nanoparticles and cell nuclei respectively.
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5.4 Discussion
In this chapter | sought to use nanotechnology to provide a concentrated
fluorescent signal in an anti-CEA Affimer-mediated, tumour specific, in vivo
imaging system. The in vivo experiments showed that anti-CEA tagged to the
surface of Foslip-loaded silica nanoparticles successfully targeted LS174T

tumour xenograft in a murine model of colorectal cancer.

The principle aim of this part of the project was to test whether the particles could
reach the tumour cells following systemic delivery, and whether they showed
tumour-specific binding. Tiernan et al were the first group to show specific tumour
targeting of anti-CEA antibody- functionalised NIR669-doped silica nanoparticles
in LS174T murine xenograft mouse model (Tiernan et al., 2015). Our data were
comparable to their work and we have shown that the nanoparticle penetrated
into the core of the xenograft. In addition, we used the photosensitiser Foslip
instead of NIR669 dye which has the potential to induce photodynamic therapy.
Cho et al (2010), synthesised magneto-fluorescent silica nanoparticles which
were functionalised with cetuximab for the targeting and imaging of colorectal
cancer (Cho et al., 2010). Cetuximab-conjugated magneto-fluorescent
nanoparticles specifically targeted colon cancer cells that expressed EGFR on
their cell membranes, and allowed specific fluorescence while the same particles
produced significant MRI signal changes in a human colon cancer HCT116
xenograft mouse model. The authors did not the test the nanopatrticles in vivo for
xenograft specific-fluorescent imaging and the study lacked control nanoparticles
and control cell lines. The only two other studies that have investigated specific
targeting of dye-doped silica nanoparticles to tumours via systemic delivery were

Tivnan et al (Tivhan et al., 2012) who used dendrimer-conjugated particles
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targeted to neuroblastoma and Soster et al (Soster et al., 2012) who used PEG-
conjugated particles targeted to colorectal cancer metastases, both in murine
xenograft models. However, both studies used ‘bare’ nanoparticles as controls,
which are potentially problematic in terms of demonstrating antigen-specific
targeting, and both imaged fluorescence only on harvested organs ex vivo, which

may relate to poor tissue penetration of the nanoparticles.

Our in vitro results suggested that non-specific binding could be a potential
problem as normal cells can also express CEA. In an attempt to investigate this
problem, non-tumour bearing mice were injected with anti-CEA targeted particles
to evaluate non-specific binding to normal tissues. The data showed that
significant fluorescence was only observed in the hepatobiliary system, which
peaked at 24 hours and reduced by 48 h post-injection. Other studies that
investigated the biodistribution and excretion of silica nanoparticles (Souris et al.,
2010, Kumar et al., 2010, Park et al., 2009, Sarparanta et al., 2012), reported the
same finding and found that a higher particle surface charge was associated with
rapid excretion. Although LoVo cells are known to have higher level of CEA
expression on the surface, LS174T cells were chosen for the xenograft model in
this study because they showed the greatest fold difference in fluorescence

between anti-CEA targeted and control nanopatrticles in vitro.

Anti-CEA Affimer targeted nanoparticles showed significant time-dependent
accumulation within tumours xenografts while control nanoparticles showed no
tumour accumulation in tumour-bearing mice, (p<0.0001). Reassuringly, in all 6
tumour bearing mice injected with anti-CEA targeted nanoparticles specific
fluorescence was observed and without obvious variations. This strongly suggest

that anti-CEA Affimer is specific to CEA expressing cells. The 100% successful
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rate at targeting tumour xenografts can also be attributed to the successful tail
vein injections in the hands of experienced operators. This is supported by the
fact that the fluorescent signal persisted in the tail in a number of mice during the
early experiments. Therefore, these mice showed no tumour-specific

fluorescence.

Although the small number of mice in this study did not allow appropriate
correlation between the xenograft diameter and tumour-specific fluorescence, the
greatest tumour-specific signal appeared to have the biggest xenograft diameter.
Ex vivo examination of the xenografts at the end of the experiment, showed that
the largest tumour was more vascularised and had invaded into the surrounding
muscular tissue. Precise control of the depth of the subcutaneous injection of
tumour cells into the flank region is technically very challenging and thereby deep
injections could account for the intra-muscular tumour growth. Correlating the
size of the xenograft diameter and volume with the fluorescent signal observed

would be an interesting finding but in a bigger number of mice in each group.

The results of this work and to the best of my knowledge, are the first to describe
successful live, in vivo fluorescent imaging of colorectal cancer in a murine animal
model using Foslip-loaded silica nanoparticles. Despite the small number of mice
in each arm of the study, the findings remain highly significant due to the lack of
any detectable fluorescent signal in the xenograft tumours which were injected

with control particles.

The next experiment, that is being carried out in the meantime, is to illuminate

the xenograft with light in order to activate Foslip induced photodynamic therapy.
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The experiment will inform the efficacy of photodynamic therapy of the targeted

Foslip-loaded nanoparticle and hence its theranostic capabilities.

Our data shows great promise for clinical translation in the context of intra-
operative imaging. Of clinical interest, the technology is applicable to imaging any
tissue or pathology using Affimers targeting appropriate specific biomarkers and

so is likely to be applicable to therapy of other solid tumours.
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Chapter Six

Summary
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6 Summary

| aimed to develop a multi-functional tumour-specific nanoparticle that would
allow fluorescent imaging and photodynamic killing of colorectal cancer cells. The
ultimate aim was to develop a real-time molecular imaging platform for
laparoscopic colorectal cancer surgery to aid intra-operative staging, identify
tumour margins and eradicate residual tumour cells following personalised
radical resection. To achieve this, the project was divided into a series of distinct
steps that progressed logically to in vivo testing of a theranostic nanoparticle with

successful outcomes.

6.1 Anti-CEA Affimer as a novel bioreceptor

The bioreceptor component of this work was fundamental. The performance of
the nanoparticle was completely dependent upon the ability of the bioreceptor to
discriminate between normal colorectal tissue and CEA-expressing tumour
tissue. The perfect fluorescent molecular bio-imaging system would fail if the
bioreceptor was unable to recognise its respective target. Accordingly, the first
aim of the project was to identify a suitable bioreceptor and ensure that it was
specific to CEA. The choice of target, CEA, was based on evidence from previous
publication at the University of Leeds by Tiernan et al (Tiernan et al., 2013). CEA
has a high sensitivity and specificity in discriminating colorectal cancer cells from
normal mucosal cells. The anti-CEA Affimer was chosen as the targeting
mechanism for this project based on the binding specificity to CEA in vitro when
compared to the antibody. Dr Shamsuddin’s work on anti-CEA Affimer phage
display, sub-cloning and purification was highly valuable to the success of this

project. Although there are other novel methods of targeting membrane-bound
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molecules such as aptamers and peptides (Farokhzad and Langer, 2006), an
Affimer was the preferred choice in the interests of time and availability of the
characterised protein at the University of Leeds. Two other anti-CEA bioreceptors
from other amino-acid protein scaffolds were reported by other research teams
during the time of this project, which were Affibodies and designed ankyrin repeat

proteins (DARPIn) (Sainz Pastor, 2008, Ahlgren, 2007).

Affibody molecules are small (molecular weight ~ 6 kDa) affinity proteins derived
from the Staphylococcus aureus surface protein A. The IgG binding domain Z,
consists of 58 amino acids that form three-helix bundle and is used as a scaffold
(Nilsson et al., 1997). Randomisation of 13 amino acids takes place on the
surface of Z domain on helix one and two resulting in a large combinatorial library
which could potentially bind to any target protein (Nord et al., 1997, Nord et al.,

1995).

Anti-CEA Affibody was identified by screening against A3B3 recombinant domain
of CEA protein (Ahlgren, 2007). The clones of Affibody were identified and their
binding specificity to A3B3 CEA was only characterised by a dot blotting assay
only (Ahilgren, 2007). The expression yield for anti-CEA Affibody was low while
only one out of three purified clones showed binding to full length CEA protein.
The results from their dot blotting assay was further compromised by binding of
the negative control to A3B3 CEA. To date, there are no reports in the literature
on successful application of anti-CEA Affibody for targeted colorectal cancer
imaging or therapy. On the other hand, Shi et al (2017), produced a dimeric
Affibody with a 0.9 nM affinity against platelet-derived growth factor receptor 3
(PDGFRB) (Shi et al., 2017) which is known to be overexpressed on the pericytes

of many types of tumours (Paulsson et al., 2009). The photosensitiser infra-red



199

700DX N-hydroxysuccinimide ester (IR700) was then conjugated to anti-
PDGFRp Affibody for targeted vascular-photodynamic therapy in mice bearing
LS174T tumour grafts. Systemic administration of PDGFRp-affibody-IR700
conjugates in mice bearing LS174T tumour grafts (n=3), followed by illumination
allowed IR700-mediated PDT damage to tumour blood vessels thereby reducing
the average mass of tumour grafts to approximately 20—30% of that of the control
(Shi et al., 2017). However, the study lacked control Affibody-IR700 conjugate
while the control animals were either mice injected with PBS or mice kept in the
dark. The lack of appropriate control mice rendered the in vivo findings

guestionable.

Designed ankyrin repeat proteins (DARPIns) are small synthetic scaffolds (18
kDa) derived from the human ankyrin repeat domain and consist of a fixed region
which represents the scaffold and a variable region which interacts with the target
molecule (Binz et al., 2003, Tamaskovic et al., 2012). Six randomised surface-
exposed amino acid residues per repeat module takes place in the variable
region. Expression of functional DARPIns can be performed in E. coli with yields
reaching ~ 200 mg/l purified protein in simple shake flask cultures (Binz et al.,
2003). DARPIns have shown to detect positive epidermal growth factor receptor-
2 (HER-2) on paraffin-embedded breast cancer tissue sections with similar
sensitivity and higher specificity to antibody (p=0.0005) (Theurillat et al., 2010).
In another in vitro study, anti- HER-2 DARPins showed that binding of two
DARPIns connected by a short linker, one targeting extracellular subdomain | and
the other subdomain IV, causes much stronger cytotoxic effects on the HER2-
positive breast cancer cell line BT474 (Jost et al., 2013). To date there is only

one report in the literature on DARPIns targeted against CEA. The specificity of
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CEA-binding DARPIns isolated by screening against the N-Al1 recombinant
domain of CEA was only characterised by immunohistochemical staining on
human adenocarcinoma tissue sections (Sainz Pastor, 2008). Therefore, the lack
of robust evidence on binding specificity of anti-CEA DARPIns in colorectal

cancer cells prevented its use in our targeting strategy.

For the purpose of this study, anti-CEA antibodies were readily available as
alternative bioreceptors should the Affimer targeting strategy failed. There are a
number of monoclonal anti-CEA antibodies against different epitopes on CEA for
research purposes (Nap et al., 1992, Hass et al., 1991) while other radio-labeled
anti-CEA antibodies are in clinical trials (Wong et al., 2006, Wong et al., 2000).
For example, in radioimmunoguided surgery (RIGS), 125I-labeled antibody was
given before or during surgery and a hand-held gamma-detecting probe was used
to locate tumour tissue (Mayer et al., 2000, Mery et al., 2006, Kim et al., 2005).
Anti-CEA Affimers have properties that could be useful for such application.
When anti-CEA Affimer was conjugated to the surface of NIR669-dye-dope silica
nanoparticle, it was successful at showing tumour-specific fluorescent labelling in
three different cell lines of colorectal cancer in vitro. The control nanopatrticle,
bearing a control Affimer, showed negligible fluorescent labelling which indicated
specific binding to target and minimal off-target effects. It is possible that an
alternative Affimer could be substituted on our nanopatrticle to target different
tumours that express specific membrane-bound antigens, although this would
require characterisation via in vitro and in vivo studies to guarantee specificity
and sensitivity of targeting. The difficulty would be related to identification of a
specific tissue marker for targeting with Affimer. Human CEA-family belongs to

the immunoglobulin (Ig) superfamily and it is a large trans-membrane
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glycoprotein with an apparent molecular weight (MW) ~ 200 kDa of which about
50% comprise carbohydrates (Beauchemin et al.,, 1987, Hammarstrom and
Baranov, 2001, Hammarstrom, 1999). The CEA subfamily is very complex
involving a large number of genes, which makes it a complicated marker to study
(Nap et al., 1992). Since our group had published their work on CEA as being
the preferred tissue biomarker for colorectal cancer in 2013, there has been no

other published work suggesting an alternative tissue target (Tiernan et al., 2013).

6.2 Characterisation of anti-CEA Affimer

The results of our study suggested that the anti-CEA Affimers are promising
bioreceptors and showed excellent specificity to CEA in different applications
such as immunoflourescent imaging on tumour cells, direct ELISA, affinity
precipitation assays and most importantly as bioreceptors on the surface of
functionalised silica nanoparticles for in vivo imaging. However, further work
needs to be done to distinguish which protein epitopes the anti-CEA Affimers bind
to, as there are seven protein domains within CEA. Additionally, investigation of
whether the anti-CEA Affimers from three different binders recognise the same,
overlapping or different epitopes would be very interesting to explore since each

of them contained two unique variable loops.

Linking the anti-CEA Affimer to the surface of functionalised silica nanoparticles
in this study highlighted the importance of oriented bioreceptor conjugation as a
determinant factor in obtaining sensitive and effective fluorescent imaging. The
introduction of a single cysteine residue at the C- terminus of anti-CEA Affimer
has allowed site-directed conjugation onto the nanoparticle surface and thereby

facilitated specific CEA targeting. It is reasonable to assume that the small size
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of anti-CEA Affimer (12 KDa, 3 nm) was advantageous when compared to the
monoclonal anti-CEA antibody (150 KDa, 14 nm). The small size of Affimers
would increase their density on the surface of nanoparticles and generate more
binding sites for targeting CEA. In addition, the small size of Affimers could
potentially position the nanoparticle closer to colorectal cancer cell’s surface.
Initially, three anti-CEA Affimer clones were purified as bioreceptors, but anti-
CEA Affimer | expression yield was low and it precipitated upon storage and it
was excluded from further analysis. The Affimers are monoclonal and bind to a
single epitope but the polyclonal characteristics of antibodies can be mimicked if
Affimers are mixed. We showed that bi-Affimer conjugation to silica nanoparticle

improved the fluorescent imaging of colorectal cancer cells.

6.3 Theranostic nanoparticles

Nanotherapeutics are designed to overcome the major constraints of
conventional medicine such as low solubility and stability, non-adequate
pharmacokinetic profiles and side effects. To date, many nanoplatfiorms have
been applied for the delivery of mTHPC, one of the most potent clinically
approved photosensitisers. Foslip has been intensively tested in different in vitro
preclinical models (2D and 3D tumour cell cultures) (Gibot et al., 2014, Gaio et
al., 2016, Yakavets et al.,, 2019a), while complete PDT studies, including
biodistribution, pharmacokinetics and PDT efficacy in tumour-bearing in vivo
animal models are rather sparse (Lassalle et al., 2009, Brezaniova et al., 2018).
This situation seriously complicates the assessment of the benefits of Foslip-
based nanoparticles. We fabricated an anti-CEA Affimer targeted, Foslip-loaded
silica nanoparticle that allowed tumour-specific fluorescent labelling and

cytotoxicity in vitro.
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The Foslip-loaded nanopatrticle also showed tumour-specific fluorescent labelling
in a xenograft mouse model of colorectal cancer using one of the three colorectal
cancer cell lines. The dark toxicity of Foslip-loaded nanoparticles was significantly
lower than that of free drug and improved selectivity against colorectal cancer
cells. Although the in vivo study did not assess the photodynamic cytotoxicity of
the nanoparticle, due to time limitations, the following observations make the
results very powerful. First, anti-CEA Affimer targeted nanoparticles allowed
tumour-specific fluorescence in all of the tumour-bearing mice and none of the
mice injected with control nanoparticles produced a significant result, all of which
suggest a highly sensitive nano-system. Second, the fluorescent signal in the
hepatic system was the only observed signal in normal tissues, due to
hepatobiliary excretion, indicating that the targeted nanoparticles are specific to
the tumour xenograft. Third, the observed fluorescent signal persisted in the
tumour tissue beyond 48 hours following injection, indicating stability in vivo. The
nanoparticle effectively solved the problem of Foslip low tumour localisation,
providing easy administration in vivo. A common limitation of other nanoparticle-
based photosensitisers is poor drug release at the target site. We achieved a
reasonable balance between the circulating nanoparticle plasma stability and
efficient Foslip fluorescent imaging by tailoring the delivery to the tumour tissue
using anti-CEA Affimer. However, due to the variability of processes involved in
nanoparticles distribution at various stages (blood circulation, tumour tissue
distribution, intracellular accumulation), the parameters adopted for the design of

ideal nanoparticles should be extensively investigated.

These findings thus far are possibly the key for translating this work into clinical

trials. The major advantage of the system is that silica nanoparticles have low
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toxicity profile. Cyanine5.5-doped silica nanoparticles have entered into a phase
| clinical trial in metastatic melanoma cancer patients (n=5) in 2014 (Phillips et
al., 2014). The near infra-red-dye-doped silica nanoparticles were radiolabelled
with 124l for positron emission tomography (PET) imaging of lymph node and
functionalised with cyclic arginine—glycine—aspartic acid (cRGDY; targeting
bioreceptor for tumour and tumour endothelial cells) peptides for molecular
targeting. The functionalised nanoparticles, with diameter of ~ 10 nm, indicated
favourable pharmacokinetics and bio-distribution profiles and safety in five
patients. The particles were also found to be 20-30 times brighter and more stable
than Cy5.5 in solution suggesting excellent biocompatibility for nuclear imaging.
The nanoparticles were excreted through the renal system and exhibited low liver
uptake at 72 h post intravenous injection. Importantly, no toxic or adverse events
attributable to the particles were observed. However, the targeting efficiency of
the particles was very poor as only ~0.01% of the injected dose was localised in
the tumour site. This was the first report of radiolabelled targeted nanoparticle
imaging in humans and helped to establish comprehensive understanding of the
biological profiles of the silica nanopatrticles in vivo. Since the completion of the
phase | clinical trial, the same group have functionalised the same nanoparticle
with different surface targeting peptides and showed improved tumour
localisation in animal models of melanoma and prostate cancers (Chen et al.,

2018, Chen et al., 2019).

Foslip is approved for clinical use so translation into clinical trials could potentially
be rapid. From the present data, it seems likely that translating an anti-CEA
Affimer based fluorescent nanoparticle into a commercial platform is also

feasible. This is based on the inexpensive and rapid production of anti-CEA
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Affimer using a bacterial expression system for large-scale production, together
with simple and cost-effective fabrication of the Affimer-based nanoparticle. For
this to be effective, strong bridges must continue to develop between academia,
industry, and clinical practice, and the fact that Affimer technology is being
commercially developed by Avacta Life Sciences is testament to this. However,
there remains a gap in our understanding of the immunogenicity and toxicity
profile of Affimers in vivo. Investigations into the bio-distribution, systemic
clearance and protein-protein interactions in immune competent animals are all

important questions yet to be answered.

An interesting recent review on FDA-approved nanomedicines, has shown a
steady rise in the number of approval of nano-formulations since 1990s (Bobo et
al., 2016). On review of these products, it is evident that the majority of the
approved nanomedicine are liposomal- and polymeric nanoparticles-based such
as liposomal irinotecan (Ko et al., 2013, Kipps et al., 2017, Wang-Gillam et al.,
2019) and Eligard (polymer DL-Lactide-coglycolide)(Braeckman and Michielsen,
2014) for advanced pancreatic and prostate cancers. Liposomal irinotecan has
also entered phase Il clinical trial for patients with metastatic colorectal cancer

and showed acceptable safety profile (Chibaudel et al., 2016).

The number of clinical trials that have been granted investigational new drugs
(IND) approval, has also increased in the last decade for micellar, metallic and
protein-based particles (Chawla et al., 2010, Libutti et al., 2010, Pottier et al.,
2014, Marill et al., 2014) suggesting that more new products are likely to be

approved in the near future.
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6.4 Limitations

The design of the experiments in this project would benefit from a number of
changes. If possible, anti-CEA Affimer sensitivity and specificity to CEA should
be tested using immunohistochemical studies on a large cohort of matched
normal and malignant human colorectal cancer tissue specimens and lymph
nodes to statistically confirm the findings in Chapter 3. The intra-operative lymph
node status is arguably the single most important factor in determining the type
of resection performed. A preferred model for testing the delivery and fate of anti-
CEA Affimer functionalised nanoparticles would be to inject them into the
circulation of freshly resected colon cancer specimen and ascertain whether they
were present in the tumour tissue or Ilymph nodes post-injection.
Immunohistochemical and immunofluorescence characterisation of mice organs
and xenograft would help understanding the fate and bio-distribution of the

nanoparticles post-injection.

6.5 Future work

The future prospect for targeted nanoparticles is excellent because of several
current promising formulations under preclinical and clinical developments for
colorectal cancer which in the near future, and after satisfying the high standards
of safety and efficacy for patients required by the FDA, could rapidly enter the
market. The next step is to assess the photodynamic therapy efficacy of the
nanoparticle in the animal model to ascertain whether our in vitro findings can be
reproduced in vivo. This work is currently in progress with data potentially
available in the near future. There is undoubtedly potential for further optimisation
of the nanopatrticle, and the linkage chemistry to the anti-CEA Affimer. Evaluation

on batch-to-batch variation of anti-CEA Affimer for large scale production is
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necessary and reproducibility of functionalised nanoparticles in mass production
is equally important. Another avenue for research is related to the definition of
optimal parameters of photodynamic therapy treatment with Foslip-loaded

nanoparticles and toxicology studies on the fully functionalised nanoparticle.

Following this, a larger study using an orthotopic murine model of colorectal
cancer, possibly with a metastatic model alongside, would provide the necessary
information to inform a first-in-man study. The rapid growth of nanotechnology
and advancements in synthetic binding protein production are likely to
revolutionise cancer therapies, including PDT. They hold great promise for future
targeted drug delivery and medical imaging. All of the above will support the
rational administration of precise-targeted nanoformulations containing the most

effective drug combination.
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