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ABSTRACT

Prostate carcinoma is a fatal malignancy and is a major cause of death in men in the
population aged 55 and over. Early diagnosis of prostate cancer is very important'for
successful treatment of the disease. The increase in prostate specific antigen (PSA)
levels in serum above the normal limits is the primary indication of prostate
malignancy; therefore, PSA is used as a biomarker for the diagnosis and prognosis of
prostate cancer. To date PSA testing still dominate as the best biomarker for prostate
cancer detection even though it is not prostate specific. This project aims to develop
a rapid, sensitive and specific biosensor to détect prostate cancer biomarkers in order

to reduce the number of people who undergo invasive examinations for diagnosis.

As part of the work, alternative surface chemistry techniques were investigated to
optimise the sensors immobilisation capacity, such as the use of dendrimer
monolayers and surface grafting polymers. It was found that dendrimer fnonolayers
can be used to increase the sensor surface capacity by 1.5 times for surface plasmon
resonance (SPR) sensor chips but not for quartz crystal microbalance (QCM) chips. |
A novel polymer (UVlink) surface was also fabricated and succéssfully used for
biomolecule immobilisation for SPR and QCM chips. The QCMA-1 prototype
biosensor was applied to devélop PSA detection assays. Initially an immunoassay
was constructed and optimised on the QCM sensor chip. A new buffer was then
formulated to elifninate 98% of non-specific binding due to human sera proteins and
this enabled the PSA detection assay to be performed in 75% human serum. Since
QCMA-1 instrument is a prototype, to confirm the results the PSA assay was
repeated using a commercial biosensor, Biacore 3000. This newly developed method

showed a limit of detection of 0.29 ng mL™” (in 75 % serum) with a linear dynamic



detection range up to 150 ng mL" with Au nanoparticles employed for sensitivity
enhancement using both instruments. With the achieved detection limit, it is possible
to use the developed QCM and SPR assays for cancer detection in patient samples.
bPSA detection binding data fitted to 1:1 Langmuir binding model and Kp calculated
as’9.46 x 1071° M for the assay performed with Biacore 3000 instrument and using
the QCMA-1 biosensor 5.56 x 1071 M. These results were comparable and show: that
the affinity between PSA and PSA-capture antibody is in the region of 10° M and
that QCMA-1 assay results are compatible with Biacore 3000 assay results. In the
study incorporation of fPSA, cPSA and PSMA immunoassays to the prostate cancer
detection test was also considered. However, the commercial available antibodies
were formed to have low affinity for these markers. Patient samples collected from
Bedford Hospital NHS Trust and control samples collected from Cranfield
University staff were tested and it was found that the developed QCMA-1 test clearly

discriminates the PSA level of patients from the controls.

A second biosensor platform based on label-free interdigitated capacitive sensing
principle was also employed in the study. Interdigitated electrode (IDE) arrays were
fabricated with conventional microelectronics-micromachining technologies  on
silicon wafers. Later IDE arrays were utilised for the detection of PSA using an LCR
meter. This new prototype enabled capacitance reading of individual capacitors in
turn and also enabled the detection to be performed in buffer solution. Antigen
binding assays were developed to capture the PSA molecule in buffer solutions
achieving a detection limit of 15.6 ng mL" with a linear dynamic detection range of

15.6 - 250 ng mL™' PSA.
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Introduction and Literature Review

1 INTRODUCTION AND LITERATURE REVIEW

1.1 GENERAL INTRODUCTION

Prostate cancer, the commonest form of cancer in men, is a complex, multifactorial
disease. Early and accurate detection of prostate cancer is very important, since there
is no cure if the cancer spreads out to the other organs of the body. This makes early

diagnosis very important for successful treatment of the disease.

The increase in prostate specific antigen (PSA) levels in serum above the normal
limits (4 ng mL™") is the primary indication of prostate malignancy;‘ therefore PSA is
used as a biomarker for the diagnosis and prognosis of the prostate cancer (Brawer
and Lange, 1989; Diamandis, 1998). The current PSA tests rely on ELISA type
assays and usually performed at centralised laboratories using expensive automated
analyzers and time consuming procedures (Healy et al., 2007). This process requires
sample transportation, increased waiting time and high medical costs. Therefore,
there is a need to develop a detection system that is cheap, quick to process, uses low
sample and reagent volume and easily operated. Additionally due to the complexity
of prostate cancer, there is an increaéing need to test multiple biomarkers
simultaneously for cancer diagnosis/prognosis. Recent advances in the area of sensor
technology and microarrays have enabled the miniaturisatioﬁ of the devices and
multiplex testing of a range of analytes. Therefore, biosensor technology has the

potential for the manufacture of point-of-care cancer testing devices.
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In the current study, for prostate cancer detection, both quartz crystal microbalance
(QCM) and electrochemical biosensors have been considered. These include two
prototypes developed by two collaborators Sierra Sensors GmbH (Germany) and
Sabanci University (Turkey). Ultimately these biosensors will be used to further
develop to detect multiple biomarkers in serum for the rapid and accurate diagnosis

of cancer that will not require invasive examinations.

Sierra Sensors GmbH recently launched the first prototype of QCMA-1 biosensor.
The advantages of this biosensor include label-free real time biomolecular interaction
monitoring, rapid assay that uses small sample size, repeated binding and
regeneration can be performed on the same sensor chip and flexible experimental
design. A collaboration study with Sierra Sensors GmbH has been started to test of
QCMA-1 prototype and compare the results with a commercial biosensor instrument
(Biacore 3000). Additionally new surface chemistries have been developed to
increase the sensitivity and dynamic range of the QCMA-1 assays and later this
instrument was used for PSA detection in patient samples collected from Bedford

Hospital.

As an addition to use of a QCM biosensor for prostate cancer detection,
electrochemical biosensors are considered. Collaborators at Sabanci University
(Turkey) develop a biosensor using interdigitated electrode arrays. The biosensor
developed by Sabanci UniVefsity has been tested and contributions have been made

for the further development of the system.
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Here in the introduction chapter of this thesis, the results of the literature survey is
discussed. First information is given about prostate cancer and biomarkers with a
particular emphasis on the prostate specific antigen (PSA). Then, different types of -
biosensors are summarised as potential diagnostic tools. In the last section examples

of biomarker detection assays using biosensors are given.

1.2 PROSTATE CANCER DIAGNOSIS

1.2.1 Prostate cancer

Cancer is a general term for a set of diseases that are characterised by abnormal and
uncontrolled growth of body cells. Cancerous cells can travel through the body by
means of bloodstream or lymphatic system and by this way spread to the other parts
of the body. According to the World Health Organisation (WHO) around 13% of all
deaths worldwide were caused by cancer in 2007 that accounts for 7.9 million. It is
predicted that by 2030 the deaths from cancer will increase up to 12 million (WHO,
2008). Among different cancer types, prostate cancer, the commonest form of cancer
in men in Europe, is a complex, multifactorial disease. “In the EU, there were over
two million (2,288,100) incident cases of cancer in 2006 and over one million cancer
deaths (1,165,500). Prostate cancer was the commonest form of cancer in men
(301,500 incident cases, 24.1% of all incident’ cases) followed by lung cancer
(194,400; 15.5%) and colorectal cancers (163,100 cases, 13.0%) (Ferlay et al,
2007).” Every year in the UK nearly 35,000 cases of prostate cancer are diagnosed,
and prostate cancer causes 10,000 deaths each year (Cancer Researqh UK, 2008).
Incident rates of prostate cancer vary worldwide. The highest rates are recorded at
developed countries due to the wide use of early diagnosis testing (PSA test) and

population screening programs (Figure 1.1). Many parts of the Asia and Africa show
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lowest rates of prostate cancer since PSA testing is not widely practised. Therefore it
is difficult to compare the prostate cancer incidence cases of different countries.
Instead of incident rates if death rates were compared, it has been seen that in many
developed countries the death rates for prostate cancer have been decreasing mainly
due to early detection and improved treatment. The largest study of its kind,
European Randomized Study of Screening for Prostate Cancer (ERSPC) showed that
screening for prostate cancer by means of PSA test and DRE can reduce deaths by

20% (ERSPC, 2009) and this proves the rationale behind the mass screening.

Cases per 100,000
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Figure 1.1. International variation in age-standardized prostate cancer incidence
rates (American Cancer Society, 2007).

Earlier diagnosis and improvements of the treatment decreased the mortality rate of
prostate cancer slightly in the late 1990’s in UK; however, this trend did not continue
for the age group 75-84 and mortality rate became stagnant in the last few years

(Figure 1.2).
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Figure 1.2. Age specific mortality rate for prostate cancer in UK from 1971 to 2006.

(http://info.cancerresearchuk.org/cancerstats/types/prostate/mortality/)

To increase the survival rate from prostate cancer it is essential to diagnose the
cancer at its earlier stages. However, there are no symptoms in the early stages of
prostate cancer, and at this stage regular population screening may help to pick up
patients who are in the early stages of the disease. Another problem is that, the
symptoms of prostate cancer and other prostate related diseases (such as non-
cancerous enlarged prostate gland or a kidney infection) are very similar and this
causes confusion and makes diagnosis difficult. Early and accurate detection of
prostate cancer is very important, since there is no cure if the cancer spreads out to
the other organs of the body. Prostate cancer differs from person to person, while
some patients require no treatment and the disease progresses very slowly, other
patients suffer from a very aggressive form of cancer that require urgent clinical
treatment (Bott et al., 2005). This cause confusion as early diagnosis of prostate

cancer is not enough, but also type of the cancer if aggressive or not need to be
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determined to decide the effective way of treating the patient. Prostate cancer can be

treated using hormones, chemotherapy, radiation therapy, or surgical procedures.

1.2.2  The prostate gland

The prostate is a male sex gland located underneath the bladder (Figure 1.3). It is
about the size of a walnut and fits around the tube (the urethra) which carries urine
out of the bladder. The prostate produces a thick fluid that forms part of the semen.
The gland on average is 3-4 cm long and 3-5 cm wide, walnut in shape with an
average adult weight of 20 grams. However, due to prostatic enlargement the gland

can weigh up to 150 grams (Rous, 1988).

bladder

large bowel

uretha prostate

Figure 1.3. The place of prostate gland in the body (http://www.prostate-

riskindicator.com/via.html)

Diseases of the prostate gland include:
Benign Prostatic Hyperplasia (BPH)
*  Prostatitis
*  Prostatic Intraepithélial Neoplasm (PIN)

Prostate Cancer - Carcinoma
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A number of molecular changes occur during the conversion of a normal prostate
epithelial cell into a malignant cell. These molecular alterations are either inherited
or cau}sed by somatic mutations (Kallioniemi and Visakorpi, 1996). It is believed that
inherited factors are account for 42% of the risk of prostate cancer (Lichtenstein et
al., 2000). The other factors are environmental factors, geographical location, diet
and race. The molecular genetics of prostate cancer is poorly understood (Elo and
Visakorpi, 2001). Some of the genes that have been found to play a role in the
progression of prostate cancer include GSTP1 (Gluthione S-transferase P1), PTEN
(Phosphatase and Tensin homolog) and the androgen receptor (AR) gene (Visakorpi,

2003).
1.2.3 Prostate Cancer Biomarkers

The Oxford Dictionary of Biochemistry and Molecular Biology defines biomarker as
“an indicator signalling and event or condition in a biological system... a biomarker
may be a measurable chemical, biochemical, physiological, behavioural, or other
alteration within an organism”(Cammack et al., 2006). For the diagnosis and
prognosis of prostate cancer it is essential to find out the correct biomarkers. Several
methods have been used for the search of potential prostate cancer biomarkers such
as immunohistochemical tests, immunoassays, PCR, genomic or protein microarrays
and monoclonal antibody technologies (Adam et al., 2002; Adam et al., 2001;
Chuang et al., 2007; Lvampe, Molkenboer-Kuenen and Oosterwijk, 2004; Miller et
al.,, 2003; Schmidt et al., 2006). For example an antibody microarray test was
conducted by Miller and colleagues to test blood samples of patients with the disease
and they identified five antibodies; von Willebrand Factor, immunoglobulin M,
Alphal-antichymotrypsin, Villin and immunoglobulin G as potential prostate cancer

biomarkers (Miller et al., 2003). Also a'commercial DNA microarray is available
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from SuperArray Bioscience Corporatidn. ‘Oligo GEArray" Human Prostate Cancer
Biomarkers Microarray’ profiles the expression of 263 prostate cancer related genes.
A number of review papers, covering the current and the potential biomarkers of
prostate cancer have been publi.shed (Bradford et al., 2006; Shariat, Karam and
Roehrborn, 2007; Stangelberger et al., 2007; Steuber, O'Brieﬁ and Lilja, 2008;

Voorzanger-Rousselot and Garnero, 2007).

Due to the low sensitivity and specificity of PSA test (especially in the 4-10 ng mL™"
range), it is critical to identify new biomarkers for the diagnosis of prostate cancer.
The studies up to now indicate that due to the heterogeneity and complexity of the
prostate cancer, multiple biomarkers are needed to be analysed together to increase
the accuracy of the diagnosﬁc assay (Laxman et al., 2008; Steuber et al., 2008).
Prostate cancer biomarkers may be in the forms of antibodies, proteins, genetic
sequences or enzymes/enzymatic activity and can be detected from blood or urine
samples. Some of the prostate cancer biomarkers collected from the literature is
listed in Table 1.1 and in the next section more detailed information is given for the

selected biomarkers.
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Table 1.1. Prostate cancer biomarker list.

Prostate cancer biomarker

References

Enzyme or enzymatic activity

Prostate specific antigen (PSA)

(Brawer and Lange, 1989; Diamandis, 1998;
Stephan et al., 2007)

Human glandular kallikrein 2 (hK2)

(Becker et al., 2003; Darson et al., 1997;
VSisSnen et al., 2006)

Early prostate cancer antigen (EPCA)

(Dhir et al., 2004; Uetsuki and Kakehi, 2006)

Insulin-like growth factor 1 and insulin-like

growth factor binding protein 3

(Stattin et al., 2000)

Prostate-specific membrane antigen (PSMA)

(Bander, 2006; Mhawech-Fauceglia et al., 2007;
Moffett et al., 2007)

Mini-chromosomal maintenance (MCM)

proteins

(Padmanabhan et al., 2004)

Prostate stem cell antigen (PSCA)

(Reiter et al., 1998; Zhigang and Wenlv, 2004)

Transfbrming growth factor-bl

(Kattan et al., 2003; Shariat et al., 2001)

Interleukin 6

(Lee et al., 2003)

Urokinase-type plasminogen activator

receptor forms

(Steuber et al., 2008; Steuber et al., 2007)

Alpha-methyl coenzyme-A racemase

(Rubin et al., 2002; Sreekumar et al., 2004)

Prostatic acid phosphatase (PAP) (Saito et al., 2007)
Phosphorylated AKT (Hamdan, 2007)
w
'§ Hepsin (Magee et al., 2001; Stephan et al., 2004)
S
ot
A Telomerase activity (Sommerfeld et al., 1996)
(Bussemakers et al., 1999; Schalken, Hessels
Prostate Cancer gene 3 (PCA3)
- and Verhaegh, 2003)
Q
(3] (2]
‘é § 2+Edel fusion (Attard et al., 2008)
() =3
O & | Gluthione S-transferase P1 gene (GSTP1) (Goessl et al., 2000; Harden et al., 2003)
g (Lipford and Wright Jr, 1991; Troyer, Beckett
= TURP-27 (monoclonal antibody)
L and Wright Jr, 1995; Wright Jr et al., 1991)
é Prostate cancer-specific autoantibodies (Bradley et al., 2005; Wang et al., 2005)
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1.2.3.1 Prostate Specific Antigen (PSA)

Prostate specific antigen (PSA) or in other words human glandular kallikrein 3 (hk3)

is a 33-34 kDa glycoprotein and a member of the Kallikrein family (Figure 1.4).

Figure 1.4. The model of the PSA protein
(http://modbase.compbio.ucsf.edu/modbase-cgi/).

Kallikreins are serine proteases that catalyse the hydrolysis of peptide bonds. The
prostatic function and production of other kallikreins and PSA are largely depend on
androgen-dependent activation of the androgen receptor (Lilja, 2003). PSA is
produced by the prostatic secretary epithelium cells. PSA liquefies the gel-fonning
proteins in semen and it is the most abundant protein in seminal plasma with a
concentration of 0.2-5.0 mg mL'l (Lilja et al.,, 1987; Nash and Melezinek, 2000).
PSA is also detectible in serum and the normal level of PSA in serum is 0.1-2.5 ng

mL"L

The increase in PSA levels in serum above the normal limits is the primary

indication of prostate problems which can be due to malignancy; therefore PSA is

11
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used as a biomarker for the diagnosis and prognosis of the prostate cancer (Brawer
and Lange, 1989; Diamandis, 1998). In serum PSA is found either in free form or as
a complex with ACT (ACT-PSA, MW 96 kDA). ACT is a protease inhibitor and it

inhibits PSA’s proteolytic activity.

Although PSA is currently recognised as the clinically most used prostate cancer
marker, it is not cancer specific (Stephan et al.; 2007). BPH and some other non-
cancerogenous diseases also cause an increase of serum PSA level. Additionally
having a low PSA value does not guarantee that prostate gland is cancer free, some
cancer patients have low PSA concentration in their serum. Therefore, PSA has both
 low specificity and low positive predictive value especially when PSA level is
moderately elevated (4-10 ng mL™ ) (Stephan et al., 2007). PSA is not only un-
specific to prostate cancer but also not specific to prostate gland as well. Later
studies showed that PSA has also been detected in some female tissues (including
breast, ovarian and endometrial tissues) and body fluids (serum, milk, amniotic fluid)
(Kamenov et al., 1998). For this reason research on PSA-based diagnostic parameters

and research for new biomarkers is an ongoing study.
1.2.3.2 Human glandular kallikrein 2 (hK2)

Human glandular kallikrein 2 (hK2) was discovered in 1980s as a new member of
the kallikrein familyv (Schedlich, Bennetts and Morris, 1987) (Figure 1.5). The
studies on this new protein revealed that hK2 has 80% homology with PSA and both
proteins have been found together in the biological fluids examined such as prostate

and breast secretions (Darson et al., 1997; Diamandis et al., 2000).

12
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Figure 1.5. The model of human glandular kallikrein 2 protein.
(http://modbase.compbio.ucsf.edu/modbase-cgi/)

The hK?2 protein is predominantly expressed in prostate epithelial cells and present in
serum. In serum and seminal plasma hK2 protein concentration is only 1-3 % of that
of PSA, and this poses a challenge for the use of this protein for diagnosis (Stephan
et al.,, 2007). For example for PSA concentrations of 2-10 ng m 1/, respective hK2
concentrations are -0.02-0.5 ng mL"1 (VSisShen et al., 2004). Similar to PSA, hK2
forms complexes with some other proteins such as ACT, antithrombin III, Cl-
inactivator and plasminogen activator inhibitor-1 (PAI-1). In the serum, studies have

suggested that 80-95% ofhK2 is in the un-complexed, free form (Black et al., 1999).

Both BPH and prostate cancer results in PSA concentration increase and also PSA
expression is higher in low-grade tumors compared to high-grade tumors. These
conditions cause difficulty to diagnose the prostate cancer. It has been reported that
hK2 concentration is higher in high-grade cancers compared to low-grade cancers

and additionally the concentration of hK2 is lower in BPH (Haese, Khan and Sokoll,
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2003). Therefore, hK2 has the potential to become a good diagnostic marker for the

prostate cancer detection that can be used together with PSA.

Several studies have shown that hk2 concentration measurements together with tPSA
or fPSA may improve the discrimination between malignant and benign prostate
tissue (Becker et al., 2003; Karazanashvili and Abrahamsson, 2003). Additionally the |
level of hK2 concentration may help to predict prostate cancer stage and risk of
. biochemical recurrence after radical prostatectomy. For example Steuber and
colleagues measured tPSA, fPSA and hK2 concentrations in serum samples from 461
patients who had undergone radical prostatectomy (Steuber et al., 2006). Ahalysis of
the results showed that for the patients with a moderate tPSA level (tPSA < 10ng mL~
1, biochemical | recurrence prediction was venhanced when fPSA and hK2
measurements used toggther; VSisnen and colleagues measured the tPSA, fPSA,
thK2 and fhK2 concentrations from the serum of 188 patients who had undergone
radical prostatectomy (VSisSnen et al., 2006). It was found that hK2 could not predict
the stagé of the prostate cancer better than PSA; however the concentration changes
of both hK2 and PSA occurred at different points in bancer progression. Therefore,
VSisSnen suggested that hK2 might have a role in the prognosis of the prostate

cancer.

Although the studies up to date have shown that hK2 has a potential as a prostate
cancer biomarker, it cannot currently replace PSA test. Instead the most efficient way
to combine both PSA and hK2 assays need to be investigated to improve both

sensitivity and specificity of the prostate cancer diagnosis and prognosis.
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1.2.3.3 Early Prostate Cancer Antigen (EPCA)

Early Prostate Cancer Antigen (EPCA) is a nuclear matrix protein and a promising
prostate cancer biomarker. ‘Two unrelated nuclear matrix proteins EPCA and EPCA-
2 are considered to have association with prostate cancer. Immunohistochemical and
ELISA based tests have been used and have indicated that EPCA is highly specific to
malignant prostate (Dhir et al., 2004; Leman et al., 2007; Uetsuki and Kakehi, 2066).
The company Onconome Inc. (USA) in collaboration with Dr. Getzenberg have
developed two products called ProstaMark EPCA-2 Serum Assay and ProstaMark
EPCA  Tissue Assay for the diagnosis of prostate  cancer

(http://www.onconome.com/products_prostamark.htm).
1.2.3.4 Insulin-like growth factors and their binding proteins (IGFs)

Insulin-like growth factors (IGFs) are peptide hormoﬁes and together with their
binding proteins (IGFBPs) they are part of the complex cell signalling molecules.
IGFs and IGFBPs are involved in cellular proliferation, cellular transformatio.n,
growth regulation and cell death (apoptosis) (Stangelberger et al.,, 2007). The
expression of IgFs and IGFBps of prostatic tissue and plasma levels of IGF-1 and
IGFBP-3 have been examined by researchers and some correlation was found
between these markers and the prostate cancer (Peng ét al., 2008; Sciarra et al., 2008;
Stattin et al., 2000; Thrasher et al., 1996). However, the results are not conclusive

enough and more research is needed in this area.
1.2.3.5 Prostate Cancer Gene 3 (PCA3)

In the early 1990s, Marion Bussemakers discovered a new gene that is over-
expressed in malignant prostate tissue. Initially the gene was called DD3, referring to

differential display technique (Bussemakers et al., 1999). Later on the nomenclature
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for DD3 was changed to PCA3 (Prostate CAncer gene 3). It was found that PCA3 is
a non-coding RNA that is located at chromosome 9q21-22. Further studies revealed
that PCA3 is prostate tissue specific and although the biological function of PCA3 is
yet unknown, still can be used as a tool to diagnose prostate cancer (De Kok et al.,
2002; Schalken et al., 2003). PCA3 mRNA level can be detected in urine samples

that are taken after the digital rectum examination.

1.2.3.6 2+Edel fusion gene

Recently, a new prostate cancer marker “2+Edel” was described by the teams of
Professor Colin Cooper at the Institute of Cancer Research and Professor Jack
Cuzick at the Wolfson Institute of Preventive Medicine (Attard et al., 2008). 2+Edel
represents the fusion of TMPRSS2 to ERG genetic sequences. It was found that the
patients who have 2+Edel have the aggressive form of the prostate cancer and only
25% of the patients survive after eight years. The patients who lack the alterations in
the same region of their DNA have 90% survival rate in the same time period. It is
believed that 2+Edel will help the clinicians to identify the patients who have the

aggressive form of the cancer and need urgent treatment.

1.2.3.7 Telomerase activity

Determination of telomerase activity can be used to differentiate benign and
malignant prostate and it is a potential diagnostic biomarker for prostate cancer
(Ozen et al., 1998; Scatks et al., 1997; Vicentini et al., 2004). Tﬁe telomeres are
regions of repetitive DNA sequences at the end of chromosomes. These sequences
protect chromosomes at both ends and as they are shortened with each somatic cell
division they lead the cell death. In the malignant cells, telomerase adds new DNA

sequences to the end of the chromosomes and thus the shortening of telomere is
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prevented causing immortality of malignant cells. The researches have been shown
that telomerase activity was observed in prostatic cancer cells but not in normal or
BPH tissues (Kallakury et al.,‘ 1997; Lin et al., 1997; Sommerfeld et al., 1996).
Botcilkina and colleagues analysed the urine samples of 56 patients after DRE using
quantitative PCR technique and found that all prostate cancer patients revealed high

levels of telomerase activity showing 100% assay sensitivity (Botchkina et al., 2005).
1.2.4 Current diagnosis techniques

Early diagnosis of prostate cancer is very important for successful treatment of the
disease. Prostate Specific Antigen (PSA) test, Prostate CAncer gene 3 (PCA3) test,
rectal examination, ultrasound scan and biopsy are the current methods that are used
to diagnose the malignancy of the prostate. These tests, however, are not individually
conclusive. Rectal examination, ﬁltrasound scan and biopsy are very invasive tests
“and have complications, however; currently there are no tests available that can avoid
these methods to confirm the results. Further research is needed to come up with a
test to identify the malignancy without the need of these invasive examinations.
Multiplex testing of more than one biomarker may provide a better understanding of
the patient’s condition and may help eliminate invasive examinations. Thus, work on
biomarker research and techniques enabling detection of multiple biomarkers have

signiﬁéant importance.

In the next part of this section, detailed information is given for the current prostate

cancer detection methods.

17

Y. Uludag - Cranfield University - PhD Thesis



Introduction and Literature Review

1.2.4.1 Prostate Specific Antigen (PSA) test

PSA test is a simple blood test that measures the total amount of the PSA protein in
the bloodstream. PSA test alone does not give enough information to diagnose the
prostate carcinoma,; if the serum PSA level is found above the recommended value (4
ng mL™?), it is followed by a digital rectum examination (DRE) to make the decision
of the dismissal of the patient or further biopsy analysis. Some doctors recommend
yearly screening for men over the age of 50. The screening is recommended to start

from age 40-45 if there is prostate cancer in the family history.

The history of PSA test first started with the characterisation of PSA in 1979 (Wang
et al., 1979) and then ELISA (Enzyme-Linked ImmunoSorbent Assay) based tesf to
detect PSA in blood or serum was developed . The use of the PSA protein as a
diagnostic marker was approved by the Food and Drug Administration (FDA) in
1986 (Diamandis, 1998) and many commercial PSA test kits started to be used for

the detection of prostate cancer. Three types of commercial PSA Kkits are available:

1. Membrane strip tests such as PSA SEMIQUANT Membrane Test (Seratec,
Germany) and Pasante SelfCheck Home Prostate Health Test (Pasante
Healthcare, UK) give qualitative results and mainly used for home/personal
use.

2. ELISA based PSA tests are used by clinicians to get quantitative results and
examples to commercial kits are Tandem-R assay (Hybritech, USA), Tosoh
AIA assay (Tosoh Bioscience, Japan), AXSYM PSA assay (Abbott
Laboratories, USA) and Immunqlite assay (Diagnostic Producfs Corporation,

USA).
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3. Point-of-care PSA tests such as PSAwatch™ (Mediwatch Plc., UK) and
FastPack Total/Free PSA Immunoassay (Qualigen Inc., USA) offer fast

quantitative results for clinicians.

In the past, PSA concentration in serum was considered normal if it is below 4 ng
mL™" (Cooner, 1990). Further studies on PSA by different groups indicated that it is
possible to diagnose prostate carcinoma at a PSA level of 2.5 ng mL'll since some
patients do have cancer although their PSA level is in the range of 2.5 to 4 ng mL™!
(Labrie et al., 1999; Thompson et al., 2004). The use of a higher PSA cut off value of
4 ng mL ! results in the risk of missing some cancer patients; whereas using the
lower threshold value of 2.5 ng mL"' may increase the number of unnecessary
biopsies. Therefore, the debate about thé threshold value of PSA level continues to
date (Hamdan, 2007). It is stated on the USA National Cancer Institute web site that
many doctors in the USA are now using the followiné PSA ranges with some
variation
(http://www.cancer.gov/cancertopics/factsheet/Detection/PSA):

« 0to25ngmL’islow

« 2.6to 10 ng mL" is slightly to moderately elevated

« 10t0199ng mL™" is moderately elevated

. 20 ng mL"! or more is significantly elevated

The other weakness of the PSA test is that PSA is not specific to prostate malignancy
and serum PSA concentration elevation can also be observed due to BPH, age or

inflammation. To decrease the number of unnecessary biopsies, new PSA-based
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diagnostic parameters have been developed by researchers such as PSA complexes

level, PSA density, PSA velocity and age adjusted PSA. '

In serum, PSA is found either in free form (fPSA) or bound to a-1-antichymotrypsin
(ACT) as a complexed PSA (cPSA). Some of the commercial assays measure only
total or free PSA assays; some others measure all three fPSA, cPSA and tPSA (total
PSA). tPSA refers to the sum of all detectable fPSA and complexed PSA forms in
the serum. The proportion of fPSA to ACT-PSA complex varies according to the
type of the prostate cancer (Lilja, 2003). For example “significantly higher percent
fPSA are found in serum/plasma from men with benign gland enlargements, whereas
much more pronounced elevations of PSA-ACT levels in serum/plasma from men
with prostate adenocarcinomas contribute to typical findings iof significantly lower
percent fPSA in these samples (Lilja, 2003)”. The studies up to date give an initial
indication that measuring the level of cPSA rather than tPSA and percentage of fPSA

gives an improved specifity for prostate malignancy diagnosis (Hamdan, 2007).

PSA velocity is another PSA based parameter that indicates the change in PSA
concentration over time. In 2006 Carter and colleagues published a paper where they
give evidence that PCA Velocity determination may help to identify life-threatening
form of prostate cancer (Carter et al., 2006). The study was conducted using data
from 980 men, and it was concluded that the men who had a PSA velocity above
- 0.35 ng nl” per year had a higher relative risk of dying as the men who had lower

PSA velocity values. e

PSA density is the ratio of PSA concentration in blood to the sonographically

determined prostate gland volume. The size of prostate gland influences the serum
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PSA levels, by using the PSA density it is hoped to eliminate false positive results
due to non-cancerous enlarged prostate gland. However, there is a risk of missing

some cancer patients who have an enlarged prostate.

It is evident from years of studies that the incidence of prostate cancer increases with
aging. Additionally; the level of PSA increases by age, mainly due to the enlarged
prostate gland. Therefore, it is critical to differentiate PSA level increase due to
cancer or due to aging. For this reason Oesterling and colleagues have developed an
age specific reference fangés (Oesterling et al., 1993). The recommended PSA

reference cut off values by Oesterling is listed below:

o The men aged 40 to 49 years, 0.0 to 2.5 ng mL”’
«  50to 59 years, 0.0 to 3.5 ng mL”
« 60 to 69 years, 0.0 to 4.5 ng mL"
« 70to 79 years, 0.0 to 6.5 ng mL"

For over 20 years PSA has been used as a biomarker for prostate carcinoma. Due to
over-diagnosis and false positive test results as being not very specific, PSA has been
increasingly criticized by the researchers and doctofs alike. In 2004 Stamey and
colleagues published a paper with a title ‘PSA era in US is over for prostate cancer’
and they stated in the paper that ‘in the last 5 years serum PSA has only been related
to benign prostatic hyperplasia’ (Stamey et al., 2004). This paper also was a call to
researchers to increase the endeavours to find new serum markers that not only can
diagnose the prostate cancer but also can determine the stages of cancer. Recently
two papers were published by Shariat ef al. and Schrider et al.; which clearly

indicate that although the PSA test is not perfect, currently there is no alternative
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method for prostate cancer diagnosis other than tackling the challenges around this.

test (Schrider et al., 2008; Shariat and Karakiewicz, 2008) .
1.2.4.2 Digital Rectal Examination (DRE)

DRE is one of the most important tests to detect prostate cancer at early stages (Van
Der Cruijsen-Koeter et al., 2001). In this examination a physician uses his finger to
feel the prostate gland that is in front of the rectum. DRE test individually is not
enough for diagnosis and always accompanied with a PSA or a PCA3 test. Most
early prostate cancers has no or little symptoms, therefore for early detection of the
malignancy, an annual DRE test is recommended to every man who is over 50 years
of age (Van Der Cruijsen-Koeter et al., 2001). If a man is at higher risk for prostate
cancer (such as cancer history in the family), the annual DRE need to start earlier in

life,
1.2.4.3 Prostate CAncer gene 3 (PCA3) test

Prostate CAncer gene 3 (PCA3 or differential display code 3; DD3) .is a non coding
gene that is over expressed in malignant prostate (Bussemakers et al., 1999). PCA3
assay was first commercialised by DiagnoCure in 2002 with the name uPM3™. In
November 2003, DiagnoCure and Gen-Probe Inc. signed a licence and collaboration
agreement. Later in 2006 uPM3™ was withdrawn from the markét and Gen-Probe
Inc. introduced its PCA3 based test (CE-marked, called PROGENSATM PCA3
Assay in Europe) (DiagnoCure). A number of laboratories in US and UK have

already started to use PCA3 test routinely to diagnose prostate cancer.

PCA3 test comprises the detection of both PCA3 and PSA mRNA levels in urine

samples that are taken after the DRE. PCA3 and PSA mRNA concentrations are
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measured and the ratio of both results is determined as a PCA3 score (PCA3/PSA
mRNA x 1000). Normal prostate cells express low levels of PCA3. If only PCA3
concentration is used, depending on the amount of prostate cells used for the test, the
PCA3 concentration would be high and indicate a false positive result. Thus, the
concentration of PSA mRNA is used to normalise the PCA3 concentration (Torres
and Marks, 2006). The clinical tests up to date indicate that a PCA3 score cut-off of
35 provides the greatest diagnostic accuracy (Figure 1.6).

(http://www.pca3.org/pro/pca3-utility, 2010)

PCA3 Score /7l

Increased

Probability
nf Positive Bmpsy

Devicast'd

of Posihvv Biopsy

Figure 1.6. Interpretation of the PCA3 Score after PROGENSA™ PCA3 Assay
results obtained (http://www.pca3.org/pro/pca3-utility, 2010).

The clinical tests up to date indicate that as the PCA3 score increases, the likelihood
of prostate cancer increases and PCA3 test performs better than PSA alone test to
diagnose malignant prostate (Fradet et al., 2004; Groskopfet al., 2006; Kirby, 2007;
Marks et al., 2007; Sokoll et al., 2008; Van Gils et al, 2007). Fradit and colleagues
found that PCA3 test has a positive predictive value of 75% compared with 38% for
total PSA and the negative predictive value was 84% compared with 80% for total

PSA (Fradet et al., 2004). Graskopf ef al found that while prostate volume
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increases, PSA concentration increase; whereas PCA3 is not affected by prostate
volume (Groskopf et al., 2007; www.PCA3.org) (Figure 1.7). The larger prostate
volume due to BPH or other non-cancerous conditions increase the PSA
concentration of the prostate gland and thus the patients are recommended to take a
biopsy test unnecessarily. As PCA3 score is not affected by prostate volume, this will
decrease the number of patients sent to biopsy. However, this test is carried out after
a digital rectal examination has taken place and therefore can also be called as being

an invasive procedure.
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Figure 1.7. Relationship between prostate volume increase and its effects on the
level of PSA and PCA3. (Groskopfet al., 2007; www.PCA3.org)

1.2.4.4 Transrectal Ultrasound Guided Biopsy

Patients with an abnormal prostate, elevated PSA (greater than 4 ng mL"1) or high
PCA3 score are directed to the Transrectal Ultrasound (TRUS) guided biopsy to
understand the nature of the problem. TRUS guided biopsy takes 5-10 minutes and
the patient is awake throughout the process. In this examination a probe with a
mounted needle is inserted into the patient’s rectum. The sound wave emissions

produce an ultrasound image of the prostate gland; this image is used both for
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calculating the volume of the prostate gland and finding the problematic sites of the
gland (Applewhite and Hall, 2001). With the guidance of this image, the probe is
directed to the problematic sites and samples were taken to be sent for histological
analysis. Less than 1% of total prostate tissue is examined using this technique, and
this may cause false negative result as some cancer may be missed. If no conclusive

result is obtained, TRUS guided biopsy needs to be repeated.

The samples taken by the biopsy are analysed under a microscope by a pathologist.
To interpret the biopsy speéimen, Gleason scoring system is used. This grading
system for prostate carcinoma is developed by Dr. Donald Gleason in 1974 as a
method to distinguish the aggressive form of cancer from the less aggressive forms
(Gleason, Mellinger and Ardving, 1974). Normal prostate cells are wcll.
differentiated and in general grow slowly. Whereas prostate cancer cells are
disorganised and form abnormal patterns and poorly differentiated. By visually
checking the level of differentiation and disorganisation it is possible to distinguish
the aggressive forrﬁs of cancer from the non-aggressive forms. Each area of the
cancer on a sample is given a grade of 1 through 5. The most common grade and the
highest grade are added to each other to form the Gleason score that ranges from 2 to
10. Low Gleason score iﬂdicates that the tumour is not aggressive and it is less likely
for the tumour to spread outside of the prostate; as the Gleason score increases the

risk of more aggressive form of cancer increases (Figure 1.8) (Odowd et al., 2001).
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Grade 3

Grade 4

Grade S

Figure 1.8. Gleason grading system diagram. Depending on the organisation and
differentiation of the cells the sample is graded from 1 to 5, higher score indicating
higher disorganisation and lower differentiation of the cells (Odowd et al., 2001).

1.2.4.5 Diagnosis methods under development

As described earlier, the current PSA test requires a blood sample and is not a very
specific test for cancer detection. PCA3 test requires urine sample, however the
sample need to be obtained after DRE examination. Another option is to detect
cancer from semen sample. PSA level in semen changes (PSA concentration in
semen is around 106 times more than in serum, (Schieferstein, 1999) from day to day
depending on activities and prevent the observation of changes due to cancer. On
“March 10, 2006 Proteome Systems Ltd. announced the signing of an agreement
with the New York-based biotechnology company, Egenix Inc to co-develop a
semen-based diagnostic kit for prostate cancer based on the known proprietary
Human Carcinoma Antigen (HCA)” (http://www.psa-rising.com/
wiredbird/proteomesementest 0306.html). However a recent search on the subject

reveals no more information about this project suggest that either it was not
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succeeded or work is in progress. Instead of HCA detection in semen, Egenix Inc
develops a cPSA test kit ' for prostate cancer detection in serum -

(http://www.egenixinc.com/test_site/diagnostics.htm).

In a recent study Pal and colleaguc;,s report that citrate levels in malignanf prostate
cancer tissué are reliably lower and may provide information about the screening and
prognosis of prostate cancer (Pal, Parker and Cosfello, 2009). Therefore, Pal and
colleagues tried to detect lactate and citrate using luminescent ratiometric methods in
microlitre samples of human serﬁm, urine or prostate fluids. The authors are hopeful
about this rapid prostate cancer test (<5 min) and more work is in progress. In
another recently published study, Sreekumar and colleagues examined the potential
role of sarcosine m prostate cancer progression (Sreekumar et al., 2009). They
showed that the detection of sarcosine levels in urine may indicate the aggressiveness

of the cancer and help to develop therapeutics for the disease.

1.3 BIOSENSORS

Biosensors are analytical devices that comprise a biological recognition element and
a suitable transducer, which are usually coupled to an appropriate data processing
system (Figure 1.9) (Lowe, 1985). The biological recognition element méy be an
enzyme, micro-organism, tissue or bioligand such as antibodies and nucleic acids
(Tothill et al., 2001; Tothill and Turner, 2003; Turner, 2007). The transducer
converts the physico-chemical change due to the interaction of molecules with the
receptor into an output signél. Optical, electrocﬁemical, calorimetric, magnetic,
micromechanical and piezoelectric transducers can be employed in biosensors.

Recognition elements can be immobilised on sensor support or sensor surface using
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different methods such as; entrapment encapsulation, adsorption, capture and

covalent attachment.

Analyte Recognition elements Transducer

Optical
Antibody/Protein

Piezoelectric \  Electric

Enzyme f signal

> Electrochemical

Microorganism

Figure 1.9. Schematic of a biosensor.

Biosensors were first described by Clark and Lyon in 1962, who described an
amperometric enzyme electrode for glucose (Clark and Lyons, 1962). Shortly after
this seminal paper, first glucose, then lactate and alcohol biosensors were
commercialized in 1973-1975 by Yellow Springs Instrument (Newman and Turner,
2005). In 1987 a ‘pen style’ glucose sensor was launched by MediSense, which has
subsequently become one of the most popular glucose biosensor (Malhotra and
Chaubey, 2003). Several other glucose biosensors have been developed since and
more than 40 different brands are available on the market now (Newman and Turner,
2005; Wang, 2001). While biosensors for clinical diagnostic measurements of
glucose biosensor have been developed and commercialized; generic biosensors for
the analysis of different molecular interactions have been developed principally only

for research purposes. These types of biosensors employ sensor surface which is
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ready for the immobilisation of biomolecules of interest for further biomolecular
interaction analysis. The main application areas vinclude:

+  Quality assurance in agriculture, food and pharmaceutical industries

«  Monitoring environmental pollutants & biological warfare agents

o  Medical diagnostics

«  Research and development (proteomics, drug discovery)
Biosensors can be classified according to the recognition element as bioaffinity
sensors, enzyme sensors, trans-membrane sensors and Whole cell biosensors; or
according to the transducer as electrochemical, optical, piezoelectric and calorimetric
sensors. Bioaffinity sensors provide real time measurements to detect binding of
biomolecules to each other. The antibody antigen (immunosensor) (Gizeli and Lowe,
1996), receptor ligand, DNA and RNA to nucleic acid / protein binding interactions
can be detected by means of bioaffinity sensors (Tothill, 2003). While preferred
method of detection for catalytic sensors are usually electrochemical, the main
method of detection for bioaffinity sensors are generally optical or piezoelectric

(Turner, 2000).
1.3.1 Optical biosensors

Optical bioéensors measure refractive index change due to binding of molecules on
the sénsor surface. Some of the optical methods that commercially exploited are
surface plasmon resonaﬁce (SPR), diffractive optics technology, resonant waveguide
grating and biolayer interferometry (Cooi)er, 2006). At the beginning of 1990’s the
commercialization of surface plasmon resonance as Biacore brand name (GE
Healthcare, Uppsala, Sweden) has revolutionized the use of label free, real time
biosensors in the laboratories and still dominates the biosensor market in the life

sciences (Cooper, 2006). Surface plasmon resonance occurs when total internal
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reflection of light happens at a metal film-liquid interface. Surface plasmon
resonance causes light energy to be lost to the metal film and thus reflected light
intensity decreases at a certain resonance angle. This resonance angle is dependent
on local refractive index of the sensor surface (Fagerstam et al., 1992). Binding of
molecules at the sensor surface changes the refractive index that can be converted to

areal time electrical signal using surface plasmon phenomenon (Figure 1.10).

Detector
Light

source Prism

Glass slide

l!'i"mllllpi[imi'l' Gold layer

Figure 1.10. Schematic of an SPR detector and sensor chip.

1.3.2 Piezoelectric biosensors

Quartz crystal is a piezoelectric material which mechanically oscillates if an
alternating voltage is applied. A quartz crystal microbalance (QCM) consists of a
thin quartz disk sandwiched between a pair of electrodes. The mode of oscillation
depends on the cut and geometry of the quartz crystal. If mass is applied on to the
surface of the quartz resonator, the frequency of the oscillation slows down. By
measuring the change of frequency, it is possible to determine the change in mass.

Measurement of mass by using quartz crystal resonators was first examined by
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Sauerbrey (Sauerbrey, 1959), who showed that the frequency change of the crystal

resonator is a linear function of the mass per area ms, or absolute mass Am :

2 2
of, = Lo, = Lo A (Eq. 1.1)
E[ pq Fq pq Ae/

fy is the resonance frequency of the unperturbed quartz resonator, Fq the frequency
constant of the crystal (Fy = f.dg), dq the thickness, p, the quartz density, and A the
electrode size of the crystal resonator. The above equation is only valid for thin, solid

layers deposited on the resonator.

Initially, the QCM system was used for dry measurements, later on when suitable
oscillator circuits were developed, it was possible to carry out measurements under
liquid conditions (Nomura and Okuhara, 1982). This method led to the use of QCM
systems as biosensors to detect molecular interactions. A new equation was derived
by Kanazawa to explain the relationship between density (p;) and viscosity (1) of the

liquid and the frequency of the quartz crystal resonator:

L1l
P,H,

N =-f" (Eq. 1.2)

where p, and p, are the quartz density and shear modulus, respectively (Kanazawa,

1997). In a two layer system these frequency shifts simply add up to an overall shift:

O = Oy + Oy == f7| ey |
E, Py N o7 pyp, (Eq. 1.3)

In addition to the frequency shift, there also exists a dampening of the resonator

caused by the viscous liquid layer.
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A quartz crystal resonator is thus not only sensitive to mass but also to viscosity and
density changes on the resonator surface. Therefore the term quartz crystal
microbalance is not strictly accurate for all applications. The device is also known as
thickness-shear mode (TSM) resonator or a Bulk Acoustic Wave (BAW) sensor,
since bulk of the crystal oscillates at a resonance frequency in a thickness shear mode

of vibration.

Surface acoustic wave (SAW) sensors are also based on the piezoelectric properties
of quartz crystal. In this case only a surface wave is generated by the electrodes and
the frequency of the surface waves is about 100 MHz-1GHz. These frequencies are
much ﬁigher than TSM resonators, and this is the reason for the higher sensitivity of
SAW sensors. However, higher sensitivity also means higher response to viscosity
changes and this ‘problem causes difficulties when SAW sensors are used in liquids

(Janshoff, Galla and Steinem, 2000).

The number of publications that involve the use of QCM has increased rapidly since
the mid 1980s and in particular since the 1990s. There has been a steady growth in
the number of published papers describing detection of cvlinically relevant analytes
and, in the last five years, rapid growth in the number of publications on the analysis
of DNA from pathogenic organisms (Caruso et al., 1998; Hook et al., 2001), viruses,
(Susmel, O'Sullivan and Guilbault, 2000; Zhou et al., 2002) bacteria (Pavey et al.,
2001) and mammalian cells (Richert et al., 2002; Wegener et al., 2000).

Many of the commercial QCM devices do not have thermal control units and rely on

experiments using static cells. As QCM measurement is very sensitive to thermal
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changes, these éause drifting baseline and difficulty to measure frequency changes
due to the assay. Additionally, if there is no stirring of the sample in a static cell, the
molecqlar interaction takes longer time due to the mass transport limitations.
Instruments using flow based systems may have problems during sample injection as
everything need to be performed manually and minute changes of the flow rate
during this process causes baseline disturbances or drift. Recently Sierra Sensors
GmbH (Hamburg, Germany) launched the first prototype of QCMA-1 biosensor, a
single unit bench top QCM instrument, to overcome the problems stated above.
QCMA-1 instrument has' fully automated sample processing unit enabling un-
attended run of | samples, proprietary continues microfluidic sample delivery
technology called Hydrodynamic Isolation™ aﬁd an environmentally controlled
detection chamber that provides maximum thermal control. A collaboration study
with Sierra Sensors GmbH has been started to test QCMA-1 biosensor and its

applicability for PSA detection.
1.3.3 Electrochemical biosensors

The first biosensor described was an electrochemical biosensor for tﬁe detection of
glucose by Clark and Lyon in 1962 (Clark and Lyons, 1962). The first commercial
biosensors (glucose, lactate and alcohol biosensors) were also reported using
electrochemical techniques (Newman -and Turner, 2005). High sensitivity,
selectivity, rapid analysis, ability to operate in turbid solutions and the possibility of
miniaturization enabled electrochemical biosensors to become the most commonly
used biosensors over other technologies (Shah and Wilkins, 2003). Electrochemical
biosensors may be divided into three main categories depending upon the
- electrochemical property measured by a detector system; conductometric,

potentiometric, amperometric (Table 1.2).
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Table 1.2. Types of electrochemical transducer for classified types of measurement,
with corresponding analytes to be measured (Bergveld and Thed venot, 1993).

Measurement type Transducer Transducer analyte
Potentiometric Ion-selective electrode (ISE); K', C,Ca¥, F;

glass electrode; H Na'...;

gas electrode; CO,, NH;;..

metal electrode. redox species
Amperometric Metal or carbon electrode 0,, sugars, alcohols...;

Conductometric, impedimetric

chemically modifed electrodes

Interdigitated electrodes metal

sugars, alcohols, phenols,
oligonucleotides...

Urea, charged species,

electrode oligonucleotides .. .
Ion charge or field effect Ion-sensitive field-effect H',K'...

transistor (ISFET);

enzyme FET (ENFET)

The majority of commercial biosensors available on the market are amperometric
enzyme biosensors (Mulchandani and Rogers, 1998). Amperomefricdetection is
based on measuring the current generated by the oxidation or reduction of an
electroactive species at a working electrode while the potential is kepf constant. Two
or three electrodes may be used for amperometric sensors; working electrode
(usually platinum or gold), reference electrode (usually Ag/AgCl) and counter (or

auxiliary) electrode (usually carbon).

Amperometric biosensors are based on oxido-reductase enzymes such as; glucose
oxidase (Shan et al., 2008; Wu et al., 2007), lactate oxidase (Pfeiffer et al., 1997),

glutamate oxidase (Zhang, Mullens and Gorski, 2006), galactose oxidase (Hasebe
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and Uchiyama, 2000) or xanthine oxidase (Agui et al., 2006). Oxido-reductases use
molecular 02 as an electron acceptor and produce H:0O: in the reaction with their

substrates (Figure 1.11).

Glucose  ---x FAD H20

I  Glucose oxidase

"

Gluconolactone x"» FADH- — *

Figure 1.11. Oxidation of glucose by glucose oxidase.

The amperometric biosensors based on oxido-reductases are very sensitive to
dissolved oxygen concentration of the solution that may fluctuate due to pH,
temperature or other physical environment of the biosensor (Mulchandani and
Rogers, 1998). As a solution to this problem, the electron acceptor 0 2is replaced by
low molecular weight mediators, such as ferrocene (s5-bis-cyclopentadieny1 iron),
tetrathiafulvalene (TTF), tetracyanoquinodimethane (TCNQ), N-methylphenazin-5-
ium cation (NMP+) and methylene blue. Still the oxygen needs to be eliminated from
the buffer and samples because oxygen is a better electron acceptor than these
mediators. Eliminating the oxygen dependence of the amperometric biosensors
resulted in control of the enzymatic reaction and the sensor performance (Vreeke,
1997). And hence the use of freely diffusing mediators created second generation
amperometric biosensors. By the immobilisation of both the enzyme and the
mediator to the electrode, a self-contained third generation amperometric biosensors

are developed.
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1.3.3.1 Capacitive biosensors

Detection of biomolecules with capacitive biosensors does combine the advantages
of electrochemical detection with label-free bioaffinity sensing and has been used for
the detection of many different biomolecules (Hedstrom, Galaev and Mattiasson,
2005; Numnuam et al., 2009; Quershi et al., 2009; Siqueira et al., 2009). The
measuring principle of capacitive biosensors are based on the measurement of
changes in dielectric properties and charge distribution due to the recognition
element and analyte complex formed on the surface of an electrode. The capacitance
(C) can be described by equation 1.4; where € is the dielectric constant of the
medium between the plates, €, is the dielectfic constant of free space (8.85419

pF/m), A the area of the plates and d the distance between the plates.
C=¢ X gX A/d Equation 1.4

In the literature several instruments were mentioned for capacitive/impedance
measurements for biomolecule detection such as LCR meter (Berney et al., 1997;
Klein et al., 1995; Pak, Penrose and Hesketh, 2001), potentiostat (Numnuam et al.,
2009) or impedance analysers (K'Owino and Sadik, 2005). While faradaic capacitive
measurements requires the addition of redox-active species, no additional reagent is
needed for non-faradaic measurements (Daniels and Pourmand, 2007). As a label-
free detection method, capacitive biosensors have certain advantages with respect to |
labelled biosensors such as the ability of direct, real-time measurement and no need
of expensive labels or labelling processes. However, care need to be taken as any

- non-specific binding can cause a capacitive measurement signal and this need to be
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distinguished from specific binding. This can be particularly problematic if the

analyte need to be detected in a complex matrix such as blood serum.

Assay type can also influence the results obtained from capacitive biosensors.
Generally the assays can be divided according to the measurement medium as in wet
and dry conditions; or spot measurements and real-time continuous measurements.
While continuous assays require the measurements to be performed in biological
solutions, spot measurements can be performed in wet or dry conditions before and
after the analyte binding to the recognition elements of the sensor surface. In this
case reproducibility of measurements has significant irﬁportance to distinguish the
results from specific analyte recognition from the standard deviation of the repeated
measurements before and after removing and placing the sensor to the instrument
and the connectors. Additionally the spotting‘ of the biological materials for
immobilisation and subsequent drying protocol may cause denature of some of the

immobilised antibodies and may influence the sensitivity of the antigen detection.
1.4 BIOSENSOR SURFACE CHEMISTRY

The immobilisation of biological recognition elements to the biosensor surface has
_ significant importanée for the biosensor to function. While some of the optical
biosensors consist of silicon oxide as. sensor surface, mo\st of the biosensor surfaces
are coated with metals (such as gold, silver and platinum) for transduction of the
signal. Biological recognition elements suchb as prote‘ins are adsorbed spontaneously
on metal or silicon oxide substrates and this may denature of the molecule and may
result iti either activity reduction or loss. Self assembled monolayers (SAMs) provide
an effective way to protect the biological recognition element from the sensor

surface, prbvide ligand immobilisation that enables the repeated binding and
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regeneration cycles to be performed without losing the immobilised ligand and
additionally help to minimise non-specific adsorption (Homola, 2006). In addition to
SAMs, polymeric structures such as carboxymethyl - dextran, poly-pyrrole,
polystyrene,‘ polyvinyl alcohol and polyanilin can be used to modify biosensor

surfaces (Adhikari and Majumdar, 2004).
1.4.1 Self assembling of monolayers

Self assembling is' defined as the spontaneous and reproducible organization of the
moleéules to a defined nano-scaled structure (Vericat et al., 2006). One of the most
sophisticated examples of self assembly can be given as the formation of a living cell
that itself contains self assembled’ lipid bilayer, proteins and DNA. SAMs are one of
the simplest examples of self assembly and can be formed by means of silanes on
oxidised and hydroxylated surfaces and by means 6f thiols on metal surfaces (mainly
on gold). Self assembly of alkanethiols on gold substrates were first reported by
Nuzzo and Allara in 1983 (Nuzzo and Allara, 1983) and since then it became one of

‘the most used method to modify biosensor surfaces.

Each thiol molecule can be divided in three parts: the head (linking group, consist of
S atom), the backbone or spacer (hydrocarbon main chain), and the terminal specific
(active) group (Vericat et al., 2006) (Figure 1.12). Sulphur atom is covalently bound
to metal surface and the van der Waals forces between the hydrocarbon chains -
stabilize the structure and create the monolayer. Terminal group of the molecule
determines the surface characteristics of the formed SAM. For example —CHj; and —
CF; terminal groups create hydrophobic and -COOH, —-NH, or —OH groups yield

hydrophilic surfaces.

A B
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Terminal
Sulfur x ,
Group

Substrate

Figure 1.12. A) Parts of alkanethiol molecule. B) Self assembled monolayer of
alkanethiols (Asemblon, 2005a).

SAMs can be formed on surfaces either by simply immersing the metal substrate to
the dilute solution of thiol /silane or can be formed by vapour deposition (Schreiber,
2000). The most common and easiest method for coating metal surfaces with alkane
thiols is the first method. As soon as the metal substrate is immersed in dilute thiol
solution, a disorganised monolayer spontaneously forms and then slowly molecules
are organised by means of van der Waals forces (Bain et al., 1989). Au substrates
commonly used are evaporated thin films on glass or quartz substrate which forms
(111) crystalline structure. The alkanethiols form a hexagonal close packed crystal

lattice that has ca. 30%tilt and the spacing between the alkane chains is 4.97 A

(Figure 1.13).

-
o
=2

497

Gold

Figure 1.13. “A tightly packed alkanethiol monolayer is shown. In order to
maximize the van der Waals forces between the alkane chains, the individual chains

are tilted ~30 ° from the surface normal.” (Asemblon, 2005a)
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The quality of the assembled monolayer depends on the cleanliness of the metal
substrate, the purity of the alkanethiol solution and the length and composition of the
alkanethiol. The head group of the alkanethiol is critical to obtain a monolayer with
required functionality. Alkanethiols with different head groups are commercially
available to immobilise biological recognition elements on biosensor surfaces such

as -COOH, -NH2, -OH, -biotin, -N-hydroxysuccinimide (NHS).

The compactness of the monolayer depends on both the size and the structures of the
spacer and the head group of the alkanethiol molecule. In order to have compact and
ordered monolayer the number of carbon atoms in the spacer structure need to be 10
or more (Bain et al,, 1989). To immobilise biomolecules to the sensor surface
carboxylic acid head group provides not only immobilisation strategies using
different reactions (Figure 1.14) but also negatively charged carboxylic acid surface

causes eclectrostatic attraction of biomolecules and increases the yield of

immobilisation.
o
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thiol
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Figure 1.14. Different reaction sequences that can be applied to immobilise
biomolecules to the carboxylic acid head group containing SAM (Homola, 2006).
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1.4.2 Use of dendrimers to enhance biosensor surface capacity

. To be able to increase the cabacity of the sensing layer as an alternative to SAM
surface dendrimers were considered. Poly(amidoamine) (PAMAM) dendrimers are
large, branching molecules formed by repeated addition of functional groups to an
ethylenediamine core (Figure 1.15). PAMAM dendrimers range in diameter from .
about 2 nm (generation 1) up to about 13 nm (generation 10). The molecular weight
and number of peripheral groups of dendrimers increase exponentially with each
generation, while the diameter increases more or less linearly. A generation 1 or
;generatidn 2 PAMAM dendrimer has an open, flat structure but generation 4 and
larger dendrimers have spheroidal structure (Esfand and Tomalia, 2001). PAMAM
dendrimers are reported to be robust, covalently fixed, three-dimensional structures,
which provide a high density of terminal amino, carboxyl or hydroxyl groups at the
outer sphere (Esfand and Tomalia, 2001). Dendrimers possess a large number of end
groups per molecule and thereby increase surface functionality (Rahman et al.,
2000). The properties of dendrimers make them ideal molecular binding blocks for
wide range of applications involving self-assembled. monolayers, which could be
used for chemical sensing purposes (Singh et al., 2009; Svobodova et al., 2006;
Yamaji and Takaguchi, 2009; Zhu et al., 2009). For example, a 4™ generation
PAMAM dendrimer having partial ferrocenyl-tethered surfa;:e groups was used as
sensing layer for an electrochemical sensor by Yoon and co-workers (Yoon, Hong
and Kim, 2000). Dendrimer activated solid support has been used for nucleic acid
and protein microarrays by Benters and co-workers (Benters, Niemeyer and Wohrle,‘

2001).
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Figure 1.15. Second generation poly(amidoamine) dendrimer.

1.43 Free radical polymerisation for the fabrication of new polymer surfaces

for sensing

To graft polymer layers on solid matrices, free radical chain polymerisation is a
widely used method. In the early 1980’s, Otsu et al. reported the use of new type of
initiators classified as dithiocarbamate dérivates to use for free radical chain
polymerization (Otsu and Matsumoto, 1998; Otsu et al., 1989). This new type of
initiators was described as photoiniferters, which was an abbreviation for initiator,
transfer agent and terminator. Because bimolecular termination and other transfer
reactions are negligible, iniferter based polymerisation is also a living
polymerisation. Upon UV irradiation, the photoiniferter undergoes a homolytic bond
cleavage yielding a carbon radical and a dithiocarbamyl radical (Figure 1.16). The
carbon-centered radical can react with vinyl monomers while the dithiocarbamyl
radical is relatively stable and react weakly or not at all with vinyl monomers. The

dithiocarbamyl radical instead reversibly terminates the growing chain by reacting
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with the propagating free radicals. This reversible “capping” allows dithiocarbamate

derivatives to be used as controlled free-radical initiators.

()

% +hv
S-C-N fct, < > H,
\—/ -hv +S—C—NF.£2
benzyl MV-diethyldithiocarbamaie (R) benzyl radical dithiocarbamy! radical
(iniferter) (inmatnr) (scavenger)
(i]l) CH2=CH
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cn2=<CH2CH)n—S—-CNH;

Figure 1.16. The schematics of photoiniferter based polymerisation (Nakayama and
Matsuda, 1996).
Some of the advantages of polymer fabricated using initiator/iniferter based living
polymerisation with respect to the other polymers used for biomolecule
immobilisation (carbohydrate based hydrogels such as carboxymethylated dextran,
alginate, chitosan and other conventional polymers such as polystyrene) are:
* Linear increase of molecular weight with time enables to control the
thickness of the polymer growing on a substrate.
* Possibility of fabricating multiple polymer layers having different properties
using different monomers.
* Compatibility with a wide variety of monomers, e.g., acrylates, styrenes,

acrylonitrile, and derivatives.
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e Depending on the side group of the monomer a variety of immobilisation
methods can be utilised for biomolecules (for example a monomer
comprising biotin side group enables capture of avidin, a monomer
comprising amino side group enables immobilisation of biomolecules using
any suitable homo/heterofunctional linker).

e Ease of application.

¢ Long shelf life.

e Enables the fabrication of rigid polymers that does not swell in buffer.

e The size of the pores can be controlled by changing the monomer/cross linker
ratio. |

The concentration and the ratio of monomer(s) and crosslinker(s) are crucial to
obtain porous, 3 dimensional crosslinked polymer on the sensor surface. By changing
the monomer(s)/crosslinker(s) ratio and concentration, porogen(s) type and amount
in the polymerisation mixture, intensity and time of irradiation it is possible to obtain
a polymeric structure with specified properties (such as porosity, rigidity and
thickness) can be produced for different applications of sensing. By changing the
functional group of the monomer, polymer surfaces with different properties may be

fabricated that enables different immobilisation strategies for biomolecules.
1.4.4 Development of carboxymethyl dextran surfaée

Two common methods are reported in the literature to achieve CMD coated sensor

surface:

1. Epoxy-linked CMD: Fabricating a hydroxyl end group for SAM
modification on the sensor surface and attachment of dextran using

epichlorohydrine. Later modification of the hydroxyl groups to carboxyl
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groups by bromoacetic acid. This method was first described in 1990 by
Lofas and Johnsson (Lofas and Johnsson, 1990b), it takes around 3 days to
produce the sensor chips.

2. Amide-linked CMD: Fabricating an amino end group SAM on the sensor
surface and attachment of CMD with conventional EDC/NHS chemistry. If
the CMD is obtained readymade, this method is simple, contains less steps,
less chemicals and short. This method can be applied in two different ways:

a. Incubation of CMD with amino-modified sensor surface to allow
electrostatic attraction. After washing the excess material, covalent
attachment of CMD using EDC/NHS chemistry.

b. Preparing a fresh mixture of CMD with EDC/NHS (to obtain NHS-
dextran) and placing on an amino-thiol modified sensor surface for

covalent attachment (Figure 1.17).

deitran CM diiti'aa NHS-dertran
oH
NHYEDC
L1.1U Li

Figure 1.17. Schematic diagram for CMD surface fabrication using amide-linked
NHS-dextran. (Jung et al., 2007)
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Both methods described above can be used to prepare the CMD sensor chips. If the
same molecular weighf dextran was used, the performance of the fabricated sensor
chips by both methods will depend on the polymer attachment degree to the sensor
surface and the degree of carboxyl groups per glucose units of the created CMD.
Jung and colleagues (2007), prepared CMD arrays on gold surfaces using both
methods and compared the results. They commented that the immunoassay array
results obtained using amide-linked CMD surfacégwere superior to epoxy-linked
CMD surfaces when line-scanning mode of the s‘[;:ectral SPR biosensor was used as
the detection method. Due to its practicality, use of less chemicals and shorter

fabrication time, amide-linked CMD fabrication on sensor chips is favourable.

1.5 PROSTATE SCPECIFIC ANTIGEN DETECTION  USING
BIOSENSORS

PSA test is currently recognised as the clinically most used prostate cancer detection
method. The current PSA tests rely on ELISA type assays and usually performed at
centralised laboratories using expensive automated analyzers and time consuming
procedures (Healy et al., 2007). This process requires sample transportation,
increased waiting time and high medical costs. Therefore, there is a need to develop
a detection system that is cheap, quick to process, uses low sample and reagent
volume and easily operated. Additionally due to the weaknesses of PSA testing and
corhplexity of prostate cancer, there is an increasing need to test multiple biomarkers
simultaneously for cancer diagnosis/prognosis. Recent development and advances in
biosensor technology have enabled the miniaturisation of the devices and multiplex
testing of the analytes.- Therefore biosensor technology has the potential for the.

manufacture of point of care cancer testing devices. Already two point-of-care PSA
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tests entered to market as PSAwatch™ (detection range 0.5-25 ng mL’) by
Mediwatch Plc. (UK) and FastPack Total/Free PSA Immunoassay by Qualigen Inc.
(detection range 0.04 — 50 ng mL™! Y(USA). While PSAwatch™ is based on a lateral
flow device; FastPack is based on chemiluminescence measurement. Both devices

are not designed for simultaneous multi-analyte testing.

Several biosénsor types have been applied for the detection of cancer biomarkers
(Tothill, 2009). Biosensors for PSA analysis include electrochemical biosensors
(Fernandez-Sanchez et al., 2004; Li et al., 2005; Liu et al., 2007; Liu, 2008; Okuno et
al., 2007; Panini et al., 2008; Sarkar et al., 2002; Zhang, Du and Li, 2007b), optical
biosensors (Besselink et al., 2064; Cao et al., 2006; Choi et al., 2008; Huang et al.,
2005; Schweitzer et al., 2000; Yu et él., 2004), fluorescence / chemiluminescence
biosensors (O'Neill et al., 1995; Soukka et al., 2003; Ye et al., 2004), microcantilever
biosensors (Hwang et al., 2004; Lee et al., 2005; Wee et al.,, 2005) and QCM
biosensors (Zhang et al., 2007a) have also been developed. In the next sections more

detail is given about the different biosensing methods that applied for PSA detection.
1.5.1 PSA detection using electrochemical biosensors

Electroéhemical measurements for PSA detection either can be performed label free
by means of impedance and capacitance methods, or enzyme labels can be used for
amperometric and potentiometric detection methods. Examples of PSA testing using
* electrochemical methods are summarised in Table 1.3. The detection limit of the
electrochemical PSA assays varies between 0.001 ng mL™ to 5 ng mL™ and in most
cases assays have been performed either in buffer or 5 to 20 times diluted human
serum. To amplify the detection signal quantum dots, nanoparticles or carbon

nanotubes have been employed in the assays. Electrochemical sensing has the
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advantages of high sensitivity, possibility of miniaturisation and enables multiplex

testing.
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1.5.2 PSA detection using optical biosensors

Optical biosensors may use two different signal transduction methods such as label-
based technologies (such as fluorescence or chemiluminescence biosensors) and
label free technologies (such as SPR, resonant mirror (RM) and interferometric
biosensors). For example Soukka et al. performed an immunoassay for the detection
of PSA using europium (III) nanoparticle label technology and obtained 0.21 ng mL™
detection limit (Soukka et al., 2003). In another study Ye and colleagues used
zirconia-based fluorescent terbium nanoparticles for PSA immunoassay and obtained
0.4 ng mL" detection limit with dynamic range up to ca. 10 ng mL™" (Ye et al.,
2004). Besselink and colleagues used IBIS instrument that uses the SPR technology
and aftér signal amplification with gold colloids obtained detection limit of 0.15 ng
mL" PSA. In another study, Choi et al. performed PSA detection assay using an SPR

spectroscope (MultiskopTM, Optrel Gbr, Germany). For the assay with 124 hours
| reaction time in static conditions (in buffer) they obtained detection limit of 300 M

(0.01 ng mL™).
1.5.3 PSA deteétion using QCM biosensors

The number of publications related to the detection of PSA using QCM biosensors is
very limited and this indicates that application of QCM biosensors to PSA detection
is a newly developing area. An example to a study for PSA assay using QCM
biosensor has been the study performed by Zhang et al. that involved the use of an
insert-plug model of piezoelectric immunosensor. After 40 minutes of reaction at
37% in a static cell with a 10 MHz quartz crystal, Zhang et al. achieved linear
detection of 1.5 — 40 ng mL™"' PSA in 100% serum (Zhang et al., 2007a). In another

study, Ding et al. used yeast cell modified QCM sensors to immobilise anti-PSA
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antibodies (Ding et al., 2008). The binding of PSA to the anti-PSA antibody
immobilised sensor was recorded after the binding reached equilibrium using a 9
MHz quartz crystal and magnetic stirrer agitated static cell. With this method Ding e?

al. achieved detection of PSA in the range of 5 to 604 ng mL™' in 100% serum.

1.5.4 Summary

A list of the biosensor formats applied to PSA detection is given in Table 1.4. The
detection limit of PSA using these systems varies between 0.2 pg mL" to 10 ng mL ™.
The detection signal has been amplified by means of a sandwich assay, gold
nanoparticles, carbon nanotubes or PCR for the majority of the biosensor systems. In
most cases PSA assay was performed only in buffered pure solutions rather than
serum, indicating the early stage ‘of development of the technology. There is a
significant difference on the limit of detection when .buffer or clinical sample (serum)
is used as the assay media, as it could be seeﬁ from the work of Cao et al. (Table
1.4). The increase of detection limit, when clinical sami)les are used, is mainly due to
the lower signal to noise ratio resulting from the high non-specific binding of sera
proteins/anﬁbodies to the sensor surface. Therefore it is critical to create a biosensor
surface that has low non-specific binding properties. Another important point that
needs at most care is the selection of control sensor surfaces to prevent false negative

or false positive results from the PSA assay.
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1.6 AIMS AND OBJECTIVES

PSA test is widely used for prostate cancer diagnosis. However, due to its low
specificity and the need to confirm the results with invasive tests, the search for a
better test continues. Additionally, the advances of biosensor technology started to
provide simple, rapid and multi-analyte testing systems that will revolutionise both
the diagnosis and prognosis of diseases and eliminate the patient waiting time for the
results. One of the objectives of the study was to develop a new test for prostate
cancer diagnosis/prognosis using rapid and sensitive system which can be applied for -
multi marker detection. Another was to develop new sensor surface chemistries for
gold-based biosensor platforms to enhance the sensitivity of these types of devices.
In addition, to test the suitability of a capacitive biosensor for prostate cancer testing
and its potential for multi-biomarker analysis. In the study four types of sensors were
used and these include QCM and SPR instrument prototyped developed by Sierra
Sensors GmbH (I{amburg, Germany), a commercial SPR biosensor (Biacore 3000, -
GE Healthcare, Sweden) and an interdigitated array capacitive biosensor developed

by Sabanci University (Turkey).

The work programme carried out is summarised in Figure 1.18 as a flowchart. This

included:

Development of sensor surface chemistry protocols and testing for:
a. Self assembled monolayer
b. Dendrimer surface
c. | A new polymer surface

d. Carboxymethyl dextran surface
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II.  Development of an affinity assay for PSA testing

a.

b.

Direct and sandwich QCM immunoassay for PSA detection

Development of a new buffer to minimise serum non-specific binding on
sensor surface

PSA detection in serum using the new buffer developed with QCM sensor
and calibration curve calculation

PSA assay confirmation using a commercial SPR biosensor

Testing patient (Bedford Hospital NHS Trust) and control (Cranficld
Univérsity staff) serum samples using the developed QCM immunoassay
Testing the feasibility of free-PSA, complexed-PSA and prostate specific

membrane antigen (PSMA) immunoassays

IMI.  Capacitive biosensor development for PSA testing

a.

b.

Testing the existing capacitive biosensor developed at Sabanci University
Development of a new capacitive biosensor
Improvements to the fabrication of interdigitated array -capacitive

biosensor chip
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GENERAL INTRODUCTION AND LITERATURE REVIEW

Prostate cancer . Biosensor surface PSAdetection using
Biosensors

. . . . Aims and objectives
diagnosis chemistry biosensors

SURFACE CHEMISTRY DEVELOPMENT FOR SENSORS FABRICATION

Use ofdendrimersto
enhance surface
capacity

SAM deposition Surface chemistry QC

protocol development protocol development novel polvrrersurface

DEVELOPMENT OF A QCM ASSAY FOR PSA DETECTION

Validation of PSA assay test .
PSAdetection in buffer and in Testing cPSA and fPSA
ction in bu ! results of QCMA-1 instrument 8

serum usingQCMA-1 with a commercial Biacore antibodies for use in QCMA-1

instrument . assays
3000 biosensor N

Opti misation of the assay to
minimise matrix effect

CAPACITIVE BIOSENSOR DEVELOPMENT FOR PSA DETECTION

Capacitive biosensordevelopment using networkanalyzer and Development of a newcapacitivesensorchip and connection
probe station unit

CONCLUSION AND FUTURE PLAN

Conclusionofthe results Schematics ofthe future plan

Figure 1.18. Flowchart outlining the phases of work carried out in the study.
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CHAPTER 1I:

SURFACE CHEMISTRY DEVELOMENT FOR SENSORS
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2 SURFACE CHEMISTRY DEVELOPMENT FOR
SENSORS |

2.1 INTRODUCTION

The type of surface chemistry used to functionalise biosensor chips is crucial to
obtain good detection signal from the device. SPR, QCM and electrochemical sensor
chips use a metal layer, mostly gold as the working electrode. The direct adsorption
of proteins to a metal surface may cause the denaturation of the proteins and also the
orientation of the proteins on the metal surface may block the active binding site for
ligénd binding. Additionally the weak interaction between the surface and the protein
will make the sensor unstable for repeat use and the regeneration solutions will cause
proteins to be removed from the surface. To eliminate these problems, the use of
covalent immobilization is usually recommended in order to have a stable sensing
layer covering the metal surface by either a self assembled monolayer or a polymeric
surface. This will enable proteins to be immobilized covalently which will result in a

stable protein layer that may be used several times without activity loss.

In the current study initially self assembly of alkanethiols were considered to coat the
gold surface of the Biosensor chip. The self assembly spontaneously occurs due to
the strong interaction between the\sulphur groups of the alkanethiols and the gold
surface (Poirier and Pylant, 1996). Many different alkanethiol molecules with
different active end groups are commercially available for monolayer deposition. For
example alkanethiols with biotin end group enable preparation of avidin layers to

immobilise biotinylated proteins (Chung et al., 2006). Alkanethiols with end groups
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of amine and carbbxyl are commonly used to immobilise proteins to the sensor
surfaces (Navritilov} and Skljdal, 2004; Oh et al., 2004). Mercaptoundecanoic acid
(MUDA) is a well known alkanethiol molecule that provides well ordered self
assembled monolayer and also is cheaply available. For this reason MUDA was
chosen as a surface coéting of the QCMA-1, Biacore and the capacitor sensor
surfaces. In order to be able to increase the capacity of the sensing layer as an
alternative to monoléyers; dendrimers, surface grafted polymers and carboxymethyl
dextran surfaces were investigated. The assays performed using MUDA coated
sensor chips provided a basis to compare and improve the new surface chemistries

developed.
2.2 MATERIALS AND INSTRUMENTATION

Phosphate buffered saline (PBS, 0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4) tablets, mercaptoundecanoic acid
(MUDA), cthanolamine, ethylene glycol dimethacrylate (EDMA), Methacrylic acid
(MA), biotinylated-BSA, amino terminated generation 4 polyamidoamine (PAMAM)
dendrimer, cysteamine, N,N’-bis(acryloyl)cystamine,. acotonitrile, toluene,
spectrophotometric grade ethanol and potassium ferricyanide, diethylene glycol
dimethyl ether (diglyme), epichlorohydrine, bromoacetic acid, dextran (MW 500
000) and carboxymethyl dextran (MW 10,000 — 20,000) were purchased from
Sigma-Aldrich (Poole, UK). Potassium chloride (KCI) was purchased from Fisher
Scientific (Loughborough, UK). Dimethyl formamide (DMF) was purchased from
Acros Organics (Loughborough, UK) and Diethyldithiocarbamic acid benzyl ester
was supplied by TCI Europe (Antwerp, Belgium). 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and NeutrAvidin (NA) and EZ-link-

sulfo-NHS-Biotin was purchased from Pierce-Thermo Scientific (Cramblington,
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UK). Oxygen free nitrogen was purchased from BOC (Manchester, UK).
Mercaptohexadecanol was purchased from Asemblon (Redmond, USA). Ultrapure
water (18 MQ cm~') was obtained from a Milli-Q water system (Millipore Corp.,
Tokyo, Japan).

Fully automated QCMA-1, SPR2 (Sierra Sensors GmbH, Germany) and Biacore
3000 (GE Healthcare, Sweden) biosensors and bare gold sensor chips were used for
the experiments (Figure 2.1). QCMA-1 (20 MHz) and SPR2 sensor chips possess
two sensing array and the Biacore sensor chips possess four sensing array, enabling

the measurement of active and control sensor surfaces simultaneously.
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Figure 2.1. QCMA-1 (A) and SPR2 (C) biosensors from Sierra Sensors GmbH
(Hamburg, Germany) and Biacore 3000 (E) biosensor from GE Healthcare (Uppsala,
Sweden) were used to perform assays. The sensor chips used for the devices are

shown at figures B, D and F.
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The sensor chip surface cleaning was carried out using an Emitech K 1050X (EM
Technologies Ltd., Kent, UK) plasma asher. The refractive .index and extinction
coefficient of bare gold sensor and the thickness values for polymer coated sensors
were obtained using a SE 400 Ellipsometer (Mi-Net Technologies Ltd., Maidenhead,
UK). For AFM measurements Dimension 3000 SPM instrument (Veeco Instruments
Ltd., Cambridge) was used with siliéon probes (type: PPP-NCH-50). For UV
polymerisation a Philips HB171/A UV device (220-230V, 50Hz, 75W, UV type 3)
and Cermax (Xenon Fiberoptic Lightsource, ILC Technology Inc., 100-120/200-240
V, 50/60Hz) were employed. The contact angle measurements were performed using
a KSV CAM 100 Optical Contact Angle Meter (L.O.T. Oriel Ltd., Leatherhead,
UK). Cyclic voltammetry measurements were performed with an Autolab
Electrochemical Analyzer with the general purpose electrochemical software GPES
4.9 (Ecochemie, Utrecht, Netherlands). A medium sized Atmosbag from Sigma-
Aldrich (Poole, UK) was used to obtain argon filled closed environment for UV

polymerisation.

2.3 METHODS

2.3.1 Self assembled monolayer deposition

Initially the Petri dish that would be used for SAM deposition was cleaned with
nitrogen plasma for one minute using Emitech K 1050X (EM Technologies Ltd.,
Kent, UK) plasma asher, then rinsed with deionised water and ethanol. Then
spectrophotometric grade ethanol was added to the Petri dish and the lid closed.
QCMA-1 sensor chips were placed on a Petri dish and plasma cleaned with nitrogen
plasma for one minute at different power and pressure settings to optimise the

cleaning conditions (40 W and 50 W, 2 x 10 mbar and 5 x 10 mbar). The sensor
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chips were transferred to the SAM deposition Petri dish filled with ethanol. A 2 mM
MUDA solution was prepared in spectrophotometric grade ethanol and flushed with
argon/nitrogen for around 10 minutes. The ethanol in the Petri dish was removed
with help of a pipette or syringe then MUDA solution was added. The Petri dish was
covered with parafilm and aluminium foil and incubated overnight at ambient
temperature. Next morning the sensor chips were rinsed with ethanol and water and
dried with nitrogen stream. The SAM coated sensors were placed in a Petri dish and

stored in the fridge till further use.

2.3.2 Contact angle measurement

Static water contact angles were measured with the sessile drop method using a KSV
CAM 100 Optical Contact Angle Meter (L.O.T. Oriel Ltd., Leatherhead, UK) at
ambient temperature. The water droplets were imaged by a camera before the
software calculated their shape and the respective contact angles. The contact angles
of'three water droplets were measured for each sensor chip and the average of these
were used as the resulting contact angle. A sample contact angle measurement to a

water droplet on the gold sensor chip is shown in Figure 2.2.

Filling Cortfoh

Iv Use Thresholding

POKMI ™

9 Alow T*

LfiCA 66 12
RgN CA :66 86
MeanCA  6b 99

N;_ <P N

«Back j  Next>

Figure 2.2. Contact angle measurements of'a water droplet on the gold sensor chip.
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2.3.3 Cyclic voltammetry

Cyclic voltammetry was used to characterize the working electrode surface of the
QCM sensor chips. Cyclic voltammetry is a potentiodynamic electrochemical
measurement where the potential is. continuously changed as a linear function of
time. The rate of change of potential with time is referred to as the scan rate (v). A
positive potential scan is bhosen for the first half cycle during which an anodic
current is observed. Because the solution is quiescent, the product generated during
the forward scan is available at the surface of the electrode for the reverse scan
resulting in a cathodic current. During the potential sweep, the potentiostat measures
the current resulting from the applied potential. The resulting plot of current vs.

potential is termed a cyclic voltammogram.

Cyclic voltammetry measurements were perfofmed with an Autolab Electrochemical
Analyzer with the general purpose electrochemical software GPES 4.9 (Ecochemie,
Utrecht, Netherlands). In this study 1 mM potassium ferricyanide prepared in 1M
KCl was used as an electroactive marker for cyclic voltammetry measurements. The
gold electrode surface of the QCM sensor chip forms the working electrode. After 80
ul of potassium ferrocyanide solution was placed on the horizontally kept electrode
surface, reference (Ag/AgCl) and counter (carbon) electrodes were placed from the

top till they touch the solution (Figure 2.3).
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Figure 2.3. Cyclic voltammetry set up for QCM sensor chips.

Scan for potassium ferricyanide was set to 3 cycles from 0 to 0.5 V relative to Ag /
AgCl reference electrode and carbon counter electrode. The summary of cyclic

voltammetry parameters are listed in Table 2.1.

Table 2.1. The parameters of cyclic voltammetry measurements.

Cyclic voltammetry parameters

Electroactive marker: 1 mM potassium ferricyanide in 1 M KCl
Working electrode: Au

Reference electrode: Ag/ AgCl

Counter electrode: Carbon

Step potential: 0.00198 V

Potential range: 0-05mV

Scan rate: 0.05 V/s

Number of scans: 3

The surface coverage (0) of the self assembled monolayer can be calculated by
comparing the charge (Q) during reduction/oxidation of cyclic voltammetry at a
monolayer covered electrode with respect to a bare gold electrode (Equation

2.1)(Campuzano et al., 2006; Yang and Khoo, 2004).
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Qsam
0=1- — Eq. 2.1
Qbare gold ( 4 )

The area under the peak of cyclic voltammogram gives the charge (Q) created during
cyclic voltammetry (Wang, 2006). To calculate the surface coverage of the SAM,
first cyclic voltammograms of bare gold and SAM coated sensors weré transferred to
Microsoft Excel and Trapezoid rule was used to calculate the area between oxidation
and reduction curves to obtain the charges Qpare gold and Qsam (Liengme, 2008). Then

Equation 2.1 was used to obtain surface coverage of SAM coated sensor chips.
2.3.4 Atomic Force Microscopy Analysis

Atomic Force Microscope (AFM) consists of a micro-cantilever tip that is used to
scan an area to create the image of a surface. For the study Dimension 3000 SPM
instrumeht (Veeco Instruments Ltd., Cambridge) was used with silicon probes (type:
PPP-NCH-SO).r The analysis was carried out at tapping mode. Prior to the analysis |
sensor chips were plasma cleaned, rinsed with isopropyl alcohol and dried with

pressurised air.
2.3.5 PAMAM dendrimer surface fabrication

Two different methods were considered for surface modification using PAMAM
dendrimers. Biotin modified dendrimers were formed on either 10% or 1% MUDA
monolayers and the results of NeutrAvidin capture was compared with the surfaces
that are MUDA or biotin modified. The aim was to observe if dendrimer modified
surfaces provide higher NeutrAvidin capture capacity then the other SAM coated
surfaces. The fabrication of dendrimer layers and the surfaces used to compare is

described below:
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Method 1 - Capture of NeutrAvidin on to biotinylated dendrimer immobilised 10%
or 1% MUDA surface: Initially sensor chips were coated with 10% (or 1%) MUDA
and 90% (or 99%) mercaptoundecanol using the protocol described in section 2.3.1.
The sensor chip was then docked to the QCMA-1 or Biacore 3000 instrument and
primed with degassed Dulbecco’s modified phosphate buffered saline (PBS) that was
used as running buffer. Sensor surface was first activated with a 1:1 mixture of 400
mM EDC and 100 mM NHS (ﬁnal concentrations: 200 mM EDC and 50 mM NHS).
EDC- NHS was injected to sensing spot 3 min. This was followed by} two injections
of 5% amino dendrimer (MW: 7332) for 5 and 2 minutes, respectively. Then 1M
ethanolamine was mjectéd for 3 minutes to the sensor surface to block the remaining
active sites (Figure 2.4 - A). To modify the amino terminal groups of the dendrimer
with biotin, sulfo-NHS-biotin was injected twice over to sensing spot for 5 and 3
minutes (Figure 2.4 - B). Now the sensor surface was biotinylated and ready for
NeutrAvidin capture. As the sensor surface biotinylation was complete, the sensor
chip was docked to the biosensor. After primiﬁg with PBS, a 100 pg mL-1
NeutrAvidin was injected for 3 minutes to the sensor surfaces (Figure 2.5). For some
of the Biacore sensor chips amino dendrimer immobilisation and surface biotinylated

was performed static in a Petri dish.
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Figure 2.4. (A) Immobilisation of amino dendrimer on to the 10% MUDA modified
QCMA-1 sensor chip (305 Hz). (B) Immobilisation of sulfo-NHS-biotin on the
amino terminal groups of dendrimers that were immobilised to the QCMA-1 sensor
chips (215 Hz).

A B

NeutrAvidin
Biotin

Dendrimer

MUDA

Figure 2.5. Schematics of NeutrAvidin captured surface prepared by biotinylated
dendrimer monolayer on 1% (A) and 10% (B) MUDA coated sensor chip.
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Method 2 - Immobilisation ofNeutrAvidin on to 10% MUDA coated sensor surface:
The immobilisation was achieved using conventional amine coupling chemistry on
MUDA coated sensor chips (Staros, Wright and Swingle, 1986). Running buffer
used for immobilisation was degassed Dulbecco’s modified phosphate buffered
saline (PBS). Sensor surfaces were first activated with a 1 : 1 mixture of 400 mM
EDC and 100 mM NHS, prepared in 0.22 pm filtered deionised water, and mixed
immediately prior to use (final concentrations: 200 mM EDC and 50 mM NHS).
EDC- NHS was injected simultaneously across the sensor surface for 3 min. A 100
pg mL"1 NeutrAvidin was injected for 3 minutes. The sensor surface was then
blocked with 1 M ethanolamine, pH 8.5 for 3 minutes. The frequency changes were

recorded 2 minutes after the protein injection was completed (Figure 2.6).

NeutrAvidin

MUDA

Figure 2.6. Schematics of NeutrAvidin immobilised MUDA coated sensor chip.

Method 3 - Capture of NeutrAvidin on to biotinylated cysteamine (SH-C2H4-NH2)
surface (Figure 2.7): Initially the sensor surface was modified with a methanolic
solution of SmM cysteamine using the SAM deposition protocol described in section
2.3.1. Later 2.5 mg EZ link-Biotin-LC-NHS was dissolved in 200 pi PBS and added
to the sensor chips in a Petri dish for 2 hours incubation at 25 °C. Then the sensor
chips were washed with PBS and deionised water several times and dried with a

nitrogen stream. As the sensor surface biotinylation was complete, the sensor chip
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was docked to the biosensor. After priming with PBS, a 100 pg mL'l NeutrAvidin

was injected for 3 minutes to the sensor surfaces.

NeutrAvidin

Biotin-SAM

Figure 2.7. Schematics of NeutrAvidin capture on biotin modified sensor surface.

2.3.6 UVlink polymer coating on sensor surfaces

Initially the sensor chips were coated with N,N’-bis(acryloyl)cystamine (BAC). Au
coated QCMA-1 sensor chips were cleaned using a plasma etching process for 1
minute under nitrogen. The cleaned sensor chips were then submerged in methanolic
solution of 2.5 mM BAC overnight (Figure 2.8). After rinsing with methanol and

water, the sensor chips were dried with a nitrogen stream.

Figure 2.8. The chemical structure of N,N’-bis(acryloyl)cystamine.

The polymerization was carried out in organic solution using toluene and water as
solvents, MA as functional monomer, and EDMA as the cross-linking monomer. An
initiater comprising diethyldithiocarbamic acid benzyl ester was used for the

polymerisation (Figure 2.9).
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Figure 2.9. The chemical structure of diethyldithiocarbamic acid benzyl ester.

The polymerization was carried out in organic solution using toluene and water as
solvents, MA as functional monomer, and EDMA as the cross-linking monomer. An
initiator comprising diethyldithiocarbamic acid benzyl ester was used for the
polymerisation. Both the initiator and the polymerisation solutions were sonicated
(15 min) and then purged with nitrogen (10 min) to reduce the amount of oxygen in
the solution prior to polymerization and also disperse the water in toluene. In some
cases polymerization mixture was sonicated for further 30s just prior to
polymerization. Polymerisation was carried out at room temperature, in an Atmosbag
to create an oxygen free environment. The Atmosbag was flushed with argon at all
times. Initially sensor surfaces were placed in a Petri dish filled with initiator (10
mM in acetonitril) and UV polymerized for 20 minutes. The Petri dish was removed
from the Atmosbag and sensor chips were rinsed with the solvent 3 times, then rinsed
with methanol and dried before the addition of polymerisation mixture comprising
crosslinker and monomer. The sensor chips were UV irradiated at varying times (20
to 90 minutes); then rinsed with toluene, methanol and finally with deionized water
before drying with a nitrogen stream. The UVlink polymer coated sensor chips were
stored at room temperature for next day testing (Figure 2.10). Some sensor chips
were treated with methanol overnight before drying to increase the stiffness of the

polymer created (Kitagawa, 1999).
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Figure 2.10. Experimental set up for UVlink polymer coating.

2.3.7 Preparation of carboxymethyl dextran surface

Two common methods are reported in the literature to achieve CMD coated sensor

surface and both methods were tested in the current study:

Amide-linked CMD: Fabricating an amino end group SAM on the sensor surface
and attachment of CMD with conventional EDC/NHS chemistry (Jung et al., 2007).
If the CMD is obtained ready-made, this method is simple, contains less steps, less

chemicals and short.

A. Amide-linked CMDfabrication in-line in the instrument

After plasma cleaning bare gold Biacore sensor chips were incubated in 10%
mercaptoundecanoc acid (MUDA) overnight (10%, 2 mM mercaptoundecanoic acid
and 90%, 2 mM mercaptoundecanol). Sensor chips were then washed with ethanol
and deionsed water and dried with a nitrogen stream. The SAM coated sensor was
first docked to the Biacore instrument and primed with phosphate saline buffer (pH

7.4). The flow rate of the instrument was set to 10 pi min . The assay was then
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preceded as follows: A 3 minutes injection of 1:1 mixture of 400 mM 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and 100 mM N-hydroxysuccinimide
(NHS). A 5 minutes injection of 200 mM ethylene diamine. NHS-dextran was
prepared by mixing 240 pul 100 mM NHS, 240 pl 400 mM EDC and 480 pl 0.5 g
mL" CMD (Fluka, cat no: 86524, MW 10 000 - 20 000) ianBS and incubated for 5
minutes at room temperature. NHS-dextran was injected to the sensor surfaces for 2
X 5 minutes and 3 minutes. The surface was then washed with 0.1 M HCl for 2 x 1

minute.

B. Amide-linked dextran fabrication in static conditions

After plasma cleaning bare gold sensor chips were incubated in 10 %
mercaptoundecanoc acid (MUDA) overnight. (10%, 2 mM mercaptoundecanoic acid
and 90%, 2 mM mercaptoundecanol). The sensorr chips were then washed with
ethanol and deionsed water and dried with a nitrogen stream. EDC/NHS was placed
as a droplet on the sensor surfaces (270 pl on Biacore chips, 400 pl on SPR-2 chips)
and incubated for 5 minutes. Sensor chips were then washed with deionsed water 3
times. The sensor cﬁips were placed on a Petri dish containing 500 mM ethylene
* diamine and incubated for 30 minutes before washing with deionised water 5 times.
A 1 g of CMD was dissolved in 1 mL of PBS; 600 pl EDC and 600 pl NHS were
added to the solution and incubated for 5 minutes at room temperature.
CMD/EDC/NHS mixture (NHS-dextran) was placed on each sensor chip (270 pl on
Biacore chips, 400 pl on SPR-2 chips) and incubated for 2 hours at room
temperature. Later the sensor chips were washed 5 times with deionsed water. Then
the sensor chips were left in water for 5 minutes and washed again with deionised
water at 50 °C for 10 times. The number of carboxyl groups were increased by

application of bromoacetic acid (1 M bromoacetic acid in 2 M sodium hydroxide at
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25 °C for 4 hours. Then the sensor chips were washed 5 times with deionsed water at
50 °C. Sodium salt modified carboxyl groups of the dextran was reactivated again by
application of bromdacetic acid (1 M b;omoacetic acidin 2 M sddium hydroxide at
25 °C for 16 hours. Later the sensor chips were washed 5 times with deionsed water.
Then the sensor chips were left in water for 5 minutes and washed again With
deionised water at 50 °C for 10 times. CMD modified sensor chips were dried with a

nitrogen stream and kept in the fridge for further use.

Epoxy-linked CMD fabrication procedure

Fabricating a hydroxyl end group for SAM modification on the sensor surface and
attachment of dextran using epichlorohydrine. Modification of the hydroxyl groups
to carboxyl groups was then conducted by bromoacetic acid. This method was first
described in 1990 by Lofas and Johnsson and later patented (Bergstrom, Lofas and
Johnsson, 1995; Bergstrom, Lofas and Johnsson, 1993; Lofas and Johnsson, 1990a),
it takes around 3 days to prodlice the sensor chips. After plasma cleaning bére gold
sensor chips were incubated in 1 mM mercaptohexadecanol over_night. Later sensor
chii)s were washed with ethanol and deionsed water several times and dried with a
nitrogen stream. A 3 g of dextran (Sigmé, cat no: 31392, MW 500 000) is added to
10 mL of 0.1 | M NaOH and mixed and placed on a shaker for 4 hrs and later
‘sonicated for 1 mihute to remove the air bubbles from the dextran solution. The
sensor chip surface was activated with 0.6 M epichlorohydrin (4.73 mL diglyme +
4.73 mL 0.4 M NaOH + 0.53 mL epichlorohydrin) for 4 hours at 25 °C. Sensor chips
were washed with deionised water and dried with a nitrogen stream. The activated
sensor chips were treated with the dextran solution in a Petri Dish for 20 hours at 25

°C. Later the sensor chips were washed 5 times with deionsed water. Then the sensor
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chips were left in water for 5 minutes and washed again with deionised water at 50
°C for 15 times. The dextran coated sensor chips were functionalised by application
of bromoacetic acid (1 M bromoacetic acid in 2 M sodium hydroxide) at 25 °C for 4
hours for method I and for 16 hrs for method 2. Then the sensor chips were washed
10 times with deionsed water at 50 °C. The dextran coated sensor chips were
functionalised again by application of bromoacetic acid (1 M bromoacetic acid in 2
M sodium hydroxide) at 25 °C for 16 hours. Later the sensor chips were washed 10
times with deionsed water. Then the sensor chips were left in water for 5 minutes and
washed again with deionised water at 50 °C for 10 times. CMD modified sensor

chips were dried with a nitrogen stream and kept in the fridge for further use.

2.3.8 Testing of the developed polymer surfaces

Functional assay using the surface grafted sensor chips were performed using
QCMA-1, SPR2 or Biacore 3000 instruments. The operating temperature of the
assays was 25 °C and the flow rate of the buffer was 80 pl min”! for QCMA-1, 25 pl
min’” for SPR2 and 10 pl min™ for Biacore 3000 assays. The polymer coated sensor
was first docked to the instrument and primed with phosphate saline buffer (pH 7.4).
Rabbit anti-mouse IgG and Mouse IgG antibodies were then immobilised using
conventional amine coupling chemistry. Sensor surfaces were first activated with a
1:1 mixture of 400 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and
100 mM N-hydroxysuccinimide (NHS), prepared in deionised water, and mixed
immediately prior to use (final concentrations: 200 mM EDC and 50 mM NHS).
EDC-NHS was injected simultaneously across the four sensing spots for 3 min (150
pl). A 100 pg mL™! rabbit anti-mouse IgG and 100 pg mL" mouse IgG (both in

sodium acetate buffer, pH 5.5) were injected on the two sensing arrays for 3 min
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(150 pl). Non-reacted NHS esters were capped with 1 M ethanolamine, pH 8.5 for 3
min (150 pl). The response changes were recorded 180s after the injection started (as
antibody capture response) and 2 min after the protein injection was completed and

the signal reached steady state (as the immobilisation response).

After a_mtibody immobilisation, 5 pg mL™" mouse IgG (in PBS) was injected over
~ rabbit anti-mouse-IgG and mouse IgG immobilised sensing arrays for 3 minutes to
allow binding. The frequency changes due to mouse IgG binding were recorded 180
] aftér the injection started. After a dissociation period under running buffer flow

(180s), surfaces were regenerated by injection of 100 mM HCI (60s).

78

Y. Uludag - Cranfield Univérsity - PhD Thesis



Surface Chemistry Development for Sensors

2.4 RESULTS AND DISCUSSION

2.4.1 Self assembled monolayer deposition

Before the application of SAM deposition, it is essential to clean the sensor surface
adequately to enable perfect surface coverage of the monolayer, for this purpose a
cleaning protocol was optimised. The effectiveness of the cleaning method was

tested using contact angle measurements and AFM analysis.

SAMs can be prepared simply by adding a solution of the desired alkanethiol in
ethanol onto the gold sensor chip and after the incubation time the excess can be
washed off. The protocol of alkanethiol self assembly on gold substrates is well
documented in the literature as dilute SAM solution (1 - 5 mM) and long incubation
period (15 - 24 hrs) is required for the formation of a compact monolayer (Asemblon,
2005b; Bard and Rubinstein, 1996). Therefore in this study an overnight incubation
with 2 mM ethanolic MUDA solution was used for SAM depositionland no further
optimisation was performed and the quality control of the sensor chips proved the
compactness of the formed monolayer. The quality control checks on the alkanethiol
coated sensor chips can be performed using optical (such as contact angle, AFM or
SEM measurements) and electrochemical methods (such as cyclic voltammetry or
impedance analysis). In this study cyclic voltammetry was used to characterise the
MUDA coated sensor surfaces. It is not possible to conduct cyclic voltammetry
measurements to the Biacore sensor chips with the current set up available. Therefore

the surface chemistry optimisation was performed using QCMA-1 sensor chips.
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2.4.1.1 Contact angle measurement

If a freshly evaporated gold substrate is used for SAM depositi;)n no cleaning is
needed, otherwise to remove adsorbed hydrocarbons and other impurities a pre-
treatment method needs to be applied. The pre-treatment may consists of
electrochemical cleaning (electrochemical cycling with dilute acids), chemical
cleaning (piranha cleaning, strong acid/base treatment, sonication in alcohol), plasma
cleaning (mainly argon and oxygen) or UV/ozone irradiation (Asemblon, 2005b;
Bard and Rubinstein, 1996). For the cleaning of gold sensor surfaces two approaches
were considered as ethanol wash and plasma cleaning. “The wetting properties of
bare gold serve as a sénsitive test for the presence of organic contaminants, any
partial dewetting of the gold surface by water indicates incomplete cleaning (Bard
and Rubinstein, 1996).” The water contact angle measurements were performed on
the sensor surfaces after each treatment to investigate the hydrophobicity of the

sensors to compare the effect of the gold cleaning methods used.

The contact angle of a water droplet was meésured on bare gold QCMA-1 sensor
chips, after ethanol wash and after plasma cleaning. As it could be seen from Figure
2.11, there was little difference in contact angles before and after the cleaning of the
gold sensor chips with ethanol. However, as plasma cleaning ans applied there was a
dramatic decrease on water contact angle up to ca. 14 degrees (after plasma cleaning
at 50 W power and 5 x 10 mbar pressure) indicating that the surface impurities -
were removed with optimised plasma cleaning procedure and a clean and hydrophilic
gold surface was obtained. As a result nitrogen plasma cleaning (50 W, 5 x 10 mbar
pressure) was chosen as the preferred method for cleaning sensor chips prior to SAM

deposition.
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Figure 2.11. Contact angle measurements of gold sensor chips before and after
cleaning (n =2 or 4).

An example to the optimisation of substrate plasma cleaning protocol is the study by
Raiber et al. where they used hydrogen and oxygen plasma to obtain a clean gold
surface for SAM application (Raiber et al., 2005). While they obtained 0 degrees
contact angle after 20s of oxygen plasma, 70 degrees was obtained after hydrogen
plasma cleaning process. The authors’ comment that, the unexpected high contact
angle of hydrogen plasma could be due to the attraction of hydrocarbons to the clean
surface and instantly increasing the contact angle and this phenomenon has been seen
at other studies as well. In the case of oxygen plasma, an oxide layer on the gold
forms and this layer quickly oxidizes hydrocarbons and keeps the surface
hydrophilic. To obtain zero degrees contact angle after cleaning, it is essential to
keep the gold substrate away from the ambient air and perform the measurements as
quick as possible. In another study, Min ef al. compared three different cleaning
procedures; super-piranha cleaning [(1:10:6) 61% HNOs : 30% H:0: : 95% H:SO.
(v/v/v)], piranha cleaning [(1:4) 30% H:0: : 98% H:SOs (v/v)] and 5 minutes

sonication of gold substrates in ethanol (Min et al., 2008). The contact angle
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measurements showed that the lowest contact angle measurement was obtained as 60
degrees when super-piranha cleaning method was utilised. High contact angle after
super-piranha cleaning indicated that cleaning performance of piranha or super-
piranha cleaning process was not better than plasma cleaning that was used in this
study. Care needs to be taken while using piranha solﬁtion as it is very reactive and
dangerous. And also excess rinsing of the substrates is needed to remove any
remaining piranha solution prior to SAM deposition. With respect to piranha
cleaning or any other chemical cleaning methods, plasma cleaning is simple, easy
and use of dangerous chemicals are not required. Tsai ef al. compared three different
cleaning procedures; O, plasma cleaning, O, plasma cleaning followed with ethanol
rinse and O, plasma cleaning followed with 1 hour sonication in ethanol; and the
contact angle of water obtained using these methods were 9.3° & 2.8°, 18.8% + 2.5°
and 77;9° + 10.7°, respectively (Tsai and Lin, 2001). Low contact angles obtained
using the first two methods showed the effectiveness of the oxygen plasma cleaning
method. However, oxygen plasma creates a gold oxide layer on the substrate and this

layer needs to be reduced completely with ethanol prior to SAM deposition.

In conclusion, the obtained water contact angle of ca. 14 degrees after nitrogen
plasma cleaning indicated that the gold sensor surface was clean enough to apply
SAM deposition and the result is comparable with the studies in the literature. Later,
cyclic voltammetry method was used to assess the quality of the formed MUDA

monolayer after nftrogen plasma cleaning.
2.4.1.2 Cyclic Voltammetry

. Application of SAM on a gold electrode surface insulates the electrode surface. By

comparing the cyclic voltammograms of a bare gold electrode and alkanethiol coated
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gold electrode, it is possible to investigate the coverage ofthe monolayer on the gold
electrode. Cyclic voltammograms of bare gold and MUDA coated QCMA-1 sensor
chips were obtained using potassium ferricyanide as the electroactive marker. As it
could be seen from Figure 2.12, the oxidation and reduction peaks of potassium
ferricyanide was visible and there was a larger area between positive and negative
potential sweeps when cyclic voltammetry perfonned on bare gold sensor chip.
Whereas, the area between positive and negative potential sweeps of a MUDA
coated sensor chip was very small. This indicated the formation of an insulating

MUDA monolayer on the sensor surface.
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Figure 2.12. Cyclic voltammogram of bare gold and MUDA coated QCM

electrodes.

Cyclic voltammetry is a common technique to characterise SAM modified sensor
chips (Cavallini et al., 1999; Garc’a-Raya et al., 2008; Shervedani and Bagherzadeh,
2008). When an electrode is modified with SAM, insulating properties of the

monolayer causes the peak current to decrease. If the alkanethiol molecule used for
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self assembly contains 10 or more alkyl changes (as in the case of MUDA that is
used in this study), a very compact insulating layer is formed on the electrode surface
and hence the cyclic voltammogram adopts a sigmoidal line shape as
microelectrodes. The reason of this microelectrode resemblance of the cyclic
'volfammogram is the imperfeétions of the monolayer (pinhoics) where electron
transfer reaction occurs (Finklea et al., 1993; Janek, 4Fawcett and Ulman, 1998).
Cyclic voltammogram of an MUDA coated QCMA-1 sensor chip showed the same
phenomenon, proving that a compact and stable monolayer was formed on the sensor

~chip surface.

To quantify the surface coverage of the MUDA on the electrode surface, the ratio of
the charge obtained during cyclic voltammetry for bare gold and monolayer coated
sensors were compared (Equation 2.1, section 2.3.3). The average surface coverage
. of MUDA coated QCMA-1 sensors were calculated as 0.971 + 0.015 (n=7)
indicating that SAM was very compact and the optimised gold cleaning procedure
and monolayer deposition technique was efficient. The surface coverage of an
electrode is linked to the electrode area. If smaller area is used, it is less likely to find
the irregularities and gaps (pinholes) between monolayer patches and this increase
the surface coverage. For example, Campuzano ef al. used a gold disk electrode that
has 0.0585 cm® geometrical area and calculated surface coverage as 0.997 for an
MUDA coated electrode (Campuzano et al., 2006). In our study the electrode area of
QCMA-1 sensor chips were ca. 0.42 cm® and the obtained surface coverage was
0.971, indicating a very compact MUDA monolayer with respect to the electrode

area used for cyclic voltammetry. After each SAM deposition process of the QCM
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sensor chips, cyclic voltammetry was used as a quality control method to determine

the compactness of the surface coating.

2.4.1.3 AFM Analysis

Plasma cleaning of the sensor chips may etch thé gold sensor surface and may affect
the surface roughness. Using AFM images the surface roughness of a new and re-
used sensor chips were compared. Re-used chip comprises a sensor chip that has
been plasma cleaned, SAM deposited and used for QCMA-1 assay 3 times. Both new
and re-used chips were cleaned with nitrogen plasma as described at Section 2.3.1,
rinsed with isopropanol and dried with an air can prior to obtain AFM images. The
AFM images for the new chip are shown in Figure 2.13 and the images for the re-

used chip are shown in Figure 2.14.

As seen from the images, deep grooves were observed on both of the sensor chips
that are 52.7 nm and 38.4 nm deep. These grooves could be the result of the
imperfections of the quartz crystals. In terms of average roughness, there is no
significant difference found between the new and 3 times used sensor chip (Table
2.2). This means that the plasma conditions employed for the cleaning of the sensor
chip is mild and does not damage the sensor chips even after 3-4 plasma cleaning
processes and re-use of the sensor. However the AFM image of the re-used chip
* showed some white dots indicating that surface is nbt as clean as the new chip.
Therefore it is decided not to use sensor chips more than 3 times as remaining

impurities prevent the formation of a perfect SAM a fourth time.
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Figure 2.13. AFM image (A) and roughness analysis (B) of a new QCMA-1 sensor
chip.
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Figure 2.14. AFM analysis ofa re-used QCMA-1 sensor chip.
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Table 2.2. The results of the AFM analysis on the new and re-used QCMA-1 chips.

New chip 3 times used chip
. Mean roughness (nm) 5.46 422
Image size
4 pm-4 pm Max height (nm) 96.66 81.40
. Mean roughness (nm) 240 2.32
Image size
1.5 ym- 1.3 ym . .
Max height (nm) 21.93 21.49
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2.4.2 Use of PAMAM Dendrimers to enhance surface capacity

In this section the use of amino dendrimers as surface coating is described. Initial
idea was to convert the amino terminal groups of the dendrimers to carboxyl groups
after dendrimers are immobilised to the MUDA coated sensor chip. However, this
process requires the incubation of the sensor chips with succinic anhydride in DMF.
It was found that DMF damages the silver paint that was required to connect the
electrodes on the QCMA-1sensor chip to the substrate and also if the treatment was
long it damaged the surface of the substrate. Therefore, an alternative method was
considered to assess if dendrimer monolayer increases the sensor surface capacity.
The alternative method involved the modification of the amino terminal groups of
the dendrimer to biotin groups and capture of NeutrAvidin. It is also possible to use a
homobifunctional linker that binds the amino group of the proteins to the dendrimer
terminal groups, however as the chemicals for biotinylation reagent and NeutrAvidin
was readily available for another experiment; biotin-NeutrAvidin route was taken
instead of waiting for the new order. The capture capacity of the biotin modified
dendrimers was compared to flat surfaces NeutrAvidin hnmobilisétion/capture

capacities on MUDA surface and biotin surfaces.
2.4.2.1 Testing of PAMAM amino dendrimer surface for Biacore sensor chips

Initially, bare gold Biacore 3000 sensor chips were modiﬁed with 10% MUDA, 1% -
MUDA and cysteamine (methods 1 and 3 — Section 2.3.2). Amino terminated
generation 4 PAMAM dendrimers were immobilised on to MUDA coated Biacore
sensor chips in static format. Subsequently cysteamine coated and dendrimer
immobilised sensor chips were modified with Sulfo-NHS-Biotin. Later sensor chips

were docked one by one to the instrument and the capture of NeutrAvidin was
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performed as two 3 minutes injections of 100 pg mL’ NeutrAvidin. The highest
NeutrAvidin capture was observed when sensor chips modified with dendrimer that
are immobilised on 1% MUDA, the NeutrAvidin capture response was 1.5 times

higher than the response obtained from a flat biotin surface (Figure 2.15).

As seen from the Table 2.3 the capture of NeutrAvidin on biotin-dendrimer layer that
were immobilised on 10% MUDA gave 1.3 times higher response than NeutrAvidin
captured on a flat biotin surface. The NeutrAvidin capture response becomes 1.5
times if a biotin-dendrimer layer that were immobilised on 1% MUDA was used.
This result clearly shows that use of dendrimers increase the surface area of the
sensor chips to a degree so that more NeutrAvidin capture occurs with respect to a
flat surface. Surface area increases with the use of 1% MUDA surface as expected,
since less amount of amino terminal groups of the dendrimers were used for the
immobilisation to the MUDA surface and hence the shape of the dendrimers are not

flattened as seen from Figure 2.16.
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Figure 2.15. Biacore sensor chips were modified with different surfaces and
NeutrAvidin capture response obtained from these surfaces were compared.
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Table 2.3 The summary of NeutrAvidin immobilisation/capture results using

different surface chemistries on Biacore sensor chips.

NeutrAvidin capture Ratio
Biotin-cysteamine 5871 -
Biotin-dendrimer on 10%
7737 7737/5871 = 1.3
MUDA
Biotin-dendrimer on 1% MUDA 9066 9066/5871 = 1.5

Amide Bond

Figure 2.16. Dendrimers immobilised to 100% MUDA surface (a) and dendrimers
immobilised to a diluted MUDA surface (b) (Crooks and Ricco, 1998).

In an earlier study in 2004, Mark et al. suggested that dendrimer modified surfaces
caused a 2.5 fold antibody immobilisation signal enhancement with respect to a flat
SAM surface (Mark et al., 2004). Two recent studies by Singh et al. and Shayir et al.
has shown 1. times and : times higher immobilisation levels using dendrimer
coated surfaces, respectively (Singh et al., 2009; Syahir et al., 2009). In our study we
observed 1.5 times higher immobilisation levels using dendrimers that was close to

the results obtained in recent studies.

After NeutrAvidin capture, binding of 5 pg mL+: biotinylated BSA was performed to

assess the activity of the captured NeutrAvidin. As it can be seen from Figure 2.15,
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BSA non-specific binding resulted in 19 to 38 RU response, indicating that non-
specific binding of BSA to the surfaces was limited. A 5 pg mL:1 Biotin-BSA
binding was slightly high on NeutrAvidin captured biotin-dendrimer on 10% MUDA
surface (758 + 43 RU) which was followed with biotin-dendrimer on 1% MUDA
surface (701 £ 33) (Figure 2.17). This result indicates that although biotin-dendrimer
on 1% MUDA surface had the highest NeutrAvidin capture capacity, biotin-
dendrimer on 10% MUDA had higher protein capture capacity. Additionally the non-
specific BSA binding on biotin-dendrimer on 10% MUDA surface was lower with
respect to other surfaces, therefore this surface might be preferred to immobilise

biotinylated proteins.

5 pg ml-1 BSA 5 pg ml-1 Biotin-BSA

m biotin-cysteamine HEbiotin-dendrimer on 10% MUDA

biotin-dendrimer on 1% MUDA

Figure 2.17. Binding of biotin-BSA on NeutrAvidin that were capture on different

biotinylated surfaces.

2.4.2.2 Testing of PAMAM amino dendrimer surfacefor QCMA-1 sensor chips

The capacity of biotinylated dendrimers was higher than the other flat surfaces when
employed as SPR sensor surface. The same sensor surfaces were tested using

QCMA-1 instrument to investigate the effect of detection method to the performance
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of the dendrimer coated sensor surface. Initially a test was devised to see the
performance of MUDA and biotinylated-dendrimer surfaces side-by-side using the
two sensing spots of a sensor chip. Sensing spot one had a dendrimer surface that
was modified with biotin (prepared using method 1, Section 2.3.2), sensing spot two
still had 10% MUDA surface. A 100 pg mL« NeutrAvidin was captured on
biotinylated dendrimer layer (sensing spot 1) and immobilised on to the 10% MUDA

surface (sensing spot 2) (Figure 2.18).

1600 , Ethanolamine
1400 NeutrAvidin NeutrAvidin
1200 -
1000 -
800
£. 600
200 - EDC/NHS
200-
-200
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)
— NA immobilisation on MUDA NA capture or biotin-dendrimer

Figure 2.18. Sensing spot 1 of a QCMA-1 sensor chip was modified with
biotinylated dendrimer and sensing spot 2 was left as MUDA surface. Later
NeutrAvidin was immobilised on MUDA surface (sensing spot 2) and captured on
biotinylated dendrimer surface (sensing spot 1).

For comparison, NeutrAvidin was also captured on to a biotin monolayer (method 3
- Section 2.3.2) (Table 2.4). In terms of NeutrAvidin immobilisation/capture only
s % difference was observed between the biotinylated dendrimer, biotin monolayer or

MUDA coated sensor surface.
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Table 2.4. The summary of NeutrAvidin immobilisation/capture results using
different surface chemistries on a 20 MHz quartz crystal sensor chip. -

NeutrAvidin
Sensor surface . T
immobilisation/capture
10% MUDA 1060 Hz
Biotin-cysteamine 1076 Hz
Biotin-dendrimer on 10% MUDA 1150 Hz

These results indicated that for QCM detection, dendrimer coated sensor surfaces
used in this format did not increase the surface capacity and hence no benefit of

using dendrimers in this formaf for QCMA-1 biosensors.

95

Y. Uludag - Cranfield University - PhD Thesis



Surface Chemistry Development for Sensors

2.4.3 Development of UVlink polymer surface for biomolecule immobilisation -

A polymeric structure was grafted on the substrate surface to provide a new sensor
surface prior to biomolecule immobilisation and this new surface was called UVlink.
To graft the UVlink polymer layer on solid matrices, free radical chaiﬁ
polymerisation by means of a UV light was utilised. The UVlink polymer surface
was tested on both SPR and QCM sensors. A patent application was filed for the
work in July 2009 (Y. Uludag and I. E. Tothill, High capacity polymer surface for
immobilisation of biomolecules; GB0911634.4) and this was re-ﬁled in July 2010.

2.4.3.1 Optimisation of initiator immobilisation

Initiator based polymerisation results in a controlled, ultra-thin grafted polymer
layers and does not result in gelation of the polymerisation mixture unless the
initiator is used in the solution instead of on the sensor surface. Initially the iniferter
activation step was optimized and this was followed by the optimisation of the
polymerization process. The initiator activation conditions were optimized by
changing the initiator coﬁcentration and UV irradiation time. BAC coated sensor
chips were placed to Petri dishes containing three different concentrations of
initiator (200 mM, 50 mM and 10 mM) and irradiated for 20 minutes with UV light.
This was followed with 40 minutes immobilisation with crosslinker and monomer
mixture. The thicknesses of the polymers were measured using an ellipsometer and
the results were compared (Figure 2.19). The average thickness of the polymers was
ca. 3 nm, and no significant difference was found between them. Therefore a 10 mM

initiator concentration was chosen for further assays.
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iy

200 mM 50 mM 10 mM

Iniferter concentration

Figure 2.19. The thicknesses for the polymer layers that were fabricated using

varying concentrations ofthe initiator were measured using an ellipsometer (n=: ).

To optimise the activation time BAC coated sensor chips were placed to Petri dishes
containing 10 mM initiator solution and irradiated for 20 minutes and 40 minutes
with UV light. This was followed with 40 minutes immobilisation with crosslinker
and monomer mixture. The thickness of'the sensor chips were again ca. 3nm for both
20 minutes and 40 minutes activated sensor chips (Figure 2.20). This result indicated

that . o+ minutes of activation with initiator was sufficient.

20 min iniferter + 40 20 min iniferter + 80
min polymerisation min polymerisation

Figure 2.20. The polymer thickness was measured using ellipsometer after the use of

different activation time with the initiator (n=: ).
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After the optimisation of initiator activation step the polymerisation time was
increased from 40 minutes to 80 minutes to obtain thicker polymer layer and to
investigate if it was possible to control the thickness by changing the polymerisation
time. The thicknesses obtained from 40 minutes polymerisation and 80 minutes
polymerisations were not different from each other (ca. 3 nm; Figure 2.20). This
result indicated that the polymerisation did not continue after 40 minutes possibly
due to inactivation of the initiator. To investigate this, after 40 minutes of
polymerisation the sensor chips were again activated with the initiator solution and a
further 40 minutes of polymerisation was performed. This time the thickness of the

sensor chips reached 7.2 nm (Figure 2.21).

20 min iniferter + 40 20 min iniferter + 80 20 min iniferter + 40

min polymerisation min polymerisation min polymerisation +
20 min iniferter + 40
min polymerisation

Figure 2.21. The polymer thickness results after 40 minutes and 80 minutes of

polymerisation.

These results clearly show that the iniferter was no longer active after 40 minutes of
polymerisation. The possible cause of this in-activation could be the oxygen, since
the experiments were performed in open air environment. To perform the

polymerisation in an oxygen-free environment, the UV device was placed in an
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Atmosbag and it was continuously flushed with argon. After 20 minutes activation
with 10 mM initiator, the polymerisation was performed for 40 minutes, 60 minutes
and 80 minutes. Surprisingly 40 minutes of polymerisation did not result in thicker
than 1 nm layer; however, 60 minutes of polymerisation yielded 16 + 1 nm and 80
minutes of polymerisation produced 32 + 2 nm thick polymer layers (Figure 2.22).
The difference of the thickness for 40 minutes of polymerisation in air and in
Atmosbag could be the effect of temperature on the polymerisation process. Higher
temperature increases the speed of polymerisation, since the Atmosbag was
continuously flushed with argon the environment was cooler than the experiment in
open air. This could also have contributed to the change in polymerisation efficiency.
To be able to control the polymerisation and obtain reproducible results, a
temperature contfol environment is recommended. In conclusion a draft protocol

was obtained for the fabrication of ultra-thin polymer layers using this procedure.

40 ~
T 30 H !
£
? 20 -
£ =Ty
S _ f |
£ 10 1 : s
I x|
40 min 80 min 40 min ’ 60 min ‘ 80 min
open to air under argon

Figure 2.22. The polymer thickness versus time plot for photo-polymerised layers.

A further optimisation of the polymerisation variables, such as, crosslinker, monomer

concentrations and ratios were carried out.
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2.4.3.2 UVlink polymer for surface plasmon resonance sensor chips

Bare gold Biacore sensor chips were coated with UVlink polymer surface using a
polymerization mixture containing 1 mL (5%) methacrylic acid (monomer), 0.1 mL
(0.5%) ethylene glycol dimethacrylate (EDMA; crosslinker), 2 mL (10%) deionised
water and 16.9 mL toluene. AFM images of the UVlink coated sensor chip was
obtained using Dimension 3000 SPM instrument in tapping mode and a silicon probe
(type: PPP-NCH-50) was employed for imaging. The roughness of the polymer is
calculated as 13.4 nm (Rms) and depth of the polymer according to AFM image is
around 100 nm (Figure 2.23 - A). The phase angle plot of the AFM image indicates

that the polymer surface obtained is uniform in surface properties (Figure 2.23 - B).

.Functional assay using the surface grafted sensor chips were performed using a
Biacore 3000 instrument according to the protocol described in Section 2.3.8. Rabbit
anti-moﬁse\IgG immobilised sensors produced an average response change of 5540 +
283 RU and mouse IgG immobilised sensors produced a response change of 4805 +
49 RU (Figure 2.20). After the immobilisation step the functionality of the sensors
was tested by injection 5 pg mL" mouse IgG to obtain a binding signal from the
rabbit anti-mouse IgG immobilised sensor surfaces and to obtain a background signal
from the mouse IgG immobilised sensor sﬁrfaces; 513 £ 18 RU and 14 £ 3 RU

obtained respectively from the results (Figure 2.25).
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Digital Instruments NanoScope
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Number of samples

Image Data
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“<j- light angle

Digital Instruments NanoScope

Scan size 4.000 pm
Scan rate 1.001 Hz
Number of samples 512
Image Data Phase
Data scale 60.00 °©
Engage X Pos -19783.4 um
Engage V Pos -42151.3 um

Figure 2.23. (A) AFM image of a polymer coated Biacore 3000 sensor chip. (B)
Phase shift AFM image obtained with tapping mode of imaging the polymer coated
Biacore 3000 sensor chip.
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Figure 2.24. Immobilisation of rabbit anti-mouse and mouse IgG antibodies on to
UVlink polymer coated SPR sensor chip.
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Figure 2.25. Binding of mouse IgG on to rabbit anti-mouse IgG immobilised active
surfaces and mouse IgG immobilised control surfaces using a Biacore 3000
biosensor sensor chip coated with the UVlink polymer.
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The polymer fabrication protocol was then repeated to improve the process and
improve the reproducibility. For the initial tests, the polymer surfaces fabricated on
the SPR sensor chips were visible to the naked eye but the surfaces were coated with
a non-uniform polymer layer; the polymerization conditions for these experiments
are given in Table 2.5. As the Biacore SPR chips have a larger surface area than
QCMA-1 sensor chips the non-uniformity of the layer was more apparent. A
standard biological assay was performed using these polymer coated SPR sensor
chips, however low antibody immobilization (down to ~430 RU) and antigen binding
(down to ~100 RU) responses were obtained with respect to the earlier results as

shown in Figure 2.26.

Table 2.5. The experimental conditions of the UVlink polymers fabricated using
methacrylic acid as monomer and EDMA as crosslinker.

Polymer A | Polymer B | Polymer C | Polymer D | Polymer E
5 % monomer 5 % monomer 5 % monomer 5 % monomer 5 % monomer
Polvmerisation +0.5% +0.5% +0.5% +1% +1 %
; );u crosslinker + crosslinker + crosslinker + crosslinker + crosslinker +
mixture
10 % deionised | 10 % deionised | 10 % deionised | 10 % deionised | 10 % deionised
water water water water water
Starting not known not known not known 21 °C 22 °C
temperature
Pol isati
t,° Zme"sa %1 60 min 60 min 60 min 60 min 90 min
im
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800
700 -
600
1 500
:&400 -
% 300
@
200
100 .
m itt
0
Polymer Polymer Polymer Polymer Polymer MUDA Cl Polymer
A B C D E made in
April
2009

m Mouse IgG binding 1 Non-specific binding 1 m Mouse IgG binding 2

m Non-specific binding 2 Mouse IgG binding 3 Non-specific binding 3

Figure 2.26. (A) Mouse IgG and Rabbit anti-mouse IgG were immobilised on to
UVlink polymer coated SPR sensor chips. (B) Later 5 pg mL~ mouse IgG were
injected on to flow cells for three minutes and the binding was measured. (Cl-
Biacore 3000 sensor chip)
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At this stage the possible reasons for irreproducible and non-uniform UVlink
polymer surfaces were investigated. Two factors were found to contribute to
polymerization efficiency to a great extend and these are polymerization temperature
and the sonication of water-toluene mixture. Initially the temperature of the
Atmosbag was recorded from the beginning to the end of polymerization process.
Lab temperature was measured as 21-22 °C so initiator immobilization and the first
parts of'the polymerization started at this temperature (Figure 2.27). This low starting
temperature may cause a much slower polymerization till the temperature reaches 25
°C or more. Day to day and seasonal temperature fluctuations does influence the
polymerization performance and causes irreproducibility of the results obtained. As
at this time we are unable to conduct this experiment in a temperature controlled
room due to the toxicity of the chemicals used and therefore we have to use a flow
cabinet, so it was decided to start the polymerization after the temperature of
Atmosbag reaches 25 °C. In winter months, this simply can be achieved by switching

on the UV device for a while prior to polymerization.

at the start of after 20 min UV after 60 min UV after 90 min UV
experiment

Figure 2.27. At the start of the experiment the temperature in the Atmosbag reflected
the temperature of the environment for the first two experiments (shown as red and
green columns). For the third experiment the UV device was switched on prior to
polymerization to increase the temperature in the Atmosbag to 25 °C, then the

polymerization was started (blue column).
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Water and toluene are not miscible to each other as density of water is higher than
toluene (dtoivene= 0.87 g mL"]), it stays below the toluene and a biphasic solution is
created. The sonication and nitrogen purge cause water molecules to disperse in
toluene to a degree. It is believed that as the monomer and crosslinker are not
dissolved in water, these tiny water droplets create small pockets where
polymerization does not occur, hence pores within the polymer are formed. Of
course the concentration and ratios of both monomer and crosslinker have an
additional effect on the polymer structure and the size of the pores within the
polymer. By changing the absorbed water quantity in the toluene, it is possible to
create polymers with different surface properties. For example 30 s sonication of
toluene-water mix results in a cloudy mixture that contains tiny water droplets within
the toluene. If this solution directly used for polymerisation, this droplets get bigger
by the time and cover the sensor surface (Figure 2.28 - A). This results in a
uniformly patterned UVlink polymer surface [Table 2.7, Polymer 3] (Figure 2.28 -

B).

Figure 2.28. (A) Water droplets formed on an SPR sensor chip during
polymerisation. (B) This results in a uniformly patterned polymer surface [Table 2.7,
Polymer 3]. Images are taken using a microscope (Microoptical Co.; image A: 25
times magnification; image B: 50 times magnification).
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Visible and uniform UVlink polyiner surfaces were fabricated on SPR sensor chips
having different surface properties (flat or uniformly patterned surface). The
experimental conditions of the selected polymers can be found from Table 2.7. The
polymer coated surfaces were tested with standard antibody immobilisation and
antigen binding and the results of these assays can be found from Figure 2.29, Figure
2.30 and Figure 2.31. The fabricated polymer surfaces have similar antibody
immobilising but higher antigen binding capacity with respect to MUDA coatéd SPR
chips; higher immobilisatiop capacify but slightly lower antigen binding capacity
with respect to a Biacore C1 sensor chip. Using one of the polymers developed
(Polymer 5; rabbit anti-mouse IgG immobilisation 4500 RU) 20 repeated antigen
binding assays (393 # 17 RU) were performed with ‘minimum non-specific binding

(14 + 3 RU).

Table 2.6. The experimental conditions of the UVlink polymers fabricated using

methacrylic acid as monomer and EDMA as crosslinker.

Polymer 1 Polymer 2 Polymer 3 Polymer 4 Polymer 5
5 % monomer +
0 5017 5 % monomer + | 5% monomer + | 5 % monomer+ | 5 % monomer +
Polymerisation c;oss(l)i Ker + 10 1 % crosslinker | 1 % crosslinker | 1 % crosslinker | 1 % crosslinker
n ..
mixture .. + 5 % deionised | +10% +10% +10 %
% deionised .. .. ..
water deionised water | deionised water | deionised water
water
15 min 15 min 15 min 15 min .
L . . . . 15 min
Polymerisation sonication, 10 sonication, 10 sonication, 10 sonication, 10 L.
. .. .. .. L. sonication, 10
mixture pre- | min nitrogen min nitrogen min nitrogen min nitrogen ..
min nitrogen
treatment stream, 30 s stream, 30 s stream, 30 s stream, 30 s ¢
.. .. .. e stream
sonication sonication sonication sonication
Polymerisation ) . . . .
; Y 90 min 70 min 60 min 40 min 90 min
time
Properties of the | Visible, uniform | Visible, uniform | Visible, uniform .. Visible, uniform
Not visible
polymer formed | patterned surface | patterned surface | patterned surface flat surface
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Figure 2.29. (A) Mouse IgG and Rabbit anti-mouse IgG were immobilised on to
UVlink polymer coated SPR sensor chips. (B) Later 5 pg ml+ mouse IgG were
injected on to flow cells for three minutes and the binding was measured. (Cl-
Biacore 3000 sensor chip) The results of the polymer made in April 2009 was

compared to the other polymers fabricated at a later date.
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Figure 2.30. (A) Mouse IgG and Rabbit anti-mouse IgG were immobilised on to
Polymer 5 coated SPR sensor chip. (B) Later 5 pg mL+ mouse IgG were injected on
to flow cells for three minutes and the binding was measured. The green and grey
lines of the plot indicate mouse IgG binding on rabbit anti-mouse IgG immobilised

flow cells; blue and red lines indicate non-specific binding to mouse IgG

immobilised flow cells.
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. Figure 2.31. The blue (flow channel-fc 1) and red (fc2) columns of the graph
indicate the measured response of Biacore 3000 instrument for mouse IgG binding
on rabbit anti-mouse IgG immobilised Polymer 5 surfaces; green (fc3) and purple
(fc4) columns indicate non-specific binding to moue IgG immobilised surfaces.

The highest antibody immobilisation does not result in high binding of the antigen
every time. If the immobilised antibodies are too crowded the binding sites of the
antibodies are most likely to be hindered. That could be the reason that even if the
immobilisation of antibodies were lower with the C1 sensor chip, the binding levels
are higher. To minimise surface crowding either lower concentrations of antibodies

need to be used for immobilisation or the number of carboxyl groups on the polymer

surface can be reduced by using a second monomer that does not contain carboxyl

groups.

2.4.3.3 UVlink polymer for QCMA-1 biosensor chips

In the assays using Biacore instrument, the immobilization capacity of the UVlink
polymers created using just the solvent (DMF or toluene) or solvent plus water were
compared and found that use of toluene and water together for polymerization have

potential to create high capacity polynier surfaces (Figure 2.32). Water and toluene

110

Y. Uludag - Cranfield University - PhD Thesis



Surface Chemistry Development for Sensors

are not miscible to each other and as density of water is higher than toluene (dtoiume=
0.87 g mL"]), it stays below the toluene and a biphasic solution is created. The
sonication and nitrogen purge cause water molecules to disperse in toluene to a
degree. It is believed that as the monomer and crosslinker are not dissolved in water,
these tiny water droplets create small pockets where polymerization does not occur,
hence pores within the polymer are formed. Of course the concentration and ratios of
both monomer and crosslinker have an additional effect on the polymer structure and

the size of'the pores within the polymer.

10000
8000
6000

B 4000

Q.
2000

polymerisation in polymerisation in polymerisation in polymerisation in polymerisation in polymerisation in
DMF DMF+water DMF+water toluene toluene+water toluene+water

B MIgG capture m MlgG immobilisation

Figure 2.32. The polymers on Biacore sensor chips were fabricated using 0.5%
EDMA, 5% methacrylic acid, solvent (DMF or toluene) and 10% water. After
polymer formation the sensor chips were docked to the Biacore instrument and
mouse IgG immobilization assay was performed. The figure shows the mouse IgG
capture and immobilization results using the polymer coated sensor chips.

After these findings from the experiments using Biacore sensor chips, the
experiments were carried to the QCMA-1 platform. The activation of the sensor chip
surface using initiator was being performed in DMF, and this solvent was damaging

the silver paint that was used to connect the electrodes of the sensor chip. Therefore,
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only a small portion of the sensor chips were in working condition after the
polymerisation process. Different solvents were tried to replace DMF and finally
acetonitrile was found as suitable for the process. The best performing polymer using
the Biacore instrument was formed using 5% v/v monomer, 0.5% v/v crosslinker,
10% v/v water and toluene as the solvent. The same poiymer was formed on a
QCMA-1 sensor chip (chip no 1) and antibody immobilisation assay was performed
(Figure 2.33). The addition of EDC/NHS to the sensor surface caused a 1000 Hz of
shift to the frequency and 827 ohms of shift to the resistance indicating that a big
change occurred to the polymer as carboxyl groups of the polymer were exchanged
with the NHS. Rabbit anti-mouse IgG (100 pg mL™") immobilised sensor surface
produced a frequency change of 645 Hz, a resistance change of 157 ohms and mouse
IgG (100 pg mL™") immobilised sensor surface produced a frequency change of 1345 .
Hz and a resistance change of 239 ohms. After the immobilisation the baseline drift
increased as well. If we look at the resistance change due to EDC/NHS activation
and antibody immobilisation of a MUDA coated sensor chip, we see that EDC/NHS
activation does not cause any resistance changerand the resistance change due to
antibody immobilisation is not larger than 10 ohms (Figure 2.33). The high
resistance changes that occur on the UVlink polymer surface may indicate that the
polymer created was not rigid enough and might have changed its confirmation
(possibly collapsed) during the EDC/NHS activation and antibody immobilisation

processes.
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Figure 2.33. Immobilisation responses of rabbit anti-mouse and mouse IgG
antibodies in terms of frequency (A) and resistance (B) on the UVlink polymer
coated QCMA-1 sensor chip (chip no 1). Polymerisation mixture contains 5%
methacrylic acid, 0.5% EDMA, 10% water and toluene as the solvent.

Use of water as an immiscible solvent in the polymerisation mixture helps to create
porous polymer on the sensor surface, however due to polymers un-rigid structure its
use for the QCMA-1 instrument is problematic and hence the rigidness of the
polymer needs to be improved. For that purpose in the next set of experiments after

the polymerisation, sensor chips were kept in methanol solution overnight and then
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dried overnight at room temperature The polymers prepared (chip no 3) was tested
and found that the resistancé change due to EDC/NHS activation antibody
immobilisation was much lower than the previous polymers created. This indicates
that methanol treatment helps to stiffen the polymer created on the sensor surface.
However this time the immobilisation capacity gets lower therefore it is thought that

the polymer surface may not be suitable for QCMA-1 sensor chips.

Several UVlink polymer surfaces were fabricated on QCMA-1 sensor chips and used
for biomolecule immobilisation and further binding assays. The QCM biosensor is
very sensitive to the rigidness of the polymer surface grafted on the sensor surface
and this may affect the responses obtained from a binding event. It was very difficult
to obtain a rigid sﬁrface while incréasing the pore size of the UVlink polymer for
improving biomolecule immobilisation capacity. Therefore it is concluded that
UVlink polymer surface was not yet suitable for QCMA-1 sensor chips and as a
future work this can be studied. Some of the assays performed using QCMA-1

platform were summarised in the Table 2.7 and Figure 2.35.
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Figure 2.34. Immobilisation responses of rabbit anti-mouse and mouse IgG
antibodies in terms of frequency (A) and resistance (B) on the polymer coated

QCMA-1 sensor chip (no 3).
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2.4.4 Development of carboxymethyl dextran surface

CMS sensor chip developed by Biacore-GE Healthcare has a very high biomolecule
immobilisation capacity with respect to monolayer surfaces and till recently was
protected by a patent (US Patent No: 5,242,828). As this patent was recently expired,
the use of this surface for SPR-2 instrument sensor chips (Sierra Sensors GmbH) was
investigated. CM5 sensor chip consists of a carboxymethyl dextran polymer
deposited on the sensor surface and fabrication of this surface using different

methods on SPR2 sensor chips was studied.
2.4.4.1 Amide-linked CMD surface

Amide-linked CMD surfaces were fabricated on Biacore 3000 and SPR2 sensor
chips by immobilising sodium salt of carboxymethyl dextran (MW 10 000 — 20 000)
to the amino-thiol coated sensor surfaces by means of conventional EDC/NHS
chemistry. Initially CMD surfaces were fabricated by either in-line in the instrument
or static in a Petri Dish and later using a Biacore 3000 instrument a functional assay
was performed with rabbit anti-mouse IgG and mouse IgG. CMD surfaces prepared
from both methods gave very similar antibody immobilisation and binding responses
as seen from Figure 2.36. As a next step new sensor chips were fabricated ﬁsing
static coating method and a bromoacetic acid activation step waé added to incfease
the number of carboxyl groups of the dextran surface. This tirﬁe as expected, higher
antibody immobilisation results were obtained from both Biacore 3000 and SPR2
sensor chips. Although the mouse IgG binding on rabbit-anti-mouse IgG responses
of Biacore sensor chips were reasonably high, the same higher responses was not

obtained from the SPR2 sensor chips.
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Figure 2.36. (A) Immobilisation ofrabbit anti-mouse IgG and mouse IgG on amide-
dextran coated Biacore and SPR2 sensor chips. Amide-dextran (MW 10,000 -
20,000) was immobilised on amino groups of the sensor surface using EDC/NHS
chemistry either in-line in the instrument or in static conditions in a Petri Dish. (B) 5
jag mL~ Mouse IgG binding on rabbit anti-mouse IgG (active) and mouse IgG
(control) immobilised surfaces.

These results clearly show that it is possible to obtain a CMD coated sensor chip
using amide-dextran method. The bromoacetic acid step can be avoided if CMD used
has high number of carboxyl groups. There are protocols that describe the
preparation of CMD from dextran that can be used to prepare CMD with required
molecular weight unless a suitable CMD is found commercially. Amide-dextran
method is simple, short, does not require many chemicals and contains fewer steps

with respect to epoxy-dextran method.

2.4.4.2 Epoxy-linked CMD surface

Epoxy-linked dextran surfaces were prepared on Biacore 3000 and SPR2 sensor
chips according to the protocol described at section 2.4.4.2 (bromoacetic acid step

method 1). A functional assay with rabbit anti-mouse IgG and mouse IgG was
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performed on dextran coated sensor chips and the results were compared with
Biacore CM5 sensor chips. For the first batch of epoxy-dextran coated Biacore
sensor chips, it was found that while the electrostatic capture of antibodies were
higher for the Biacore CM5 chip, the immobilisation of antibodies produced similar
responses as seen from the Figure 2.37 - A and Figure 2.38 - A. However, mouse
IgG binding on rabbit anti-mouse IgG immobilised epoxy dextran surface is ca. 29 %
lower with respect to the rabbit anti-mouse IgG immobilised CM5 sensor chip
(Figure 2.37 - B and Figure 2.38 - B). Some of this lower response can be explained
by 10 % lower immobilisation of rabbit anti-mouse IgG on the epoxy dextran
surface. As the electrostatic capture of the antibodies on epoxy-dextran surfaces were
also lower with respect to the CMS sensor chip, it was thought that the number of
carboxyl groups on the epoxy-dextran surface was lower and dextran did not swell in
buffer as much. Hence epoxy-dextran surface had lower porosity and lower binding
capacity. To increase the number of carboxyl groups, bromoacetic acid step of the

fabrication need to be optimised further.
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Figure 2.37. (A) Immobilisation ofrabbit anti-mouse IgG (RAM Fc) and mouse IgG
on epoxy-dextran and CM5 sensor surfaces. (B)Mouse IgG binding on rabbit anti-
mouse IgG (active) and mouse IgG (control) immobilised surfaces.
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Figure 2.38.(A) Immobilisation ofrabbit anti-mouse IgG (RAM Fc) and mouse IgG
on dextran surfaces. (B) Mouse IgG binding on rabbit anti-mouse IgG (active) and
mouse IgG (control) immobilised surfaces.

As another batch, SPR2 sensor chips and for comparison Biacore 3000 sensor chips
were coated with CMD by epoxy-dextran method. From the results of the previous
batch it was thought that bromoacetic acid step needs optimisation to increase the
level of carboxylation. Therefore, this time a longer protocol was applied for
bromoacetic acid step of the fabrication (Section 2.4.4.2, bromoacetic acid step

method 2). However, both the immobilisation and binding responses of the Biacore

123

Y. Uludag - Cranfield University - PhD Thesis



Surface Chemistry Development for Sensors

sensor chips were lower with respect to the results obtained from the first set of
experiments described above additionally the responses of SPR2 sensor chips were

lower with comparison to Biacore sensor chips (Figure 2.39).
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Figure 2.39. (A) Immobilisation of rabbit anti-mouse IgG and mouse IgG on epoxy-
dextran coated Biacore and SPR2 sensor chips. (B) 5 pg mL 1 Mouse IgG binding on
rabbit anti-mouse IgG (active) and mouse IgG (control) immobilised surfaces.

From these results it is clear that especially the bromoacetic acid step of the

fabrication needs optimisation to enhance the capacity ofthe dextran surface.

2.4.4.3 Disturbances to theflow while using dextran chips with SPR-2 instrument

SPR2 instrument has a camera that enables the visualisation of the flow cell during
the assay. It was observed that 5-10 minutes after the buffer flow started, both amide-
linked and epoxy-linked dextran surfaces started to develop some particles in the
flow cell (Figure 2.40). These particles were presumed to be loose dextran that
started to swell in buffer flow and move in the flow cell causing disturbances to the
flow which could be observed as trace disturbances while performing an assay. To

prevent these loose dextran particles, the washing step after dextran immobilisation
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needs to be improved. One way to prevent this problem is to leave the sensor chips in
deionised water for 15-20 minutes to allow swelling of the dextran which may be
followed by vigorous washes with deionised water at 50 °C. It should be also noted
that the Biacore sensor chips prepared using the previously described methods (both
amide-linked or epoxy-linked dextran) did not caused any disturbances on the assay

trace.
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100010- 1 . CH2FUIL

9000.0 -

VAQMANRSCPA?! M
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Figure 2.40. The formation of free moving dextran particles while performing assays

on two SPR2 sensor chips (A and B).
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The problem with the SPR sensor chips may be the result of larger surface area of the
flow cell with respect to Biacore flow cell. This problem might have also contributed
to the relative lower functional assay responses on the SPR2 sensor chips. It is
expected to obtain better results from the dextran coated SPR2 sensor chips after the

washing steps of the dextran coating procedure was improved.
2.4.4.4 Amide-linked CMD surfacefor QCMA-1 sensor chips

Amide-linked CMD surfaces were fabricated on QCMA-1 sensor chips by
immobilising sodium salt of carboxymethyl dextran (MW 10 000 - 20 000) to the
amino-thiol coated sensor surfaces by means of conventional EDC/NHS chemistry
and later conversion of sodium salt of dectran to carboxyl groups by means of a
bromoacetic acid activation step. As seen from Figure 2.41, the two sensor chips
coated with amide dextran resulted in different antibody immobilisation and binding

responses.

300 -
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800 B 150
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) IvigG binding 1 IControl 1
iRAM Fc  m MigG MigG binding 2 IControl 2
1MigG binding 3 Control 3

Figure 2.41. (A) Immobilisation ofrabbit anti-mouse IgG and mouse IgG on amide-
dextran coated QCMA-1 sensor chips. (B) 5 pg mL'l Mouse IgG binding on rabbit
anti-mouse IgG (active) and mouse IgG (control) immobilised surfaces.

It is possible that the moving free dextran particles that manupulates the sample flow

might have contributed to this result (as described in the previous section). To

126

Y. Uludag - Cranficld University - PhD Thesis



Surface Chemistry Development for Sensors

prevent this kind of ir-reproducible results the surface fabrication procedure needs to

be optimised as described in the previous section.
2.5 CONCLUSION

Surface chemistry application is a critical step of the sensor chip fabrication since the
performance of the biosensor directly linked to the biomolecule immobilisation on
the surface. In the current study, four different surface chemistries were investigated
and the methods were optimised as SAM, PAMAM dendrimer, polymer (free radical

polymerisation) and a hydrogel (CMD) surfaces.

Sensor surface chemistry application starts with the cleaning of the sensor chip
surfaces, followed by the SAM deposition proceduré and finishes with the quality
control experiments. Plasma cleanian was chosen as an effective way of removing
impurities from the gold sensor surface and this result was proven with contact angle
measurements of a water droplet. The cleaned sensor chips were incubated in an
ethanolic solution of alkanethiol (in this case MUDA) overnight for SAM formation
on the sensor surface. And finally the formed monolayer was characterised by a
cyclic voltammogram using potassium ferricyanide solution and a surface coverage
of ca. 0.97 was obtained showing a very compact SAM formation on the sensor
surfaces. This was ideal for the development of the cancer marker sensor platférm

and will be described in chapter 3.

Later PAMAM dendrimer layer was investigated as a sensing layer and found that
dendrimer surface did not increase the capacity of the sensor surface if used for
QCM biosensor with the current format (NeutrAvidin capture assay on biotinylated

dendrimer surfaces); however protein binding capacity of the sensor increased 1.5
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times if it was used for an SPR biosensor. Generation 4 dendrimer does not have a
very rigid layer especially if it is immobilised on 10% or more diluted MUDA
monolayer. This might have resulted in not detecting higher responses, although, the
surface area of the sensor chip had increased and more protein binding occurred. In
the case of SPR sensing, by the use of dendrimers immobilised on 10% MUDA the
NeutrAvidin binding increased 1.3 times and by using dendrimers immobilised on
1% MUDA the NeutrAvidin binding increased 1.5 times with respect to a flat biotin
layer. In short, dendrimer monolayers can be used to increase the sensor surface

capacity 1.5 times for SPR sensor chips.

As an alternative surface chemistry, a polymer layer called UVlink was fabricated on
sensor chips using free radical polymerisation method. Several UVlink polymer
surfaces were fabricated on QCMA-1 sensor chips and used for biomolecule
immobilisation and further binding assays. The results indicated that polymer surface
was not suitable for QCMA-1 sensor chips. The QCM device is very sensitive to the
rigidness of the polymer surface grafted on the sensor surface. It was very difficult to
obtain a rigid surface (that was required to obtain a good QCM sensing) while
iﬁcreasing the pore size of the polymer for improving biomolecule immobilisation
capacity. The developed polymer layer was also tested using an SPR biosensor.
Visible and uniform polymer surfaces were fabricated on SPR sensor chips having
different surface properties (flat or uniformly patterne'd‘surfacve) and biological tests
were performed using éiacore 3000 instruments. The polymer surface has similar
antibody immobilising but higher antigen binding capacity. with respect to MUDA
coated SPR chips; higher immobilisation capacity but slightly lower antigen binding

capacity with respect to a Biacore C1 sensor chip. The main advantage of polymer
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- coated sensors with respect to MUDA and C1 sensor chips is the longer shelf life.
While the shelf life of MUDA or C1 sensor chips are around 4 to 6 months
maximum, theoretically if stored ‘at the right conditions and depending on the
pélymer type the shelf life of our polymer ‘surface is expected to be monger.
Additionally different monomers (such as biotin or NTA functionalised) can be
utilised to change the functional group of the polymer to achieve different type of
surfaces. A patent application was filed for the work in July 2009 (Y. Uludag and 1.
E. Tothill, High capacity polymer surface for immobilisation of biomolecules’, Date

Lodged: 10 July 2009, GB0911634.4) and this was re-filed in July 2010.

Additionally a study was performed to write an operating procedure (SOP) for the
fabrication of carboxymethyl-dextran (CMD) sensor chips to be used for SPR
biosensors. Two different fabrication methods so-called amide-dextran and epoxy-
dextran methods were applied and both methods resulted in a CMD surface on sensér
chips. A functional immunoassay was applied to the fabricated Biacore 3000 and
SPR2 sensor chips to investigate the performance of the coatings. It was observed
that the functional assay responses obtained from the epoxy-dextran coated Biacore
3000 sensor chips and purchased CM5 sensor chips were close to each other but the
surface fabrication procedure need ‘to be improved to achieve the same antigen
binding results. The same protocol was applied to SPR2 sensor chips and in general
the functional assay responses were lower with reSpect to the responses obtained
from Biacore 3000 sensor chips. This could be related to the size of the SPR2 sensor |
chips which might have influenced the coating process. Additionally the flow cell
size of SPR2 instrument is larger than the Biacore 3000 instrument and in-efficient

washing of the sensor chip after dextran coating cause flow disturbances which
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might have influenced the results. It is expected to obtain better results from the
dextran coated SPR2 sensdr chips after the washing steps of the dextran coating
procedure was improved. As the molecular weight of the CMD used for amide-
dextran (MW 10,000 — 20,000) sensor coatings were lower in comparison to the
epoxy-dextran (MW 500,000) method, the immobilisation of antibodies to this
sensor surfaces produced lower responses with respect to epoxy-dextran coated
sensor chips. However the antigen binding responses obtained using Biacore 3000
instrument was very close to the epoxy-dextran coated sensor surface. Again SPR2
instrument produced lower responses from thve> immunoassay applied on amide-
dextran coated sensor chips. ‘However the reason of this lower response could have
similar reasons as described above for the epoxy-dextran coated SPR2 sensor chips.
In short, both amide-dextran and epoxy-dextran methods are suitable for CMD

coated sensor chip fabrication.
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DEVELOPMENT OF AN AFFINITY SENSOR FOR PSA

DETECTION
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3 DEVELOPMENT OF AN AFFINITY ASSAY FOR PSA
DETECTION

3.1 INTRODUCTION

In this chapter, the development of a simple and rapid detection method for cancer
biomarkers analysis using a quartz crystal microbalance (QCM) biosensor is described.
A QCM consists of a thin quartz wafer sandwiched between a pair of electrodes was
used. The mode of oscillation depends on the cut and geometry of the quartz crystal.
Mass addition or loss on the sensor surface results in frequency change and hence
measuring molecular interactions that occur on the sensor surface without the need of a
label. By empléying gold (Au) nanoparticles in the assay design, it is possible to
increase the mass due to antigen binding and further enhance the sensitivity of the assay
(Cooper and Singleton, 2007; Fei et al., 2007). However, the frequency is also affected
by viscosity change of the assay media and charge of the interaction molecules
(Jénshoff et al., 2000). Therefore, care needs to be taken to subtract the controls and
~extract the real response due to specific molecular interactions. The sensitivity
enhancement using nanoparticles has been usually achieved by modifying a secondary

antibody to the nanoparticles and performing a sandwich assay.

In this work an investigation was performed to develop and optimise an immunoassay'
to detect biomarkers in human serum on the QCMA-1 sensor chip. To minimise the
matrix effect of human serum, the addition of detergent, salt and other additives to the
buffer solution was investigated.. PSA and PSA-ACT complex were used as the cancer
biomarkers for detection and an immﬁnoassay was developed and performed in buffer

and in human serum. QCMA-1 is a prototype instrument therefore to validate the results
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the same assay was repeated using a commercially available Biacore 3000 instrument in

order to compare the sensitivity and validate the assay.
3.2 MATERIALS AND INSTRUMENTATION

Phosphate buffered saline (PBS, 0.01 M phosphate buffer, 0.0027 M potassium chloride
and 0.137 M sodium chloride, pH 7.4) tablets, bovine serum albumin (BSA),
cthanolamine, human serum, ‘N-hydroxysuccinimide (NHS) and tween 20 were
purchased from Sigma-Aldrich (Poole, UK). I-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) was purchased froin Pierce-Thermo Scientific (Cramblington,
UK). Mouse IgG was obtained from Stratech Scientific Ltd (Newmarket, UK). 20nm
Au nanoparticles purchased from BBInternational (Cardiff, UK) and 40 nm Au
nanoparticles were obtained from Diagnostic Consulting Network (CA, USA). Dextran
(MW 250 000) was provided from Acros Organics BVBA (Geel, Belgium). PSA, PSA
detection and capture antibodies were bought from AbD Serotec (Kidlington, UK).
Complexed PSA and free PSA antibodies were purchased from Alpha Diagnostics (TX,
USA) and BiosPacific (CA, USA). PSMA antigen and antibody were obtained from
Abcam (Cambridge, UK).

To visualise the Au nanoparticles a scanning electron microscope (SEM) (SFEG XL30,
FEI, Hillsboro-Oregon, USA) was used. For AFM measurements Dimension 3000 SPM
instrument (Veeco Instruments Ltd., Cambridge) was used with silicon probes (type:

PPP-NCH-50).

A fully automated QCMA-1 (Sierra Sensors GmbH, Hamburg, Germany) and a Biacore
3000 (GE Healthcare, Uppsala, Sweden) devices were employed as the biosensor
platforms for tﬁe development of the PSA sensor. Bare gold QCMA-1 and Biacore 3000
bare gold (SIA Kit Au) and C1 sensor chips were used for the study. The QCMA-1
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sensor chips (20 MHz) possess two sensing spots each, enabling the measurement of
active and control sensor surfaces simultaneously. Biacore sensor chips possess four
sensing spots each, enabling the measurement of 3 active and 1 control sensor surfaces
simultaneously. QCMA-1 and Biacore sensor chips and the continuous flow systems

used to deliver buffer and samples to the sensing spots are shown in Figure 3.1 and

Figure 3.2.
Front of the sensor used for Back of the sensor contains
biomolecule immobilisation driving electrodes and printed
and sensing connection board
Driving electrodes for sensing
spot 1 and 2
Guide buffer
-nlets
* o o
#o# # Sample Sample
enters cell enters cell
Guide streams
contrpl sample Sample
I n enters cell
Sample
evacuated
here Sample Sample
I eivacuated evacuated
here
a) Guide buffer b) Sample ¢) Sample d} Sample
streams fill addressing to addressing to addressing to
cell sensor W sensor#2 both sensors

Figure 3.1. A) The front and back of a QCMA-1 affinity sensor chip. B) Sample
addressing in a two sensor spot flow cell of a QCMA-1 affinity sensor chip using

hydrodynamic isolation technique (www.sierrasensors.com).
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B Prism
Flew cells
FC 1
FC 2
ouT
BtACORE
FC *
FC 4

Figure 3.2. A) A Biacore 3000 sensor chip. B) An integrated fluidic cartridge creates
four flow cells (C) enabling simultaneous measurement of four surfaces (Biacore,

2003a).

3.3 METHODS

3.3.1 Modification of Au nanoparticles with Anti-PSA detection antibody

10 pi of 1 mg mL':« PSA detection antibody was added to the pH-adjusted Au
nanoparticle (20nm or 40 nm) solution (1 mL) and incubated for an hour at room
temperature on a shaker. A 100 pi of 10 mg mL+ BSA was added to the solution to
ensure that the Au nanoparticles are all coated with antibody or protein. After 20
minutes of incubation the solution was centrifuged for 30 minutes at 10 000 rpm at 4 Xf
(Biofuge pico centrifuge, Heraeus Instruments). After spinning, the antibody modified
nanoparticles were recovered and re-suspended in 100 pi of PBS/T. The concentration
of nanoparticles was determined by a spectrophotometer at 520 nm wavelength (WPA
Lightwave UV/visible Spectrophotometer, WPA). According to the information

obtained from the manufacturer (BBIntemational, Cardiff, UK) the optical density (OD)
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of 1 at 520 nm wavelength corresponds to 7 x 10" (20nm) nanoparticles mL™" and 9 x
10" (40 nm) nanoparticles mL"'. The antibody modified nanoparticles were diluted 100
times and pipetted into a cuvette for absorbance measurements at 520 nm. Equation 3.1
was used to determine the concentration of the Au nanoparticles (Cyp) that are modified

with antibody.
Cnp = Measured OD X Cy,at OD 1 x 100 _ Eq. 3.1

The antibody modified Au nanoparticles were then stored in the fridge (4°C) until use.
Scanning electron microscope (SEM) images were taken using a FEI, XL 30-SFEG

(Eindhoven, Netherlands) instrument.
3.3.2 Antibody immobilisation to the sensor surface

Sensor surfaces were prepared by immobilising PSA capture antibody (produced from
mouse) on the active sensor surface and mouse IgG on the control sensor surface on a
QCMA 1 and Biacore sensor chips. The operating temperature of the assays was 25 °C
and the flow rate of the running buffer was 80 pl mml for QCMA-1 and 10 pl min™ for
Biacore 3000 assays. QCMA-1 and Biacore 3000 sensor chips were coated with MUDA
as described in Section 2.3.1 after a plasma cleaning process and coated chips were then
stored in the fridge until their use. As QCMA-1 sensor chips contain 2 sensing spof, one
was used as active for PSA capture antibody immobilisation and the other spot was used
as control and mouse IgG was immobilised. Biacore 3000 sensor chips have 4 flow
channels and while one channel was used as control other three was used as active. The
same sensor surface preparation and antibody immobilisation protocols were applied for
both QCMA-1 and Biacore 3000 assays. The assay procedure was programmed to
QCMA-1 control software as a batch list and a method containing script language was
written for the Biacore 3000 experiments. The immobilisation was achieved using
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conventional amine coupling chemistry (Staros et al., 1986). Running buffer used for
immobilisation was degassed PBS. Both QCMA-1 and Biacore 3000 sensor chip
surfaces were first activated with a 1 : 1 mixture of 400 mM EDC and 100 mM NHS,
prepared in 0.22 pm filtered deionised water, and mixed immediately prior to use (final
concentrations: 200 mM EDC and 50 mM NHS). EDC-NHS mixture was injected
simultaneously across the sensor surfaces for 3 min. A 30 pg mL" anti-PSA antibody
(in 10 mM sodium acetaté buffer, pH 5.5) to the active channel(s) and then 15 pg mL™
mouse IgG (in 10 mM sodium acetate buffer, pH 5.5) to the control channel were
injected for 3 minutes. The sensor surfaces were then blocked with 50 pg mL"' BSA in
PBS for 3 minutes. Non-reacted NHS esters were capped with 1 M ethanolamine, pH
8.5 for 3 minutes. The frequency or response changes were recorded 2 minutes after the
protein injection was completed. Schematic of the sensor surface preparation was shown

in Figure 3.3.
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Cleaning of the bare gold
sensor chips with nitrogen

plasma

SAM deposition on bare
gold sensor chips (ca. 16-
18 hours)

Dockingthe sensor chip to the sensor
device (QCMA-1 or Biacore 3000)

Primingthe sensor chip with
running buffer (PBS)

I

Activation of surface

with EDC/NHS

(3 min injection)

Surface blocking
with BSA

(3 min injection)

1

Surface inactivation with
ethanolamine

(3 min injection)

Figure 3.3. Schematic of sensor surface preparation prior to PSA detection assay.
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3.3.3 Optimisation to minimise matrix interference

To optimise the sensor for PSA analysis in blood samples the effect of human serum on
the assay was examined using the QCMA-1 instrument. After antibody immobilisation,
the running buffer was changed to PBS buffer containing 0.005% Tween 20 (PBS/T).
Human serum solution (10%) was prepared in PBS/T buffer and injected over to Mouse
IgG immobilised sensor surface. After a dissociation period under running buffer flow,
the surface was regenerated with the injection of 100 mM HCI (60s) and 20 mM NaOH
(60s). Then 10 % human serum was prepared in PBS/T buffer contéining additives at
varying concentrations and each human serum preparation was injected to the Mouse
IgG immobilised surface for 3 minutes. The sensor surface was regenerated between
- human serum applications as described above. The non-specific binding of human
serum proteins on the sensor surface was determined by subtracting the frequency
responses before the injection and 100s after the injection stopped. The buffer designed
to minimise the non-specific binding of serum proteins were used for assays performed

with QCMA-1 and Biacore 3000 instruments.
3.3.4 PSA detection assay

After the antibody immobilisation on QCMA-1 and Biacore 3000' sensor chips, PSA
detection assay was performed. In serum, PSA is found either in free form or as a
complex with alpha 1-antichymotrypsin (ACT) (ACT-PSA, MW 96 kDA). Total PSA
(tPSA) refers to the PSA in both formst(PSA and ACT-PSA complex). In the current
study to prepare tPSA 1 to 1 mixture of PSA and ACT-PSA was used. PSA or tPSA
was diluted at specified concentrations (0.29 to 5000 ng mL") in PBS/T buffer
coﬁtaining 5 pg mL' BSA or 10% to 75% human serum in PBS/T buffer containing
additives. These solutions were then injected over the PSA capture antibody and mouse

IgG immobilised surfaces for 3 or 5 min to allow binding interactions. The frequency
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changes (QCMA-1) or response changes (Biacore 3000) due to PSA/tPSA binding were
recorded at 180 s after the injection started. After the binding of PSA/tPSA either
surface was regenerated by injection of 100 mM HCI1 (1 min, 80 pi) or the assay was
continued to perform a sandwich assay. A schematic ofthe PSA direct assay performed

using QCMA-1 and Biacore 3000 devices is shown in Figure 3.4.

yYY BYYY YYY

Active sensor spot Control sensors pot

Figure 3.4. Schematics of PSA direct assay.

After the binding of PSA/tPSA to the sensor surface, 1.5 pg mL+ PSA detection
antibodies or PSA detection antibody modified Au nanoparticles were injected on the
sensor surface for 3 or 5 min (240 or 400 pi). After 3 min dissociation period under
running buffer flow, surfaces were regenerated by injection of 100 mM HCI (1 min, 80
pi) (and additional 20 mM NaOH (1 min, 80 pi) was injected if PSA spiked human
serum was used). The frequency changes due to PSA detection antibody binding were
recorded 3 min after the injection started. A schematic of the PSA sandwich assay is

shown in Figure 3.5.

PSA detection antibody if A
modified Au nanoparticles A * # ttk w ~

PSA detection antibody
4 tPSA |

PSA capture antibody

Figure 3.5. Schematics of PSA sandwich assay using PSA detection antibody or

antibody modified Au nanoparticles.
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The limit of detection (LOD) was calculated as the signal obtained from the PSA
concentration that is equivalent to the 3 times the standard deviation of the signals
obtained from the blank standards. The coefficient of variation (CV) was calculated
according to the equation 3.2 as the ratio of standard deviation (o) to the mean (p)
(Brooks, 2001).

% CV = 5 x 100 - (Bq.3.2)

Higher CV indicates greater dispersion in the variable; therefore smaller CV values are

desired for the assay results.

3.3.5 Ethical Approval

Thirty healthy male participants (with no history of prostate .disease or current urinary
symptoms) were recruited at Cranfield University, and favourable ethical approval was
obtained from the Cranfield Health Ethics Research Committee. Sixty consecutive
patients who attended the TRUS-prostate biopsy sections at the Primrose cancer unit,
Bedford hospital, were recruited, and ethical approval was obtained from the
Bedfordshire Research Ethics Committee. All the participants gave their informed ‘
consent before sample collection. All the documents for ethics application and the
approval letters are contained in appendix B. The study on clinical samples was
designed to sample blood from patients and controls. Clinical data including patient’s
age, ethnicity, PSA at referral, Gleason Score, Clinical stage and Prostatic volume were

extracted from clinical notes.
3.3.6 Sample Collection and Processing

A SmL of venous blood was collected into empty or K3 EDTA tubes from each of the
participants (healthy males, control group, n=30) and patients (n= 60) using standard
venom puncture techniques. Plasma or serum was harvested after centrifugation at 1800

g for 5 minutes, and stored at -80 °C until required for use.
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3.4 DEVELOPMENT OF A QCM AFFINITY SENSOR FOR PSA ANALYSIS

3.4.1 Characterisation of the modified Au nanoparticles using SEM

“Although the precise size differs from antibody to antibody, it has been estimated to be
15-20 nm long by 6 to 15 nm wide” (Kreier, 2002). Using these dimensions the
footprint of an antibody can be calculated as 2.36 x 1076 m? (Iength estimated 20 nm,
width estimated 15 nm). The approximate number of antibodies on a nanoparticle can
be calculated with an assumed packing density of 0.907 (the circle i)acking density

limit) (Schwartz, 2007) using the equation 3.2.

nanoparticle surface area
antibody footprint area

number of antibodies = 0.907 Eq.3.2

The approximate number of antibodies that can fit on a 20 nm nanoparticle was
calculated as 5 nm and on a 40 nm nanopartiéle calculated as 17 using the equation 3.2.
Both 20 nm and 40 nm Au nanoparticles were modified with detection antibody and
'SEM images were taken before and after antibody modiﬁéation. For 20 nm Au
nanoparticles, the sizes of the nanoparticles were measured as 16 to 20 nm before
modification and after antibody modification the sizes were measured between 22 to 31
nm (Figure 3.6). The size differences between the modified and non-modified
nanoparticles were between 6 to 15 nm, not more than the width of one antibody.
- Therefore, although theoretically 5 antibodies can fit on‘a 20 nm nanoparticle, SEM
imége indicated that one antibody was adsorbed on one 20 nm nanoparticle. For 40 nm |
Au nanéparticles, SEM image revealed that the sizes of nanoparticles vary between 20
to 42 nm and this prevented the comparison of uncoated and antibody modified
nanoparticles by just looking at the SEM image. The uncoated Au nanoparticles do

coagulate in salt solution therefore the existence of antibody coating on the
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nanoparticles also were confirmed by addition of salt solution to the Au nanoparticle
suspension. The salt added antibody-modified Au nanoparticle suspension did not

coagulate or changed the colour, proving the successful antibody adsorption.
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Figure 3.6. SEM images of Au nanoparticles. The sizes of the 20 nm nanoparticles
were measured as 16 to 20 nm before modification (A) and after antibody modification
the sizes were measured between 22 to 31 nm (B). SEM image of 40 nm Au
nanoparticles showed that the size of nanoparticles have a larger size variation that was
between 20 to 41 nm (C), and this made it difficult to compare uncoated and antibody

modified nanoparticles by just looking at the SEM images.
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3.4.2 Optimisation of sensor signal

Bare gold QCMA-1 sensor chips were employed in this work as the sensor platform for
PSA detection. Each chip consists of two sensing array for active and control sample
testing. The modification of the chips using self assembled monolayer (SAM) was
carried out on the sensor surface. Atomic Force Microscopy (AFM) images of a sensor
chip were taken before and after the SAM coating (Figure 3.7 and Figure 3.8). The
results indicate that SAM modification caused a change of the root mean square (rms)
roughness from 5.5 nm to 3.1 nm due to surface coating using MUDA. The quality of
SAM formed on QCMA-1 sensor chips were also tested with cyclic voltammetry as
described in Section 2.4.1 and the results indicated a very compact layer formation on
the sensor surface. The AFM images did confirm this finding and enabled the

visualisation of the monolayer prepared.

Digital Instruments NanoScope

Scan size 4.000 MM
Scan rate 0.8031 Hz
Number of samples 512
Image Data Height
Data scale 200.0 nm

[(I wview angle
eti- 1light angle

X 1.000 pm/div
2 200.000 nm/div

Figure 3.7. The AFM image ofa bare gold QCMA-1 sensor chip.
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Digital Instruments NanoScope
4

Scan size .000 MM
Scan rate 1.001 Hz
Number of samples 512
Image Data Height
Data scale 200.0 nm

[l view angle
-t'» light angle

1.000 um/div 0 deg
200.000 nm/div

Figure 3.8. The ATM image ofa SAM coated QCMA-1 sensor chip.

The SAM coated sensor chips was first docked to the QCMA-1 instrument and primed
with running buffer to wet the sensor chip and continues buffer flow (80 pi min"1) was
started. Anti-PSA capture antibody and mouse IgG were then immobilised on the active
sensor array and the control sensor array respectively using conventional EDC-NHS
chemistry (Lsfas and McWhirter, 2006). A 3 minutes injection of antibodies was
sufficient to achieve signal to reach equilibrium; therefore, the immobilisation time was
kept at 3 minutes for the assay. Three different concentrations (15-30 or 50 pg mL'])
were used for antibody immobilisation and from these 30 pg mL+ was chosen as the
optimum concentration to immobilise the antibodies. There was not much difference of
immobilisation response when 50 pg mL+ or 30 pg mL : of antibody was used,
additionally the cost of consumables wanted to be kept to a level therefore 30 pg mL~
was chosen as the standard concentration for antibody immobilisation. The effect of
EDC/NHS mixture injection time was also investigated by performing assays with 3
minutes or 7 minutes of EDC/NHS mixture injection. No difference was found between

the antibody immobilisation levels by elongating the EDC/NHS injection and hence 3
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minutes was chosen for the assay. The antibody injection time was kept as 3 minutes to
minimise the consumption of the reagent. With 3 minutes EDC/NHS injection time and
30 pg mL« antibody concentration, anti-PSA capture antibody immobilised sensors
produced an average frequency change of 380 = 38 Hz and mouse IgG immobilised
sensors produced a frequency change of 520 + 15 Hz (Figure 3.9). The immobilisation
levels of antibodies depend on both the concentrations of antibodies used and the
solution content of'the purified antibodies. Although the antibodies used are both mouse
IgG antibodies, both are prepared by different companies and purified using different
methods. Therefore, different levels of immobilisation were obtained using anti-PSA

capture antibody and mouse IgG antibody.

Control
Active
Time
EDC/NHS Mouse IgG Anti-PSA capture IgG BSA blocking Ethanolamine
activation (control) (active) blocking

Figure 3.9. Immobilisation of anti-PSA capture antibody and mouse IgG on the active
and control sensor spots ofa QCMA-1 sensor chip.

The PSA non-specific binding (diluted in PBS/T buffer containing 5 pg mL«1 BSA) to
the control sensor array was then examined by conducting binding tests. The results
show that the control sensor surface did not give any frequency change even if the
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highest concentration of PSA (5 gg mL"1) was used (Figure 3.10). To examine the non-
specific binding of BSA on the PSA capture antibody immobilised surface, BSA (5 pg
mL"]) was injected for 3 min and the non-specific binding of BSA to the surface was

detected as 4 + 1 Hz (n = 3, data not shown).

140-T
120 -
Active
100 =
80 -
w60 - Net binding = Active response - Control response
20
Control

-20
100 -50 0 50 100 150 200 250 300 350

Time (s)

Figure 3.10. Binding of 5 pg ml+ PSA on to anti-PSA capture antibody immobilised
surface (blue) and mouse IgG immobilised surface (red) is shown. Non specific binding
of PSA on the mouse IgG surface does not result in any frequency response.
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3.43 Direct PSA assay

The calibration curve obtained with PSA binding (3 min) to the PSA capture antibody
immobilised surface in a concentration range between 4.7 to 5000 ng mL+ is shown in
Figure 3.11 and Figure 3.12. The detection limit of the PSA was found as 18.8 ng mL'],
which was well above the clinical PSA level in serum. PSA binding response curves
were then fitted to 1:1 Langmuir binding model to determine the binding association
and dissociation rates (Rich and Myszka, 2009), from which KDvalue was calculated as
5,56 x 10"l) M and Rnex as 108 Hz using BiaEvaluation Software (Biacore, GE
Healthcare, Sweden) (Table 3.1). More detailed information related with the calculation
of kinetics rates are described in Section 3.6. Karlsson et al. calculated the affinity of
PSA antibody towards PSA as 3.3 x 109 M (antibody from Fitzgerald Industries Int.,
clone M212091) (Karlsson et al., 2006). Katsamba et al. calculated the affinity as 1.1 x
100 M (antibody from Fitzgerald Industries Int., clone M612166) (Katsamba et al.,
20006).

140 -«
120 -
100.
80 -

j6 40-

50 0 50 100 150 200 250 300
Time (s)

Figure 3.11. QCM sensor response for different concentrations of PSA samples (3 min
injection). After each sample injection, the surface was regenerated with a 1 min
injection of 100 mM HCI1 (data not shown), (a) 5000 ng mL'L (b) 312 ng mL'l, (c) 78
ng mL« , (d)18.8 ng mL': (all control subtracted data) and (e) the response obtained
from the binding 0f 5000 ng mL:1 PSA to Mouse IgG immobilised control surface.
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140
120
100

Hz

40
20 .

1 10 100 1000 10000
PSA (ng mL")

y=0.29x +0.45
50 R2=0.99

0 25 50 75 100 125 150
PSA (ng mL1)

Figure 3.12. The standard curves (A - log scale; B - linear scale) obtained for PSA
direct binding. PSA was prepared in PBS/T buffer containing 5 pg mL+~ BSA and
diluted in 1 :» dilution steps.

Table 3.1. PSA direct assay results ofkinetic calculations.

Kp— 5.56 x 10"loM

la= 1.23 X 10:06 M 1
= 0.83x10-Ms-i
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344 Sandwich assay with anti-PSA detection antibody

To enhance the sensor signal and improve the sensitivity of the method, a sandwich
assay approach was developed employing PSA detection antibody. The calibration
curve was obtained for the sandwich assay in a concentration range between 150 to .3
ng mL that is relevant for prostate cancer diagnosis (Figure 3.14 and Figure 3.14). This
assay resulted in 4.7 ng mL-1 PSA as detection limit which is four folds more sensitive
than the direct assay. The experiments have shown that the chosen anti- PSA antibody
has good affinity for a successful immunoassay and the sandwich assay resulted in a
clinically relevant detection limit (4 ng mL"l. Consequently experiments were
performed to optimise the assay so that biomarker detection could be performed in
human serum. The coefficient of variation (CV) laid between 2 to 12% across the range
9.4 to 150 ng mL~ PSA concentrations and CV was 24% for the lowest concentration
detected. Small signal with a relatively high standard deviation caused high CV value

when lowest PSA concentration was detected.

300 -
150 ng ml"1PSA
250

200 -

150 -

50 -

0- 4.7 ng mL"1 PSA

-50
-450 -400 -350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 400

Time (s)

Figure 3.13. 3 min binding of PSA samples at concentrations 4.7, 9.4, 18.8, 37.5, 75
and 150 ng mL1 was followed with 3 min binding of PSA detection antibody (1.5 pg
mL"]). Assay was perfomed using a QCMA-1 biosensor.
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250 - y=1.36x +5.74
R? = 0.99

200

150

-dF (Hz)

100

50

0 T T T T T 1
0 25 50 75 100 125 150

PSA (ng mL")

Figure 3.14. The standard curves obtained for PSA sandwich assay. 3 min binding of
PSA samples at different concentrations was followed with 3 min binding of PSA

detection antibody (1.5 pg mL™).
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3.4.5 Buffer optimisation for human serum sample analysis

There is a significant difference in the limit of detection when buffer or clinical sample
(serum) was used as the assay media. For example, although Cao et al. performed the
PSA-ACT assay using only 10% human serum; the limit of detection changed from
10.2 to 18.1 ng mL" (Cao et al., 2006). This change in the detection limit, when clinical
samples are used, is mainly due to lower signal to noise ratio resulting from the high
non-specific binding of sera proteins/antibodies to the sensor surface. This is especially
noticeable when label-free biosensors are employed, and this prevents researchers from
the use of high concentrations of human serum. Therefore, most analyses are conducted
using concentration of human serum in the range of 10 to 50 % (Cheng et al., 2008,
Kurosawa et al., 2004; Situ et al., 2008). In the current study we investigated the use of

additives to minimize the adsorption of sera proteins to the sensor surface.

Initially, a 10% human serum diluted in PBS/T buffer was injected on the mouse IgG
immobilised sensor surface. A 1490 Hz response was obtained from this solution and

after buffer flow started, the response was reduced to 1370 Hz (Figure 3.15-trace 1).

From the results it was evident that human serum proteins caused a significant non-
specific binding on the surface. To reduce this non-specific binding salt, BSA, dextran
and Tween 20 were added to the buffer at varying concentrations. Increase the salt
concentration increases the ionic strength of the solution and that lowers the
electrostatic attraction of human serum proteins to the sensor surface. Therefore, high
- salt concentration was used to reduce proteins adsorption to the sensor surface. Dextran
and BSA were used to help in preventing serum protein absorption. It is common to
employ detergents to lower the non-specific protein binding; therefore the concentration
of Tween 20 was increased in the solution (Ayela et al., 2007). These additives at
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varying concentrations were added to prepare 10 % human serum and injected over the
mouse IgG immobilised sensor surface for 3 min to see the effect of the additives on
serum non-specific binding to the sensor surface (Figure 3.15). From the several

different buffers tested, the QCM responses of four of them are shown in Figure 3.15.

1400-

1200.

1000.
800-
600-

\lg"'
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Figure 3.15. Effect of changing the buffer composition on the human serum signal.
The injection of 10 % human serum in PBS/T buffer (1) and PBS/T buffers containing
additives at varying concentrations (buffer 2 (100 pg mL: BSA), 3 (200 pg mL BSA),
4 (200 pg mL~ BSA and 0.5% Tween), 5 (200 pg mL~ BSA, 0.5 M salt, 500 pg mLw
dextran and 0.5% Tween 20) to mouse IgG immobilised sensor chip.

The lowest non-specific binding was observed when the serum is diluted in additives
containing PBS/T buffer that had final concentrations of 200 pg mL:1 BSA, 0.5 M salt,
500 pg mLw dextran and 0.5% Tween 20 in solution. The response 180s after the
injection of 10% human serum diluted in this matrix elimination buffer (matrix buffer)
was found as 251 £ 18 Hz (n = 3) and after the buffer flow started the response was
reduced to 23 = 12 Hz (n = 3). As it can be seen from Figure 3.15 (trace 1), the injection
of human serum in PBS/T buffer resulted in a trace that showed a curved structure
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indicating the binding of sera proteins to the sensor surface and there was little
dissociation after the injection stopped and buffer flow was started. Whereas when
human serum diluted in the matrix buffer was injected (Figure 3.15 - trace 5), the
response trace showed an instant sharp increase up to ca. 250 Hz and remained showing
no curvature indicated that the bulk of'this response might be due to the viscosity of the
solution and hence after buffer flow the response reduced to a much lower frequency of
ca. 20 Hz corresponding to adsorbed sera proteins. Figure 3.16 shows the comparison of
non-specific binding results for 10%, 40% and 75% human serum diluted in the new
buffer and injected to mouse IgG immobilised surface. The low non-specific binding
values for these three concentrations of human serum (highest 91 + 10 Hz for 75%
human serum) indicated that this new buffer was effective even for high serum
concentrations. For all the forthcoming experiments human serum was always diluted

with the matrix buffer.

1400 i 1370
1200 -
1000 -
)1(\I 800 -
IL
m 000 -
400 -
200 -
0 - | t — iwwa— 1
10% human 10% human 40% human 75% human
serum diluted serum in new serumin new serum in new
in PBS/T buffer buffer buffer

Figure 3.16. Effect of increasing human serum concentration on the sensor signal.
Human serum was diluted in new formulated buffer at varying concentrations and

injected (3 minutes) on mouse IgG immobilised surface.

These results showed that by applying the matrix buffer in the assay method, a 98%

reduction in non-specific binding of human sera proteins was achieved. If this result is
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compared to other recently published work; Situ et al. achieved 94% reduction in non-
specific binding by using CM5 (carboxymethyl dextran) surface and a formulated buffer
(10mM HEPES, 3mM EDTA, 0.005% Tween 20, 0.5M NaCl, 0.005% CMD-500, pH
9.0) together and Trevino et al. achieved 88% reduction in non-specific binding of
serum by using another formulated buffer (PBS buffer containing 0.5M NaCl, 0.1%

Tween 20, pH 8) (Situ et al., 2008; Trevino et al., 2009).

The PSA assay was then performed using 20 ng mL"! PSA spiked in 10% and 40%
human serum diluted in matrix buffer. When the results were compared with PSA assay
in PBS/T buffer, it was seen that both direct and sandwich PSA assay results in buffer
or in spiked in 10% human serum (diluted in matrix buffer) were very close to each
other and within the standard deviation (Figure 3.17). However, as the human serum
concentration increased to 40%, the response from direct assay was eliminated but still
there was a response from the injection of PSA detection antibody (sandwich assay).
Although‘this result was lower than the assay in PBS/T buffer (or assay in 10% human
serum) still good enough to perform the assay in high human serum concentration. An
example to direct and sandwich assay response of PSA spiked in 10% human serum is

shown in Figure 3.17.
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20 ng/ml PSA in buffer 20 ng/mIPSA in 10% 20 ng/ml PSA in 40%

serum serum

m Capture assay m Sandwich assay

Figure 3.17. Direct and sandwich PSA assay results obtained in buffer, 10 % human
serum and 40 % human serum using QCMA-1 biosensor. Each error bar represents
standard deviation from three replicates.
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Figure 3.18. Direct and sandwich assay with 78 ng mL+ PSA spiked 10% human serum

on active (a) and control (b) sensing spots ofa QCMA-1 biosensor chip.
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3.4.6 Detection of tPSA in 75% human serum

A calibration curve was obtained for the sandwich assay in a concentration range
between 2.3 to 150 ng mL" tPSA spiked in 75% human serum. The non-specific
binding of PSA detection antibody after the injection of 75% human serum (without
si)iked PSA) was 2 + 1 Hz, if éssay performed on mouse IgG immobilised surface and
10 + 3 Hz if assay performed on PSA capture antibody immobilised surface. The PSA
detection antibody binding responses were obtained after the subtraction of the non-
specific binding response. The detection limit obtained for this assay was 9.4 ng mL"!
(Figure 3.19 - trace a). However this resulf was not sensitive enough for PSA detection
at the required levels in serum. To enhance the sensitivity further 40 nm Au
nanoparticles were modified with PSA detection antibody and sandwich assay was
performed to detect tPSA. The use of Au nanoparticles lowered the detection limit
down to 0.29 ng mL! (Figure 3.19 - trace b), which is well below the required limit of
detection. A sample PSA detection assay using detection antibody modified 40 nm Au
nanoparticles are shown in Figure 3.20 and the responses obtained from concentration

series tested were shown in Figure 3.21.
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Figure 3.19. tPSA at varying concentrations (in 75% human serum) were injected to
tPSA capture antibody immobilised QCM sensor surface. Later, as a sandwich assay
tPSA detection antibody (a) or antibody modified Au nanoparticles (b) were injected
and the frequency changes due to binding of nanoparticles were recorded and

calibration curves (A - linear scale; B - log scale) were obtained.
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Figure 3.20. Injections of 9.4 ng ml tPSA spiked serum and tPSA antibody modified

Au nanoparticle on active (a) and control (b) surfaces.
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Figure 3.21. Binding of tPSA antibody modified Au nanoparticles after the injection of
tPSA spiked in 75% serum at varying concentrations, from top to bottom in the order of
150, 75, 37.5, 18.8, 9.4, 4.69, 1.17, 0.29, 0 ng ml"l on tPSA antibody immobilised

surface and 150 ng m1'lon MIgG immobilised surface (red).
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The specificity of the tPSA interaction with the sensor surface was tested by employing
a mouse IgG surface on the control sensor. The non-specific binding of PSA detection
antibody modified Au nanoparticles after the injection of 75% human serum (with or
without spiked tPSA) resulted in no response on mouse IgG immobilised surface
(Figure 3.20- trace b). The binding of PSA detection antibody modified Au
nanoparticles after the injection of 75% human serum (without spiked tPSA) resulted in
9 + 2 Hz response on anti-PSA capture antibody immobilised surface, since non-
specific binding on to MIgG surface was very low, this result was purely due to the
tPSA content of the serum obtained from Sigma. While creating the calibration curve,
this response was deducted from the responses obtained to get the binding results due to

the spiked tPSA.

In conélusion, the limit of detection of the biomarker assay was 0.29 ng mL’
(corresponds to 0.39 ng mL" in 100% pétient blood serum) with a linear detection rang§
of 0.29-150 ng mL" and the coefficient of variation (CVj laid between ‘1 to 9% across
the range. These results show that the assay developed with the formulated matrix
buffer and Au nanoparticle signal amplification, have potential for the rapid and
“sensitive detection of serum biomarkers in patient samples. Table 3.2, summarises the

results of the assays in buffer and in human serum.
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Table 3.2. The summary of the PSA detection assay results.

‘ sandwich assay in
direct assay in sandwich assay sandwich assay
75% serum using Au
PBS/T in PBS/T in 75% serum
nanoparticles
LOD 18.8 ng mL™" 4.7 ng mL! 9.4 ngmL™" 0.29 ng mL™!
Linear range | 18.8—150ngmL" | 47-150ngmL" | 9.4-150ngmL" | 029 —150ng mL"!
Equation of
y=0.87x +0.27 y=091x+035 | y=0.89x+0.33 | y=71.96Ln(x)+73.77
calibration
(R?=1.00)* (R?=0.99)* (R*=0.98)* (R*=0.99)
curve

*y = log (response); X = log (concentration)

The number of publications related to the detection of PSA using QCM biosensor is
very limited and this indicates that application of QCM biosensors to PSA detection is a
newly developing area. An example to a previous study for PSA assay using QCM
biosensor has been the study performed by Zhang et al. which involve the use of an
insert-plug model of piezoelectric immunosensor. After 40 min of reaction at 37% in a
static cell with a 10 MHz quartz crystal, Zhang et al achieved linear detection of 1.5 —
40 ng mL" PSA in 100% serum (Zhang‘ et al., 2007a). Although the detéction limit
obtained from this study was low enough, the reaction time was long and assay needs to
be performed at elevated temperatures. Additionally the dynamic range of the assay was
limited. In another study, Ding et al. used yeast cell modified QCM sensors to
immobilise PSA antibodies (Ding et al., 2008). The binding of PSA to the PSA antibody
immobilised sensor was recorded after the binding reached equilibrium using a 9 MHz
quartz crystal and magnetic stirrer agitated static cell. With this method Ding etvc;l.
achieved detection of PSA in the range of 5 to 604 ng mL" in 100% serum. Bgfth _
applications mentioned above were performed using non-automated equipment that due
to their manual operation may not only cause variations between the assays but also are |
not suitable for clinicians use. Additionally what attracts attention the study performed
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by Ding et aZ. is that while 268 Hz frequency drop was observed from the
immobilisation of anti-PSA antibody, up to 400 Hz of response was observed from the
~ PSA binding. Using equation 3.3, it is poséible to calculate the theoretical maximum
response from the binding of an analyte to a ligand (Rmax = response due to analyte
binding; MW galyte/tigand = molecular weight of analyte [PSA, 30 000 Dalton] or ligand
[anti-PSA antibody, 150 000 Dalton]; Rjgaq = response obtained from the
immobilisation of the ligand; Viigana = valency of the ligand, proposed stoichiometry of

the interaction) (Biacore, 2003b).

Rmax _ MW gnalyte X Ry; 4 X Vi (Eq~ 3'3)
__Mwligan a igan igand

After the immobilisation of anti-PSA antibody it is presumed to have one binding site '
available to bind to PSA, therefore Vigana is assumed as 1 (Buhl et al,, 2009). In this
case, for 268 Hz of anti-PSA antibody immobilisation, theoretical maximum response
from PSA can be calculated as 54 Hz and even if Viigang is assumed as 2, the theoretical
maximum response from PSA can be calculated as 107 Hz. It is recorded in the
literature that, the mass of the analyte calculated using QCM response exceeds the mass
response obtained with optical techniques, and this phenomenon is explained due to the
viscosity of the buffer between the bound analytes and the rigidity of the analyte layer
(Hook et al., 2002). However, even if this is considered, still ca. 400 Hz of response
from 600 ng mL™" PSA is well above the theoretical maximum response and hence the
validity of the results obtained is questionable. In the current study, (if Viigand is assumed
as 1) the theoretical R;nax calculated as 76 Hz using equation 3.2 and experimental Rmax
obtained as 118 % 11 Hz. In another study Cao et al. performed 10 min PSA-ACT assay |

in 10 % human serum using an automated SPR biosensor and obtained a detection limit
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of 18.1 ng mL"' that corresponds to LOD of 181 ng mL " for the whole serum (Cao et al.,
2006).

In our study although 75% serum was used as assay matrix, the detection limit obtained
was 0.29 ng mL™' for a 8 min assay which corresponds to 0.39 ng mL™ tPSA in the
whole serum indicating the good performance 6f the optimised assay. Additionally;
although high concentration of serum was used for the assay, matrix buffer limited the
non-specific binding of the proteins on to sensor spots and allowed complete
regeneration of the sensor surface by short injections of 100 mM HCI and 20 mM
NaOH. This enables the repeated use of the same sensor chip for several times to
analyse multiple serum samples to detect tPSA. The experimental conditions reported in
the literature vary between the assays significantly such as, assays in static or in flow,
_ temperature, assay time and the antibody used againét PSA. All these contribute to the
assay sensitivity and hence make it difficult to compare the results effectively. When
compared briefly to similar label-free PSA assays such as above, the assay developed in
this study, with total 8 min reaction time, repeated u\sability and LOD of 0.29 ng mL™ in
75% human serum, proves the advantage of the optimised assay format suitable for
point of care system. Additionally due to it is being rapid and wide detection range the
QCM assay developed outperforms the commercial ELISA kits available for biomarker o

detection (Table 3.3).
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Table 3.3. The summary of the PSA detection limit and detection ranges for some of
the commercial ELISA kits and the developed QCM assay.

Detection range Limit of detection

(ng mL™) (ng mL™)
The developed QCM assay* 0.39--200 0.39
Abazyme PSA ELISA kit 1-80 1
(Abazyme, MA, USA)
MP Biomedicals PSA ELISA kit 5120 )
(MP Biomedicals, OH, USA) ' :
Alpco Diagnostics PSA ELISA kit 2-120 i
(ALPCO, NH, USA)
Calbiotech PSA ELISA kit

0.585-50 0.585
(Calbiotech, CA, USA)

i . . P .

Alpha Dl::lgl’lostl(': SA ELISA kit 0.3-60 0.30
(Alpha Diagnostics, TX, USA)

*Both detection range and limit is given based on 100% serum.
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3.4.7 Testing complexed-PSA and free-PSA antibodies

In serum, PSA is found either in free form or as a complex with ACT (ACT-PSA, MW
96 kDA). Total PSA (tPSA) concentration in serum was considered normal if it is below
4 ng mL™. tPSA refers to the sum of all detectable free PSA (fPSA) and complexed
PSA (cPSA) forms in the serum. The proportion of free PSA to ACT-PSA complex
varies according.to the type of the prostate cancer (Lilja, 2003). The commercial ELISA
type assays measure total or free PSA concentration in serum. In our study we
considered to incorporate either fPSA or cPSA assay next to the tPSA assay to detect
tPSA and cPSA/fPSA real time simultaneously using the QCMA-1 device. For this
purpose fPSA and cPSA antibodies were purchased from two companies (Alpha
Diagnostics [TX, USA] and BiosPacific [CA, USA]) and their performances were
investigated. The immobilised fPSA and cPSA antibodies from both manufacturers did
not yield any direct binding response for their antigens and this could be due to the poor
quality of the antibodies purchased. Therefore, a number of different approaches were
considered to find out an assay format in which antigen binding could be observed
(Table 3.4). It was found that fPSA antibodies do not bind to PSA whatever the assay
method used. And cPSA antibodies (raised in mouse) from both manufacturers bind to
PSA-ACT complex if captured on Rabbit anti-mouse IgG surface or used as detection

antibodies for sandwich assay. The details of both assays are described in this section.
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Table 3.4 Different methods used to test the performance of fPSA and cPSA antibodies
using QCMA-1 sensor. The assays that did not yield any binding response were marked

by ‘x’.
_ fPSA cPSA

Tested methods. antibodies antibodies
Immobilisation and further binding with antigen . N
(PSA or PSA-ACT) '
Dialysis of fPSA antibody, immobilisation and x 1
further binding with PSA
Capture on RAM Fc immobilised surface and x N
subsequent antigen binding
Capture of biotinylated cPSA antibody and s «
subsequent antigen binding
Immobilisation of tPSA antibody (Serotec) and X N
sandwich assay with cPSA or fPSA antibodies
Immobilisation of tPSA antibody (Serotec) and
sandwich assay with cPSA modified Au ns X
nanoparticles
Immobilisation of biotinylated cPSA antibody ns x
(Alpha Diagnostics) and further binding with PSA

cPSA antibody from BiosPasific (CA, USA), cPSA antibody from Alpha Diagnostics
(TX, USA) and tPSA antibody from Serotec (Kidlington, UK) were captured on RAM
Fc immobilised surface then binding of PSA-ACT was investigated. On the second
channel cPSA antibody from Alpha Diagnostics was immobilised, to see the binding
response of PSA-ACT complex to the immobilised and captured antibodies side by side.
No PSA-ACT binding was observed on the immobilised cPSA antibody, whereas cPSA

antibodies that were captured on RAM Fc surface did bind to PSA-ACT complex,
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however the binding was much lower with respect to the tPSA antibody from Serotec

(Figure 3.22).

150- Capture of 1 pg ml'lantibody

100- Regeneration

50-
Binding of 1.2 pg mI"1PSA-ACT
-50-
-100

-150
50 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Time (s)

Figure 3.22. Capture of (a) tPSA antibody from Serotec, (b) cPSA antibody from
Biospacific, (c) cPSA antibody from Alpha Diagnostics on RAM Fc immobilised
surface and further binding of PSA-ACT complex, (d) Binding of PSA-ACT complex
on cPSA antibody (Alpha Diagnostics) immobilised surface. The assay was performed
using the QCMA-1 biosensor.

Using equation 3.4, it is possible to calculate the theoretical maximum response from
the binding of an analyte to a ligand (Rmax = response due to analyte binding;
MWanaiytc/iigand = molecular weight of analyte [PSA-ACT, 90 000 Dalton] or ligand [anti-
PSA antibody, 150 000 Dalton]; Rugand = response obtained from the
capture/immobilisation of the ligand; Vpgand = valency of the ligand, proposed

stoichiometry of'the interaction).

MWanalyte % ., (Eq.3.4)
maX = MWligand = RHgand x Viigand

The capture of mouse antibodies on RAM Fc immobilised surface creates an oriented
layer of mouse antibodies due to the binding of mouse antibodies from the Fc regions to
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the RAM Fc. This enables the use of both active sites of the antibodies for further
antigen binding. The experimental results of antigen binding responses to the antibodies
and the expected antigen binding responses calculated using the equation 3.6 were
compared for all three antibodies. As seen from Figure 3.23, theoretical and actual PSA-
ACT binding to captured tPSA antibody was very close to each other for 1-2 interaction
indicating that almost all the antibodies that were captured did bind to two PSA-ACT
molecules. For cPSA antibodies the actual binding was even lower than the theoretical
binding results for 1-1 interaction. This clearly shows that the affinities of both cPSA

antibodies are very low towards PSA-ACT if compared to tPSA antibody.

capture of antibody on
RAM Fc

PSA-ACT binding
N 50

'C 40

calculated PSA-ACT
binding for 1-1

interaction

calculated PSA-ACT
binding for 1-2
interaction

cPSA antibody cPSA antibody tPSA antibody
(Biospasific) (Alpha (Serotec)

Diagnostics)

Figure 3.23. Testing the cPSA antibodies from two producers and comparison with the
tPSA antibody from Serotec using QCMA-1 instrument.

As RAM Fc captured cPSA antibodies did not yield high PSA-ACT bindings, instead of
using cPSA antibodies as capture antibodies, they were considered as detection

antibodies for a sandwich PSA-ACT assay. For that purpose, tPSA capture antibody
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(Serotec) was immobilised and after PSA-ACT capture, cPSA antibody from
Biospacific was injected. Although cPSA antibody did bind to PSA-ACT complex,
when compared to tPSA antibody still the affinity was low (Figure 3.24). Due to low
affinity cPSA antibodies will result in high detection limit that prevents their use for

clinical PSA-ACT testing.

120 o sandwich assay with cPSA antibody
m sandwich assay with tPSA antibody

100

80

Pz
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40
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Figure 3.24. Sandwich assay using cPSA (Biospacific) and tPSA (Sertotec) antibodies
after the injection of PSA spiked 75% human serum. The assay was performed using a
QCMA-1 instrument.

To enhance the binding response 40 nm Au nanoparticles were modified with cPSA
antibody and the assay was repeated. Unfortunately this time no binding of cPSA

antibody modified Au nanoparticles were observed after PSA-ACT capture. This

prevents to reach the clinically required detection limits for the PSA-ACT assay.

In our study we considered to incorporate either fPSA or cPSA assay next to the tPSA

assay to detect tPSA and cPSA/fPSA real time simultaneously. For this purpose fPSA

170

Y. Uludag - Cranfield University - PhD Thesis



Development of an affinity sensor for PSA Detection

and cPSA antibodies were purchased from two companies and their performance were
investigated. It was found that fPSA antibodies do not bind to PSA whatever the assay
method used. And cPSA antibodies (raised in mouse) from both manufacturers bind to
PSA-ACT complex if captured on Rabbit anti-mouse IgG surface or used as detection
antibodies for sandwich assay. However, the affinity of both cPSA antibodies is very
lo§v and also if the antibodies are used for Au modification they lose their activity.
Hence cPSA antibodies from Alpha Diagnostics and BiosPasific were found in this

study using the conditions listed to be unsuitable for complexed PSA detection.
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- 3.4.8 Test of patient samples

Patient (from Bedford Hospital NHS Trust) and healthy volunteer (from Cranfield
University staff) samples were collected for two different studies to be conducted by
Emmanuel Nna and the study described in this thesis. Emmanuel Nna performed tests
on patient urine and blood samples using genetic engineering tools to perform
molecular profiling of prostate cancer. Although the blood samples from controls were
processed as serum, the blood samples from Bedford Hospital NHS Trust were
processed as plasma. Plasma is a yellowish liquid containing fluid portion of blood in
which blood cells and fibrinogen are suspended. Serum is the plasma without fibrinogen
or other clotting factors. As the QCMA-1 assay was optimised to perform assays to
detect PSA in serum, the plasma obtained from patients’ blood caused major problems
while testing patient samplgs. Plasma and serum samples were kept at -80 °C for storage
and after thawing the frozen plasma for use, some particulates were found in the
solution. The QCMA-1 device has a microfluidic system and does not tolerate the use of
liquids with particulates as they may block the microfluidic channel. Therefore the
plasma samples were spinned for a miﬁute at 5000 rpm and the supernatant was used for

the QCMA-1 assay.

Serum or plasma obtained from patients and healthy volunteers were injected to tPSA
capture antibody immobilised QCMA-1 sensor surface. Later, as a sandwich assay tPSA
detection antibody modified Au nanoparticles were injected and the frequency changes
due to binding of nanoparticles were recorded. Then tPSA concentrations were
calculated using the calibration curves and equations from Figure 3.19 and plotted
against the tPSA concentration obtained from ELISA at Bedford Hospital NHS Trust
referral. As seen from the Figure 3.25, while all the control serum samples from healthy
volunteers had concentrations of PSA below 2.5 ng mL™, patient samples had much
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higher PSA concentrations. Although 60 samples were collected from patients only 11
of them were tested using the QCMA-1 device. The reason for that was, although
plasma samples were spinned this was not enoﬁgh to get rid of all the fibrinogen and it
was observed that after the assay sensor surface regeneration was not possible as
fibrinogen was stuck to the sensor surface. Therefore, a new sensor chip needed to be
used for each sample. As the there was limited amount of antibody available for the
tests after the 11™ sample testing was stopped. The fibrinogen not only prevented
regeneration of the sensor surface but also as it blocked some of the sensor surface,
reduced the sensitivity of the test. It was presumed that this led to the lower results
obtained from the QCMA-1 test with respect to the PSA concentration measured at the
referral to the hospital. It is important to note that there was time difference between the
PSA test at referral and blood collection from the hospital for the QCMA-1 test;
therefore, it was natliral to see some differences in PSA concentration between the two
measurements as PSA concentration may alter from day to day. Keeping these in mind,
still the QCMA-1 test was able to distinguish the healthy samples from the patients as
seen from Table 3.5 and Figure 3.25. Only one of the patient samples had a PSA
concentration of more than 100 ng mL™", the rest of the patient samples had PSA
concentrations between 4 to 20 ng mL™. Although there was problems in testing due to
the obtained plasma instead of serum as described above, still PSA levels were
significantly lower in the Cranfield University volunteers and below the clinical level
(2.5 ng mL™") compared to patienf groups in Bedford Hospital NHS Trust showing that
QCMA-1 device has potential to be used for PSA testing (Figure 3.26). To get more -
accurate results sample handling has great importance and optimisation of sample

preparation is considered as future work.
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Table 3.5 The summary of the results obtained from the testing of patient and control

samples using QCMA-1 sensor.

Results Healthy controls Patients
Average age 57+5 63+ 4

*
Average PS_'A _ 0.9+ 0.2 ng mL"1 7.8+ 4.7 ng mL"1
(measured using QCMA-1 biosensor)

*
Range of PSA 0.6to 12ngmL"l  3.8to 199 ngmL 1
(measured using QCMA-1 biosensor)
Average PSA at referral (ELISA) - 11.6 £23.9 ng mL"1
Range of PSA at referral (ELISA) - 4.6 to 23.9 ng mL"1

~Excluding the results from patient 1 as it was a very high PSA result.

140 -

Patient 1 Patient 2

H1 PSAat referral (ngm I') 9 QCMA-1 test result

Figure 3.25. The tPSA concentration results of patient and control samples obtained
using QCMA-1 instrument was plotted against the results obtained from ELISA test at
referral from Bedford Hospital NHS Trust.
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Figure 3.26. The tPSA concentration results of patient and control samples obtained
using QCMA-1 instrument was plotted against the results obtained from ELISA test at
referral from Bedford Hospital NHS Trust.
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3.5 DEVELOPMENT OF AN SPR SENSOR FOR RESULTS AND
DISCUSSION FOR BIACORE 3000 ASSAY

3.5.1 Determination of non-specific binding to the sensor surface

Bare gold Biacore sensor chips were iniﬁally coated with MUDA and PSA capture
‘ antibody and mouse IgG were immobilised using conventional EDC-NHS chemistry as
reported in the methods section in this chapter. PSA capture antibody immobilised
sensors produced an average response of 1247 + 95 RU and mouse IgG immobilised

sensors produced response of 2270 + 120 RU (Figure 3.27).
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Figure 3.27. Sensorgram of PSA capture antibody (active, three flow cells) and mouse
IgG (control, one flow cell) immobilisation on an MUDA coated Biacore sensor chip.

Initially the specificity of the detectibn was tested by performing several assays using
both PSA capture antibody and mouse IgG immobilised sensor surfaces and the .
summary is displayed in Table 3.6. A 30 pl 75% human serum was injected on mouse
IgG immobilised sensor surface and subsequent injections of either PSA detection
antibody or PSA detection antibody modified Au nanoparticles showed the degree of
nonspecific binding. The non-specific binding responses were subtracted from the data

to get net antigen binding results and these were presented in the following sections.

176

Y. Uludag - Cranfield University - PhD Thesis



Development of an affinity sensor for PSA Detection

‘Additionally 75% human serum was injected over the PSA capture antibody
immobilised surface and subsequent injection of PSA detection antib;)dy (or its Au
nanoparticle conjugates) showed the degree of response due to the existing PSA antigen
in the serum. The concentration of natural PSA in the serum was lower than the
detection limit of the sandwich assay therefore there was no difference in PSA detection
antibody binding either it was injected directly to the PSA capture antibody
immobilised sensor surface (14 £ 3 RU) or after the serum injection (13 + 6 RU).
However the detection limit of sandwich assay with PSA detection antibody modified
Au nanoparticles (20 nm or 40 nm size) were lower therefore the binding of PSA
detection antibody modified Au nanoparticles gave higher responses on PSA capture
antibody immobilised and serum injected surfaces with respect to ﬁouse IeG
immobilised and serum injected surfaces. For example, the binding of tPSA detection
antibody modified 40 nm Au nénoparticles after the injection of 75% humaﬁ serum
resulted in 376 £+ 10 RU response on PSA capture antibody immobilised surface, very
small portion of this result was non-specific binding (2 £ 6 RU) the rest was due to the
tPSA content of the serum obtained from Sigma. While creating the calibration curve,
this response was deducted from the responses obtained to get the binding results of the

tPSA spiked serum.
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Table 3.6. The results of the non-specific binding determination for all different assay

formats.
Sensor
PSA capture . Mou.s? IgG PSA f:apture
surface Mouse IgG . immobilised and antibody
. o antibody . i
immobilised control . - . human serum immobilised and
immobilised active L.
Injected surface surface injected control human serum
surface injected surface
sample
5 pg mL! BSA 8+1RU 8+6RU - -
3 pgmL™" anti-PSA
he m- ant 4+2RU 14+3RU 3+£4RU 13 6 RU
detection antibody
PSA detection
tibod dified
antiboty moditie 13+8RU 52+ §RU 34+ 6RU 53 +7 RU*
20 nm Au )
nanoparticles
PSA detection
antibody modified ) ) 2+6RU 376 + 10 RU*
40 nm Au .
nanoparticles

*The biosensor responses include not only non-specific binding but also specific binding of
PSA existent in the serum used for the studies. To get the response from the spiked PSA, this
response needed to be subtracted from the spiked PSA binding responses.
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3.5.2 Detection of PSA in 75% human serum

One main disadvantage of label-free biosensors such as SPR is the sensitivity of the
sensor to any refractive index change of the solution. If an antigen is tried to be detected
from a clinical sample such as serum, refractive index mismatch of buffer and running
buffer becomes problematic. While it is possible to uée a standard, control serum
solution that does not contain elevated levels of antigen as running buffer, it is not
feasible as it is not only costly to consume that much serum for a test but also de-
contamination of the instrument and health énd safety reasons. The only solution to this
problem is to perform a sandwich assay using a detection antibody instead of a direct
assay. Therefore, a sandwich assay approach was followed employing PSA detection
antibody or antibody inodiﬁed 20 nm Au nanoparticles. The PBS buffer containing 200
pg/mL BSA, 0.5 M salt, 500 pg/mL dextran and 0.5% Tween 20 were used to dilute
human serum for the assay to reduce non-specific binding of human sera proteins to the
sensor surface. The contents of this new buffer were obtained after an optimisation
assay using a QCM biosensor as it is described in Section 3.4.5. As it could be seen
from Figure 3.28 that when tPSA spiked 75 % human serum was injected, a high bulk
shift observed around 12 000 RU due to the high refractive index of the solution. This
prevents any direct tPSA binding measurements; however, subsequent injecﬁon of PSA

detection antibody can be detected (Figure 3.28).
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Figure 3.28. Sensorgram of the detection of tPSA spiked in 75 % human serum at
varying concentrations of PSA (2.3 to 150 ng mL"l). After each binding assay the
surface was regenerated with consecutive 60s injections of 0.1 M HCI and 0.02 M
NaOH.

The detection limit of the tPSA assay was improved to 0.5 ng mL for the assay in

buffer and 2.3 ng mL« for the assay spiked in 75 % human serum by using PSA

detection antibody modified 20 nm Au nanoparticles (Figure 3.29).
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Figure 3.29. tPSA at varying concentrations (in buffer or in 75% human serum) were

injected to tPSA capture antibody immobilised sensor surface. For the sandwich assay

tPSA detection antibody or antibody modified Au nanoparticles were injected and the

responses were recorded and calibration curves (A - linear scale; B - log scale) were

obtained.

In most hospitals, the threshold PSA amount is set as 4 ng mL ' and recently there is a

tendency to reduce this threshold to 2.5 ng mL~ (mainly in the USA) (Hamdan, 2007).
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Patients are sent for biopsy if their total PSA level in human serum is above the
threshold value (4 ng mL"1). The detection limit of the PSA assay using 20 nm Au
nanoparticles is low enough to detect 3.1 ng mL"1lin 100% human serum (equivalent of
2.3 ng mL"lin 75% human serum), therefore possibility of reducing the LOD further
using larger nanoparticles were considered and for that purpose the assay was repeated
using 40 nm Au nanoparticles. A sample tPSA detection test using 40 nm Au
nanoparticles is shown in Figure 3.30. Incorporation of40 nm Au nanoparticles instead
of 20 nm lowered the detection limit further to 0.29 ng mL 1(8.5 pM) in 75% human
serum (corresponds to 0.39 ng mL"1in 100% serum) (Figure 3.32 and Figure 3.31). The
summary of the PSA detection assay results obtained using Biacore 3000 biosensor is

listed in Table 3.7.

16000 tPSA spiked
75% serum
14000 -
r
12000 -
10000 -
S 8000
0.1 M HCI
| 6000 - PSA modified Au
a nanoparticles
® 4000 -
2000 - active
control
-2000
-200 -100 100 200 300 400 500 600 700 800

Time (s)

Figure 3.30. Injections of 9.4 ng mL tPSA spiked serum and tPSA antibody modified
40 nm Au nanoparticle on active (blue) and control (red) surfaces.
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Figure 3.31. Binding of tPSA antibody modified Au nanoparticles after the injection of
PSA spiked in 75% serum at varying concentrations, from top to bottom in the order of
150, 75, 37.5, 18.8, 9.4, 4.69, 1.17, 0.29, 0 ng mL"1 on tPSA antibody immobilised
surface and 150 ng mL"lon MIgG immobilised surface.
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Figure 3.32. tPSA spiked in 75% human serum at varying concentrations were injected
to tPSA capture antibody immobilised sensor surface. Later tPSA detection antibody
modified Au nanoparticles were injected and the response changes due to binding of
nanoparticles were recorded and calibration curves (A - linear scale; B - log scale) were

obtained.
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Table 3.7. The summary of the PSA detection assay results obtained using Biacore
3000 biosensor. ’

Sandwich assa Sandwich assay Sandwich assay
Direct assa ith PSA Y | with PSA antibody | with PSA antibody
Y . modified 20 nm Au | modified 40 nm Au
antibody . .
nanoparticles nanoparticles
LOD (ng mL™) 18.8 9.4 0.5 -
PSA in Equation for
buffer st;’n ol oume | Y=072x+034 | y=080x+065 | y =0.59x+158
R?=97)* (R?=0.99)* (R?=0.99)*
PSA LOD (ng mL™) - 18.8 2.3 0.29
spiked in 301121
= . +
75% Eeuation f y=1.04x+003 | y=073x+100 |7 o 16".(")
human | drd curve : R2-098" | (K099 ®=096)
serum CV=5t0149 = 29 -
014% [ CV=Tt022% CV=1108 %

* y =log (response) x = log (concentration)

Although label-free biosensors has several advantages such as ability of real-time,
con\tinuous measuremenfs and no need of a label for sensing; they do have two main
disadvantages as limited sensitivity and the requirement of assay optimisation and
proper use of controls to differentiate non-specific binding from specific especially
while using complex’ matrices. In the current study by means of a matrix elimination
buffer the rion-speciﬁc sera protein binding to the sensor surface was minimised and
relative control experiments were performed to prove the specificity of the bindings.
However, to enhance the sensitivity to obtain clinically relevant results there was a need
to use Au nanoparticle labels that compromises the label-free sensing of the detection
method. Au nanoparticles cause high resonance angle shift due to their participation to
surface plasmon resonance and hence increases the signal obtained from the sensor.
Therefore, the nanoparticle size has an important factor on the degree of signal
enhancement. In the study, while use of 20 nm Au nanoparticles reduced the detection

limit 8 times, the use of 40 nm Au nanoparticles lowered the detection limit 65 times

with respect to the sandwich assay with detection antibody. The signal enhancement
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between 20 nm and 40 nm nanoparticles is 8 times that correlates very well with the 8

times difference in their volume.

Since the detection limit of the tPSA assay is low enough to detect 0.29 ng mL™" (8.5
pM) in 75% human serum (corresponds to 0.39 ng mL™" in 100% serum), it is possible
to perform tPSA assay using Biacore instrument to determine the total PSA level in

patient’s serum.

Huang et al. performed PSA assay in 50% human serum and to reduce the non-specific
binding of serum proteins they tested different- percentages of thiols to form a mixed
SAM (16-mercapto-1-hexadecanoic acid and 1mM 11-mercapto-1-undecanol) (Huang
et al., 2005). They found the optimum mixed SAM concentration as 10% 16-mercapto-
1-hexadecanoic acid to obtain non-specific binding of ca. 500 RU for 50% human
serum. They only preferred to state that using the mixed SAM it was possible to detect
PSA binding-if spiked in 50% human serum, however they did not perform further
assays to determine LOD. As a further assay Huang ef al. used streptavidin modified
gold nanoparticles to enhance the signal and obtained 1 ng mL™ detection limit for PSA
assay in buffer (Huang et al., 2005). In another study, Cao ef al. performed a sandwich
assay for detection of PSA-ACT complex using Biacore 2000 and th_e detection limit
they obtained for PSA-ACT spiked in 10% human serum was 18.1 ng mL" (Cao et al.,
2006). Another study performed by Besseling ef al. consists of two step signal
enhancement process including sandwich assay with rabbit anti-PSA antibodies and
further binding of goat anti-rabbit IgG modified Au nanoparticles (10nm) (Besselink et
al., 2004). A 30 minutes static assay using IBIS SPR biosensor (IBIS Technologies,
Hengelo, vNetherlands) resulted in LOD of 0.15 ng mL™ for PSA assay in buffer. The
experimental conditions vary between the assays significantly such as, assays in static
or in flow, temperature, assay time and the antibody used against PSA and SPR
| 185 |
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instrument used (Table 3.8). All these contribute to the assay sensitivity and hence make
it difficult to compare the results effectively. If we compare the current study with
published ‘data briefly, as stated above after 6 minutes total reaction time, we obtained
LOD of 0.29 ng mL™ in 75% human serum; indicating that our optimised PSA assay

outperforms the assays performed by other researchers using SPR instruments.

186

Y. Uludag - Cranficld University - PhD Thesis



L81

SISO L (TUd - ANsIoAtf) plaguer) - Sepnin X

(8002 s g ] —_— - o 20BJINS H:m_,m
“[e 19 10YD) L ‘woneogidure sponredousu ny wWuQg Vsd
(yooz “1e aoeyms Teue[d
- Sucr 3
30 Jurjassag) oL TR SEST0 - TH 5109 ‘uonjeoyjdure s[ontedousu ny wu(| Vsd
(s00t aoeyins Jeue[d
- 8 8
“[e 30 Sueny) 6l TSR TSR 01 ‘uoneoyridwe s[onredouru ny wWuQg Vsd
(sooz LOV-VSd
- Sugr -
“I2 19 SUdIaES) m el TR ST 610 SIRHINS SND ®VSd
(soot . LOV-vSd
- Su ¢ -
S up Z| (T Su m € doeyms teueld PVS
9oeINs
(LooT Teueld ‘uvoneosyrdwe sponredoueu
- w . w . . - - (5
‘ung pue oe)) uur g1 - TWSU LT0°0 | . TW 68U 6°08 0V WuQz ed pazijeuonouny LOV-VSd
-Apoquue [euo[oAjod pajjaqel-IH
(900t WnIds %07 _
Suyg Suy -
) umr o1 TSy - T su 01 - T 8u /70T aoeyns reueld | [JV-VSd
muyor WSS 9,6/, - v soejIns Jeue[d
Sug Sug
2% Sepnn it LT suey T AEE0 TR SU 881 ‘woneoygidwe sponedouru ny Wu ()7 vsd
LN o 9 WnIss 9%SL . _ aoeyms reveld | [OV-VSd
2 Sepnin : LT 3u 670 ‘uoneoyIdwe sonsedoueu ny WU o PVSd
BTt Japnq ur
SIDUIYIY uonodeal =~_==uom :.”u.m:a Kesse p2.11p — MMHM—M”MWHMM“H« JAeuy
Kessy 1 dO1 1 dO1 10} O /pue } J 30E) S

"SIOSUASOIq Y JS Sursn pourrojrod armyeron oY) ur Aesse ySJ Jo sojdwexy §°¢ dqe L




Development of an affinity sensor for PSA Detection

3.6 BIACORE 3000 AND QCMA-1 ASSAY COMPARISON

QCMA-1 instrument is a new prototype instrument developed by Sierra Sensors
GmbH. To validate the PSA assay results obtained using QCMA-1 biosensor, a
comparative study with an established commercial biosensor was considered and

Biacore 3000 instrument was chosen for that purpose.

Initially, the interaction kinetic constants for PSA and PSA capture antibody were
calculated using the data created from both SPR and QCM biosensors and results
were compared. The interaction between an immobilised ligand and an analyte
(Figure 3.33 and equation 3.5) can be described in equation 3.6, and this equation
can be transformed into equation 3.7, if it is written in terms of biosensor responses
[R : sensor response (RU or Hz), C : concentration of analyte (M), ka : association

rate constant, kj : dissociation rate constant].

k.
Equation 3.5
A: PSA

B: PSA capture antibody

Figure 3.33. The figure shows the binding of an analyte to an immobilised ligand on
the sensor surface. After the immobilisation of antibody it is presumed to have one
binding site available to bind; therefore, 1:1 interaction model where one molecule
(A), reversibly binds to another (B) can be used for kinetics calculations (equation
3.5).
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d_[dAtﬂ =K, .[A] . [B]- kq . [AB] Equation 3.6

M — K, .C. [Rumax-R]-ka. R Equation 3.7

Ta

In the study, kinetic calculations were performed using BIAevaluation software
(version 4.1, GE Healthcare) that uses the equations above and enables to fit the data
to interaction models. The PSA binding to the PSA capture antibody immobilised
surface was tested in a concentration range between 4.7 to 150 ng mL™ and PSA
binding response curves were then fitted to 1:1 Langmuir binding model to
determine the binding association and dissociation rates (Rich and Myszka, 2009),
from which Ky value was calculated as 9.46 x 10 M using SPR instrument and
5.56 x 1071° M using the QCM sensor (Table 3.9). These two results are close to each.
other and prove that the affinity between PSA and PSA-capture antibody is in the
region of 107'® M. Comparing these results with those achieved by other authors
indicate good sensitivity of the assay with the used antibody. Karlsson et al.
calculated the affinity of anti-PSA antibody towards PSA as 3.3 x 10° M (antibody
from Fitzgerald Industries Int., clone M212091) (Karlsson et al., 2006). Katsamba et
al. calculated the affinity as 1.1 x 10° M (antibody from Fitigerald Industries Int.,

clone M612166) (Katsamba et al., 2006).
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Table 3.9. Results of kinetic calculations for PSA direct assay and detection limits
using SPR and QCM biosensors.

SPR QCM
Kp 946 x10'°M 556 x 101°M
Ka 2.08 x 10" M's? [ 1.23 x 10" Mg
kq 1.97 x 109 &1 6.83 x 10 s
Rinax 110 RU 108 Hz

The activity of the QCM and SPR sensor surfaces were evaluated by comparing the
theoretical and experimental maximum response obtained from the PSA binding to
immobilised anti-PSA antibody. Using equation 3.8, the theoretical maximum
responsé can be calculated for the binding of an analyte to a ﬁgand (Rmax = response
due to analyte binding; MW anaiyteigana = molecular weight of analyte [PSA, 33 000
Dalton] or ligand [PSA antibody, 150 000 Dalton];leigand = response obtained from
the immobilisation of the ligand; Vigse = valency of the ligand, proposed

stoichiometry of the interaction) (Biacore, 2003b).

Rmax _MWanaiyee Riivand X Viioand Equation 3.8
MWllgand tgan tgan

After the immobilisation of PSA antibody it is expected to have one binding site
available to bind to PSA, therefore Viigaq is assumed as 1. For the assay performed
using SPR biosensor, the theoretical Ruqx calculated as 274 RU using equation 1 and
experimental Ry, obtained as 110 RU, indicating 40% activity of the antibody
immobilised surface. For the assay performed using QCM biosensor, the theoretical

Rnmax calculated as 84 Hz using equation 1 and experimental Ry, obtained as 108 Hz
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that corresponds to 129% activity. It is recorded in the literature that, the mass of the
analyte calculated using QCM response exceeds the mass response obtained with
optical techniques, and this phenomenon is‘ explained due to ‘the viscosity of the
buffer between the bound analytes and the rigidity of the analyte layer (Hook et al.,
2002).

To compare the assay results of both QCM and SPR assay results further, the direct
and sandwich PSA assay results in buffer using both instruments were plotted against
each other. Direct and sandwich assay results obtained from SPR and QCM
instrument produced a linear lines with R* values 0.98 and 0.99 respectively (Figufe‘
3.34 - A), additionally sandwich assay in 75% human serum using 40 nm Au
nanoparticles gave R? value of 0.98 (Figure 3.34 - B). This outcome indicates that the
assay results of both instruments are in line with each other and both instruments can
be used to detect clinical samples in high serum concentrations by performing a
sandwich assay to get away from interferences from the complex media either as
refractive index or viscosity/density changes. The comparison of the results obtained

using both QCM and SPR biosensors can be found from Table 3.10.
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A
Sandwich assay
200
y = 0.85x - 3.37
R2=0.99
150
Direct assay
0 50 100 150 200 250
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B
500
y = 0.00x + 17.95
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"7 200
100
0
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Figure 3.34. The comparison of Biacore 3000 (x axis) and QCMA-1 (y axis)
responses for (A) PSA direct and sandwich assays in buffer and (B) sandwich assay
using 40 nm Au nanoparticles in 75% human serum. Each data point corresponds to
responses obtained from the biosensors using a different PSA concentration (2.9 -

150 ng mL']).
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3.7 CONCLUSIONS

In this chapter, a preliminary study was described for the use of QCMA-1 biosensor
to perform the PSA detection assay and then the results obtained were validated and

compared using a commercial biosensor (Biacore 3000).

There is a significant difference in the limit of detection when buffer dr clinical
sample (serum) was used as the assay media. The change in the detection limit, when
clinical samples are used, is mainly due to the lower signal to noise ratio resulting
from the high non-specific binding of sera proteins/antibodies to the sensor surface.
This is especially noticeable when label-free biosensors are employed, and this
prevents researchers from the use of high concentrations of human serum. Therefore,,
most analyses are conducted using concentration of human serum in the range 10 to
50 % (Cheng etval., 2008; Kurosawa et al., 2004; Situ et al., 2008). In the current
study we investigated the use of additives in the bﬁffer to minimize the adsorbtion of
sera prdteins to the sensor surface. For that purpose a new buffer was formulated to
eliminate 98% of the non-specific human sérum protein binding to the .sensor
surface. Using this new formulated ‘matrix buffer’, the detection of PSA
concentrations down to 0.29 ng mL™” in 75% serum was achieved with a linear
detection range of 0.29 -150 ng mL" using both instruments with Au nanoparticles
employed for sensitivity enhancement. Both QCMA-1 and Biacore 3000 PSA
binding data fitted to 1:1 Langmuir binding model and Kp, calculated in the region of
1071 M for both. The achieved results indicate that data obtained from both QCMA-
1 (Sierra Sensors GmbH , Germany) and Biacore 3000 (GE Healthcare, Sweden)
instruments are compatible with each other and additionally both instruments can be

used for the fast and easy detection of PSA in patient samples.

194

Y. Uludag - Cranfield University - PhD Thesis



Development of an affinity sensor for PSA Detection

In the study incorporation of fPSA, cPSA and PSMA immunoassays to the prostate
cancer detection test was considered. For this purpose fPSA and c¢PSA antibodies
were purchased from two companies and their performances were investigated.
PSMA and fPSA antibodies did not work for the assay at all and the affinity of cPSA
antibodies were very low and not suitable for the assay. This result very clearly
shows that the performance of the biosensor assays depend on the performance of the

antibodies used for the immunoassay.
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- CAPACITIVE BIOSENSOR DEVELOPMENT FOR PSA

DETECTION
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4 CAPACITIVE BIOSENSOR DEVELOPMENT FOR
PSA DETECTION |

In the study two label-free biosensors, piezoelectric (QCM) and optical (SPR) were
applied for the detection of PSA. As an addition to these, a label-free electrochemical
sensor in the form of capacitive sensing was also investigated. Capacifive biosensors
have potential to be miniaturised and turned into a hand held device for point-of-care
sensing. A collaboration study was performed with Sabanci University (Istanbul,
Turkey) where capacitive sensor chips were fabricated and tested. Capacitive
biosensors chips do consist of interdigitated electrode (IDE) arrays and were
fabricated with conventional microelectronics-micromachining technologies on
silicon wafers in a class 1000 clean room. Later IDE arrays were utilised for the

detection of PSA using a network analyzer or an LCR meter.
4.1 MATERIALS AND INSTRUMENTATION

Mercaptoundecanoic acid (MUDA), spectrophotometric grade ethanol, potassium
ferricyanide, phosphate buffered saline (PBS, 0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride, pH 7.4), bovine serum albumin
(BSA), ethanolamine, N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) were purchased from Sigma-Aldrich
(Interlab A.S., Istanbul, Turkey). Potassium chloride (KCl) and tetracthoxy silane
was purchased from Fisher Scientific. PSA, anti-PSA detection and capture
antibodies were bought from AbD Serotec, (Kidlington, UK). Ultrapure water
(18 MQ cm~") was obtained from a Milli-Q water system (Millipore Corp., Tokyo,

Japan).
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For capacitance measurements Agilent-8720ES S-Parameter Network Analyzer (CA,
US) (Figure 4.1 - A), Karl-Suss PM-5 RF Probe Station (Figure 4.1 - B) and 41R
LCR meter from CHY FirematenC (Taiwan) were used. For cyclic voltammetry
BAS-Epsilon potentiostat was employed. Gold coated interdigitated electrode arrays
(IDA) (Figure 4.1 - C), were fabricated on silicon wafer or glass slide using
lithography techniques in a class 1000 clean room. Length of each electrode is 750

microns and the width and the distance between the electrodes is 25 microns each.

Figure 4.1. (A) Agilent-8720ES S-Parameter Network Analyzer. (B) Karl-Suss PM-
5 RF Probe Station (C) Interdigitated electrode arrays on a silicon wafer.
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42 METHODS

4.2.1 Fabrication of IDEs

For the design of interdigitated electrodes (IDE), two arrays of electrodes with comb
shape were utilised. Interdigitated electrode arrays were fabricated with using
conventional microfabrication technologies on standard glass slides and silicon
wafers in a class 1000 clean room (Sabanci University, Turkey). Initially, the
substrates were cleaned in a piranha solution (sulphuric acid: hydrogen peroxide,
3:1) and rinsed with copious amount of DI water. Then lithography techniques were
applied to create the image of the electrodes on the substrate by photoresist coating
and UV exposure using a template. The substrate was sputtered with Ti (~30nm) and
Au (~200nm) which was followed with a lift off process to create the interdigitated

electrodes (Figure 4.2).

Photoresist application on substrate

I

UV exposure using a template and
washing the substrate in developer
solution

I

Tiand Au sputtering

VI

Formation of IDEs after lift off process

Figure 4.2 Schematics of IDE fabrication on substrates.
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4.2.2 Surface chemistry application

The silicon wafer/glass slide was plasma cleaned with argon plasma for two minutes
using a plasma etcher. The silicon wafer/glass slide was then transferred to the SAM
deposition Petri dish filled with 2 mM MUDA or 2 mM epoxy silane solution. The
Petri dish was covered with aluminium foil and incubated overnight at ambient
temperature. Next morning the silicon wafer/glass slide was rinsed with ethanol and
water and dried with nitrogen stream. The SAM coated sensors were plaCed in a Petri
dish and stored in the fridge till further use. If further blocking of the silicon surface
was required, the SAM coated silicon wafer was incubated with a silane solution for
2 hours at ambient temperature. After rinsing the silicon wafer/glass slide with
methanol and deionised water, then it is dried with nitrogen stream and sfored in the

fridge for further use.
4.2.3 Sensor surface preparation and antigen binding

Sensor surfaces were prepared by immobilising mouse anti-PSA capture antibody on
interdigitated electrodes (IDE) that were coated with MUDA or epoxysilane. The
immobilisation was achieved using conventional amine coupling chemistry for
MUDA coated>sensors. Sensor surfaces were first activated with 2 pl 1 : 1 mixture of
400 mM EDC and 100 mM NHS, prepared in 0.22 pm filtered deionised water, and
mixed immediately prior to use (final concentrations: 200 mM EDC and 50 mM
NHS) for 5 minutes. Then 2 pl, 30 pg mL™ PSA capture anﬁbody (in sodium acetate
buffer, pH 5.5) was placed on electrodes and incubated for 60 minutes at room
temperature. The surface then blocked with 2 pl, 50 pg mL™' BSA iﬁ PBS for 30
minutes. Non-reacted NHS esters were capped with 1 M ethanolamine, pH 8.5 for 5

minutes. Between each process the IDEs were washed with PBS (pH 7.4) and
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deionised water, then dried with a nitrogen stream. The capacitance measurements
were taken before and after the immobilisation using network analyzer and probe

station.

After antibody immobilisation process the sensor surface was ready for antigen
binding experiments. PSA was diluted at specified concentrations in PBS buffer
containing 5 pg mL'I BSA. A 2 pi PSA at specified concentrations was placed over
PSA detection antibody and anti-CRP immobilised surfaces for 30 minutes to allow
binding. The IDEs were washed with PBS and deionised water and dried using a
nitrogen stream. The capacitance measurements were taken after antigen binding
using the network analyzer and probe station. A 2 pi PSA detection antibody (1.5 pg
mL"1) was then placed on the PSA bound surfaces to perform a sandwich assay (30

min) (Figure 4.3). After drying the IDEs, the capacitance measurements were taken.

For the continuous assay measurements in buffer, the capacitor was dipped in an
Eppendorf containing 400 pi buffer and the assay was performed by changing the
buffer with assay reagents as mentioned above. And the capacitance measurements

were taken real-time using an LCR meter connected to a computer.

tPSAdetection antibody

tPSAantibody

Active sensorarray antibody Control sensor array

Figure 4.3. The schematic of PSA detection assay.
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4.2.4 Capacitance measurements using network analyzer and probe station

The experiments were performed using an Agilent-8720ES S-Parameter Network
Analyzer and Karl-Suss PM-5 RF Probe Station. Network Analyzer was calibrated
using SOLT (short-open-load-through) method and S-Parameter data of the capacitor
were measured. The frequency range tested was between 0.05 GHz to 6 GHz using
the probe station (Figure 4.4) and the network analyzer. After the measurements
taken the capacitance of the IDA was calculated using equation 4.1 (Xc = capacitive
reactance in ohms, (Q); / = frequency in Hertz, (Hz); C = capacitance in Farads,
(F); n = (pi) = 3.142). To ease the complicated calculation process, an excel template
was created that automatically recalled the data from the folders and calculated the

capacitance for the frequency range (0.05 - 6 GHz).

Equation 4.1

Figure 4.4. Measurement of the capacitance of an interdigitaded electrode using

probe station.
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4.3 RESULTS AND DISCUSSION

4.3.1 Capacitive biosensor development using network analyzer and probe

station

Agilent Network Analyzer and Karl Suss probe station instruments were employed
as capacitive detection platform for PSA detection. In the current study interdigitated
electrodes (IDE) consist of two arrays of electrodes with comb shape were utilised.
Interdigitated electrode arrays were fabricated with conventional microelectronics-
micromachining technologies on silicon oxide wafers in a class 1000 clean. room.
Interdigitated electrodes with three surface chemistries were fabricated and tested to

compare their assay performances:

a. Wafer A: Silicon oxide surface between the Au electrodes was modified with
epoxy silane for antibody immobilisation and Au coated electrodes were left
blank

b. Wafer B: Au coated electrodes were modified with MUDA for antibody
immobilisation ‘

c. Wafer C: Au coated electfodes were modified with MUDA for antibody
immobilisation and silicon oxide area between the electrodes was blocked

with a blocking silane (tetra-cthoxy silane)

Capacitances of the IDEs were measured before and after surface modification at the
frequency range 0.05 — 6 GHz (Figure 4.5). The capacitance change due to surface

modification varies between different capacitors as seen in Figure 4.6.
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coating After SAM
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Figure 4.5. Capacitance measurement of two IDEs number 1 (A) and 2 (B) before
and after SAM coating. Measurement taken using a network analyzer and a probe
station.
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Figure 4.6. Capacitance measurements of 6 IDEs were measured before and after
SAM coating and the results were subtracted from each other to obtain the
capacitance change due to surface modification. There is large variation in the

capacitance change between different sensors.

The capacitance change due to PSA capture antibody immobilisation was in the
range of40 pF apart from two capacitors, which showed 100 and 180 pF capacitance

change (all at frequency IGhz) (Figure 4.7 and Figure 4.8).
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After immobilisation
After immobilisation

C 1500
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Figure 4.7. Capacitance measurements of two IDEs, number 1(A) and 2 (B) before
and after anti-PSA antibody immobilisation. Measurement taken using a network

analyzer and a probe station.

0.5 0.7 0.9 1.1
Frequency (GHz)

Figure 4.8. Capacitance measurements of 6 IDEs were measured before and after
antibody immobilisation and the results were subtracted from each other to obtain the

capacitance change due to surface modification.

After antibody immobilisation, PSA at varying concentrations were bound to the
capacitor surfaces and again capacitance changes were measured. For each
concentration of PSA three IDEs were used. As seen from Figure 4.9 and Figure
4.10, the capacitance measurements of the IDEs coated with epoxy silane and

MUDA (without silane blocking) were not correlated with the PSA concentration.
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Additionally the data points for each concentration of PSA showed varying results

and not consistent within each other.

30
+ YYY

25 - A
20

15

10

Oagooecosma Vv

o 1l 1 1 1 .11 11 —EE'"F -
0o o0 o0 23 23 23 94 94 94 37.537.537.5 150 150 150

PSA concentration (ng ml'l)

m antigen binding secondary antibody binding

Figure 4.9. Silicon wafer A: Silicon oxide surface was modified with epoxy silane
and Au electrodes were left blank. The plot shows both antigen (PSA) and secondary
antibody (PSA detection antibody) binding responses of the capacitor measured at
2.8 GHz.

S’ 35

9 25

0 0 0 23 23 23 94 94 94 37.537.537.5 150 150 150
PSA concentration (ng/ml)

mantigen binding  msecondary antibody binding

Figure 4.10. Silicon wafer B: Au electrode was modified with alkanethiol (MUDA)
and silicon oxide layer between the electrodes were left blank. The plot shows both
antigen (PSA) and secondary antibody (PSA detection antibody) binding responses
ofthe capacitor measured at 2.8 GHz.
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Out of three wafers with different surface chemistries, only wafer C (gold: MUDA,
SiOz: blocked with ethoxy-silane) gave reasonable results; the capacitance sensitivity
change was correlated with the increase in PSA concentration (Figure 4.11).
Although this result indicated that immobilisation of the antibody on to alkanethiol
modified Au electrode and blocking the area between the electrodes with a blocking
silane was the best method to get results from the IDE array, the coefficient variation
(CV) of the data points were as high as 159%. To investigate if poor reproducibility
was the result of the assay method or the weaknesses of the measurement using the

probe station, further investigation was conducted as described in the next section.
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70
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»nPFOVCEH — Arth

o o
[ N

50 100 150 300 control

PSA(ng mC1)
mantigen binding «secondary antibody binding
Figure 4.11. Silicon wafer C: Au electrode was modified with alkanethiol (MUDA)
and silicon oxide layer between the electrodes were blocked with tetra-ethoxy silane.

The plots show both antigen (PSA) and secondary antibody (anti-PSA) binding
responses of the capacitor measured at 2.8 GHz. (n=3)
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4.3.1.1 Investigation of the possible problems with the capacitance measurement

using network analyzer andprobe station

The reproducibility of the capacitance measurements using probe station was tested
by measuring the capacitance of each capacitor by two users separately. In the
previous section it was already shown that the standard deviation of capacitance
measurements between the IDEs were quite high although same person used the
probe station for measurements; in this occasion the objective was to find out if the
capacitance measurement was also ir-reproducible if performed by different users.
As seen from the Figure 4.12, the measurement difference between the users were up
to 119 pF, indicating that capacitance measurement using the probe station was also
highly dependent on user. Possible reasons to the variability of measurements might
be:

e The pressure applied to the probe affects the reading from the network

analyzer.
* The touch of probe damages different areas of SAM at each measurement

which can alter the reading at subsequent measurements.
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y 180

100 101 102 103 104 105 106 107 108
Figure 4.12. Capacitance of each interdigitated electrode of the array was measured

by two users.
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~ The poor reproducibility of capacitance measurements has been stated as a common
problem by a review paper published on 2001 by Berggren‘ and colleagues:
“....reproducibility constituting a major problem. A significant amount of sensors did
not give any signal at all and for the others the reproducibility was around 3060 %.
It is believed that the problem mainly is due to the immobilization of the
biorecognition elements. If it is not compact and insulating, the responses will be low
or not seen at all, but on the other hand the capacitance must be high in the insulating
layer in order not to dominate the total capacitance.” (Berggren, Bjarnason and

Johansson, 2001)

In a recent paper in 2009 Carrara and colleagues has described the problems with the
capacitor sensors and this indicates that the problems with capacitive biosensors do
still continue: “The ideal capacitance behaviour of a sensing probe has to be stable,
sensitive and highly specific. Unfortunately, published data usually présent a large
time drift, resulting in a large standard deviation, largely scattered data points, poor
reproducibility from electrode to electrode, and interface behaviour not so close to

that of an ideal capacitor.” (Carrara et al., 2009)

Since the measurement using probe station was not resulted in reproducible and high
quality reading, new IDE array capacitor and connector needed to be designed to
overcome this problem. Additionally, measurement using probe station prevents the
use of any buffer during the measurement, and with the new design this problem also
needed to be solved. The quotafion above from the review of Berggren et al. suggests
that the quality control of surface chemistry is essential to obtain good quality and

highly insulated sensor surface that has immense affect on the réproducibility of the
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results. Therefore, new IDE array capacitor design also need to allow cyclic
voltainmetry measurements as a quality control measure for the coated surface of the

capacitors.

4.3.2 Development of a new sensor chip and the connection unit

In this part of the study, interdigitated electrode arrays were designed, fabricated and
used as a capacitive label-free biosensor for cancer biomarker detection.
Interdigitated electrodes (IDE) used in the study consist of two arrays of electrodes
with comb shape. Length of each electrode is 750 pm, width is 25 pm and the
distance between two electrodes is 25 pm. An array containing nine IDEs were
fabricated with conventional microfabrication technologies on standard glass slides

in a class 1000 clean room (Figure 4.13).

Figure 4.13. Interdigitated capacitor array design on a glass slide.

IDE fabricated glass slide was connected to a 41R LCR meter (CHY Firemate C.,
Taiwan) with help of a PCB. The PCB contained nine switches and enabled

measurement of one capacitor at a time. The capacitance of each part of the custom
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prototype was measured to assess the effect of the PCB and connectors to total
capacitance measured. Also the capacitance of dry and buffer (PBS) dipped
electrodes were measured for comparison (Figure 4.14). As seen from the Table 4.1,
there was big difference (20,000) in capacitance between wet (nF range) and dry
IDEs (pF range). The capacitance measurement while IDEs dipped in PBS resulted
in around 40 nF capacitance, and as it was around 3000 times higher than the total
capacitance of the PCB and connectors, the only influence to the capacitance would
be the changes in the surface properties of IDEs. Therefore, capacitance

measurements performed while IDEs dipped in PBS for the further experiments.

Capacitance: ~ 6 pF

Total Capacitance of
device except IDEs:
~ 13 pF

Capacitance: ~4 pF

Capacitance: ~ 3 pF

Capacitance: ~40-70 nF Capacitance: ~ 2pF
in PBS dry

Figure 4.14. Capacitance measurements of different parts of the biosensor platform
developed. Capacitances of IDEs were measured in dry or wet (IDEs dipped in PBS)

conditions.
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Table 4.1. The summary ofthe capacitance measurements obtained from the parts of

custom prototype.

Total capacitance of all connectors
Capacitance of IDE

IDE capacitance to connector

capacitance ratio

Wet Dry
measurement measurement
-13 pF ~ 13 pF
Min. 40 nF ~2pF

3077 0.15

Difference

20,000 times

20,000 times

The capacitance measurements using network analyzer and probe station suffered

from irreproducible measurements. For comparison, the reproducibility of the

capacitance readings were tested using newly developed custom prototype. The

variation between the consequent measurements of the same capacitor (Figure 4.15)

and the measurement differences between different capacitors (Figure 4.16) were

minimal.

sensor 1 sensor 2

sensor 3

sensor 4

sensoro

sensor 6

Figure 4.15. The capacitance of each sensor on a glass slide was measured at 1 kHz

using an LCR meter.
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slide 1 (n=3) slide 2 (n=4) slide 3 (n=6)

Figure 4.16. Capacitances of all the sensors in three glass slides were measured at 1

kHz using an LCR meter.

4.3.2.1 IDE surface chemistry

The newly designed Au electrode surfaces were first modified with an alkanethiol
monolayer and glass slide was modified with a blocking silane to prevent non-
specific binding of antibody and antigen to the surface. Cyclic voltammetry was used
to characterize the SAM coated IDEs. Cyclic voltammetry measurements were
performed with a BAS Electrochemical Analyzer. In this study 1 mM potassium
ferricyanide prepared in 1M KC1 was used as an electroactive marker for cyclic
voltammetry measurements. The gold electrode surface of the IDE forms the
working electrode. After the IDEs dipped in to potassium ferricyanide solution, for
reference Ag/AgCl wire and for counter electrode platinum wire were used. Scan for

potassium ferricyanide was set to 3 cycles from 0 to 0.5 V.

When an electrode is modified with SAM, insulating properties of the monolayer
causes the peak current to decrease. If the alkanethiol molecule used for self

assembly contains 10 or more alkyl changes (as in the case of MUDA that is used in
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this study), a very compact insulating layer is formed on the electrode surface and
hence the cyclic voltammogram adopts a sigmoidal line shape as microelectrodes.
The reason of this microelectrode resemblance of the cyclic voltammogram is the
imperfections of the monolayer (pinholes) where electron transfer reaction occurs
(Finklea et al., 1993; Janek et al., 1998). More information on the quality control of
surface chemistry using cyclic voltammetry can be found from the Sections 2.2.2.3
and 2.2.3.2. As seen from Figure 4.17, the surface coverage of MUDA coated
sensors/IDEs were in the range of ~ 99%, which provided the perfect insulating

properties and was necessary for further capacitive biosensor measurements.
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Bare Au

After SAM

coating

0.1 0.2 0.3 0.4 0.5

E(V)

SAM deposition: 14.09
No plasma-direct after the sputter

z

SAM deposition: 08.09
z After plasma cleaning

Figure 4.17. A) Cyclic voltammograms for bare Au and SAM coated sensors were

measured using a potentiostat with 1 mM potassium ferricyanide in 1 M KCI1. B) The

cyclic voltammogram of SAM coated sensors were zoomed out. The surface

coverage was calculated as 98 % for the IDEs coated with SAM after metal

sputtering process. The surface coverage was calculated as 99 % for the IDEs that

were plasma cleaned prior to SAM deposition.

4.3.2.2 Continuous assayfor the detection of PSA using capacitance

The measuring principle of capacitance biosensor developed was based on the

measurement of changes in dielectric properties and charge distribution due to
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antibody-antigen complex formed on the surface of an electrode. The capacitance (C)

can be described by equation 4.2; where € is the dielectric constant of the medium

between the plates, €’ is the dielectric constant of free space (8.85419 pF), A the arca

of the plates and d the distance between the platés.
C=¢x&e"%x A/d Equation 4.2

As can be seen from the Equation 4.3, the capacitance of the biosensor consist of
several capacitors in series (Berggren et al., 2001); the capacitance of the SAM layer
that insulates the electrode surface, the capacitance of the recognition layer (antibody
immobilised electrode surface) and the capacitance of the diffuse layer formed by the

buffer contacting the electrode.

1 1 1 : 1
+

Equation 4.3

— 1
- L
Ctotal CSAM layer Crecognition layer Cdif fuse layer

From Equation 4.3 it can be seen that the lowest capacitance dominates the total
capacitance. To prevent the capacitance of the SAM layer affecting the total
capacitance, the SAM layer formation was optimised to obtain maximum surface
coverage and insulating properties. To control the surface coverage properties cyclic
voltammetry experiment was performed using ‘potassium ferricyanide as the
oxidation/reduction reagent. By comparing uncoated and SAM coated electrodes it
was calculated that surface coverage was around 99%. As the surface insulation is
close to perfect, we could assume that total capacitance would be dominated by the
capacitances of the recognition layer and diffuse layer. Antigen binding to the sensor

surface changes the dielectric properties of the sensor surface and the increased
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thickness of the layer would decrease the capacitance of the recognition layer
(Carrara et al., 2009; Jiang et al., 2003). Additionally, bound antigen will displace the
ions of the double layer formed in the diffuse layer and causes a drop of the Caituse
layer (NOvak, 2007). In short the total capacitance of the biosensor decreases due to
antigen binding to the capacitor biosensor and this change is measured for antigen

detection.

Capacitance measurements were taken using a 41R LCR meter from CHY Firemate
C. (Taiwan). The LCR meter was connected to the computer to record the
capacitance results every 10 seconds to obtain continues assay trace (Figure 4.18).
The IDE was dipped to buffer (10mM PBS, pH 7.4) then capacitance measurements
were taken to provide a baseline. Later the immobilisation and antigen binding was
performed by changing the buffer solution with the required solutions and the
capacitance was continued to be measured every 10 seconds (Figure 4.19). After
obtaining continues assay curve the capacitance drop due to immobilisation and
antigen binding was calculated by simply subfracting the capacitance before and after
the immobilisation/binding. PSA antibody immobilisation resulted in 17.9 + 1.8 nF
(n=13) capacitance change. Antigen binding assays were then developed to capture
the PSA molecule in buffer solutions achieving a detection limit of 15.6 ng mL™ with

a linear dynamic detection range of 15.6 - 250 ng mL" PSA (Figure 4.20).
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Record data every 5-10 seconds, save
all the data and transfer to Excel to
create the plotfor continuous assay

result plot

Capacitance
change duc to
antigen binding

Figure 4.18. The schematics of a capacitive biosensor assay. The interdigitated
electrode used was dipped to a buffer solution (PBS) to get a baseline reading, and
then the buffer was changed to assay solutions such as antibody for immobilisation
or antigen for binding (A). The LCR device was connected to a computer (B) and the
readings were taken every 10 seconds throughout the assay process to create a

continuous assay plots (C).

5|jg mL-1BSA

3.1 ng ml-1 PSA

62.5 ng mL' PSA

-10 - 125 ng mL' PSA

250 ng mL' PSA

-20
-100 100 300 500 700 900 1100 1300
Time (s)
Sug/ml BSA 3.1 ng/rrt antigen binding 62.5 ng/ml antigen binding 125 ng/ml antigen binding

250 ng/ml antigen binding

Figure 4.19. Continuous assay trace for binding of PSA to the PSA capture antibody

immobilised sensor surface.
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Figure 4.20. Capacitance changes due to PSA binding to the anti-PSA antibody
immobilised IDEs were plotted with (B) and without (A) control subtraction.

4.3.3 Sensor chip fabrication process

The quality of the IDEs was checked while fabrication process, to ensure a high
quality sensor chips fabrication. For that purpose the microscope images of an IDE
was taken after photoresist application and after sputtering with Au (Figure 4.21).
Both images showed some dark spots and scratches on the surfaces. These indicated
that the piranha cleaning (sulphuric acid: hydrogen peroxide, 3:1) process applied to
the glass slides prior to lithography process was not efficient enough. There could be
two reasons for that; the piranha cleaning process was not performed in a heated
sonication bath that might have enhanced the cleaning process, and secondly the
reagents might be contaminated or shelf lives expired. A short test was also
performed to find out the effect of piranha cleaning to the glass slides. Therefore a
glass slide was sputtered with Au without any prior cleaning and another glass slide
was piranha cleaned prior to metal sputtering. As seen in Figure 4.22, while the un-
cleaned glass slide surface was full of large spots, the piranha cleaned surface had

very few spots. This test clearly showed that the glass slides needed to be cleaned
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effectively prior to lithography process. As the test showed, to fabricate high quality
IDEs, piranha cleaning was required, however this cleaning process need to be
improved. Therefore, it was decided to purchase smaller bottles of hydrogen
peroxide that would be used fresh. Additionally cleaning in a sonication bath would

be considered.

Figure 4.21. The images of interdigitated electrode after photoresist (A and B) and
Au (C and D) coating. Both surfaces had spots and scratch marks.
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Figure 4.22. One ofthe glass slides were coated with Au without any prior cleaning
process (A and B) and the other glass slide was sputtered Au after cleaning with

piranha solution (sulphuric acid: hydrogen peroxide, 3:1) (C and D).

44 CONCLUSIONS

Initially interdigitated capacitor biosensors fabricated on silicon wafers were used as
sensors and capacitance detection was performed using a network analyzer and a
probe station. Although several experiments were performed, due to variable and
irreproducible results, it was decided to change the design of the capacitor sensors
and the detection instrument used to an LCR meter. Later a new interdigitated
electrode array and PCB were designed and fabricated, and the capacitance reading
was performed using a simple LCR meter. This new prototype enabled both
consisted capacitance reading and also enabled the detection to be performed in
buffer. Antigen binding assays were developed to capture the PSA molecule in buffer
solutions achieving a detection limit of 15.6 ng mL"1with a linear dynamic detection

range of 15.6 - 250 ng mL'1PSA.
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S FINAL DISCUSSION AND CONCLUSION!

This thesis covers the development of surface chemistries for sensors platforms and
an affinity sensor for prostate cancer diagnosis using PSA as the protein biomarker in
blood samples. Self assembled monolayers, PAMAM dendrimers, CMD and a new
novel polymer surface developed during the study were considered to immobilise
biomolecules to sensor surfaces. A patent application was registered to protect the
intellectual property of the developed novel polymer surface. Additionally QCM and
SPR sensors were utilised for prostate cancer diagnosis and Au nanoparticles were
used to enhance the sensitivity of the PSA detection tests. A new buffer was designed
to perform the tests in human serum with minimum matrix effects that enabled test of
patieht samples from Bedford Hospital. This thesis has demonstrated the
applicability of different surface chemistries for sensing and in particular introduced
a novel polymer surface for biomolecule immobilisation. In addition this study
showed the suitability of the developed immunoassay for fully automated QCM and
SPR sensors for patient sample testing as an alternative to conventional ELISA type

tests for prostate cancer.

5.1 SURFACE CHEMISTRY DEVELOPMENT FOR SENSORS
FABRICATION

5.1.1 Self assembled monolayer deposition optimisation

The type of surface chemistry used to immobilise biomolecules to sensor chip is
crucial to obtain good detection signal from the device. In the current study initially

SAM surface preparation protocol were optimised and the quality of the surface was
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tested using cyclic voltammetry, contact angle aﬁd AFM measurements. The
cleaning of the gold sensor surface is critical before the application of alkanethiol
adsorption. The minute amount of impurities on the gold surface prevents the
attachment of sulphur atoms to the gold atoms and prevents the formation of well
packed monolayer. The pre-treatment of the surface may consists of electrochemical
cleaning, chemical cleaning, plasma cleaning or UV/ozone irradiation. For the
cleaning of gold sensor surfaces two approaches were considered as ethanol wash
and plasma cleaning. While a very high contact anglé was observed after ethanol
wash indicating the surface was not clean enough, water contact angle of ca. 14
degrees was obtained after nitrogen plasma indicated that the gold sensor surface was

clean enough to apply SAM deposition.

In a study Raiber et al. used hydrogen and oxygen plasma to obtain a clean gold
surface for SAM application (Raiber et al., 2005). While they obtained 0 degrees
contact angle after 20s of oxygen plasma, 70 degrees was obtained after hydrogen
plasma cleaning process. The authors’ comment that, the unexpected high contact
angle of hydrogen plasma could be due to the attraction of hydrocarbons to the clean
surface and instantly increasing the contact angle and this phenomenon has been seen
at other studies as well. In the case of oxygen plasma, an oxide layer on the gold
forms and this layer quickly oxidizes hydrocarbons and keeps the surface
hydrophilic. In another study, Min ef al. compared three different cleaning
procedures; super-piranha cleaning [(1:10:6) 61% HNOs : 30% H,0; : 95% H,SO4
(v/vlv)], piranha cleaning [(1:4) 30% H»0; : 98% H,SO4 (v/v)] and 5 minutes
sonication of gold substrates in ethanol (Min et al.,, 2008). The contact angle

measurements showed that the lowest contact angle measurement was obtained as 60
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degrees When super-piranha cleaning method was utilised. High contact angle after
super-piranha cleaning indicated that cleaning performance of piranha or super-
piranha cleaning process was not better than plasma cleaning that was -used in this
study. Care needs to be taken while using piranha solution as it is very reactive and
dangerous. With respect to piranha cleaning or any other chemical cleaning mefhods,
plasma cleaning is simple, easy and use of dangerous chemicals are not required.
Tsai et al. compared three different cleaning procedures; O, plasma cleaning, O,
plasma cleaning followed with ethanol rinse and O, plaSma cleaning fbllowed with 1
hour sonication in ethanol; and the contact angle of water obtained using these
methods were 9.3Vt 2.87418.8Y%4 2.5%and 77.9%+ 10.7%respectively (Tsai and Lin,
2001). Low contact angles obtained using the first two methods showed the
effectiveness of the oxygen plasma cleaning method. However oxygen plasma
creates é gold oxide layer on the substrate and this layer needs to be reduced
completely with ethanol prior to SAM deposition. In conclusion, the obtained water
contact angle of ca. 14 degrees after nitrogen plasma cleaning indicated that the gold
sensor surface was clean enough to apply SAM deposition and the result was
comparable with the studies in the literature. Later, cyclic voltammetry method was

used to assess the quality of the formed monolayer after nitrogen plasma cleaning.

Applicatioln of SAM on a gold electrode surface insulates the electrode surface. By
comparing the cyclic voltammograms of a bare gold electrode and alkanethiol coated
gold electrode, it is possible to investigate the coverage of the monolayer on the gold
electrode. For example, Campuzano ef al. used a gold disk electrode that has 0.0585
cm’ geometrical area and calculated surface coverage as 0.997 for an MUDA coated

electrode (Campuzano et al., 2006). In our study the electrode area of QCMA-1
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sensor chips were ca. 0.42 cm® and the obtained surface coverage was 0.971,
indicating a very compact SAM with respect to the electrode area used for cyclic
volfammetry and this indicates that SAM was very compact and the optimised gold

cleaning procedure and monolayer deposition technique was efficient.
5.1.2 Use of PAMAM dendrimers to enhance surface capacity

To be able to increase the capacity of the sensing layer as an alternative to SAM
surface, dendrimers were considered. PAMAM dendrimers are large, branching
molecules formed by repeated addition of functional groups to an ethylenediamine
core. Dendrimers possess a large humber of end groups per molecule and thereby
increase surface functionality (Rahman et al., 2000) and in the study sensing on
dendrimer surface using QCM and SPR sensors were tested to see if the physical
capacity increase of the sensor surface would be transferred to the detection signal. It
was found that dendrimer surface did not increase the capacity of the sensor surface
if used for QCM biosensor with the current format (NeutrAvidin capture assay on
biotinylated dendrimer surfaces); however protein binding capacity of the sensor

increased 1.5 times if it was used for an SPR biosensor.

In an earlier study in 2004, Mark et al. suggested that dendrimer modified surfaces
caused a 2.5 fold antibody immobilisation signal enhancement with respect to a flat
SAM surface (Mark et al., 2004). Two recent studies by Singh et al. and Shayir et al.
has shown 1.6 times and 2 times higher immobilisation levels using dendrimer
coated surfaces, respectivély (Singh et al., 2009; Syahir et al., 2009). In our study we
observed 1.5 times higher immobilisation levels using dendrimers that was close to
the results obtained in recent studies. In conclusion, dendrimer monolayers can be

used to increase the sensor surface capacity ca. 1.5 times for SPR sensor chips
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however dendrimer surface has no effect to increase for QCM sensor surface

capacity.

5.1.3 Development of a novel polymer surface (UVlink) for biomolecule

immobilisation on sensors

In the present study a polymeric structure was grafted on the substrate surface to
provide a new sensor surface prior to biomolecule immobilisation. To graft polymer
layers on solid matrices, free radical chain polymerisation is a widely used method.
The prepared sensor surface was tested on both SPR and QCM sensors. Several
polymer surfaces were fabricated on QCMA-1 sensor chips and used for biomolecule
immobilisation and further binding assays. The results indicate that polymer surface
may not be suitable for QCMA-1 sensor chips. The QCM device is very sensitive to
the rigidness of the pblymer surface grafted on the sensor surface. It is very difficult
to obtain a rigid surface (that is required to obtain a good QCM sensing) while

increasing the pore size of the polymer for improving biomolecule immobilisation

capacity.

Polymerisation process has been optimised and polymer coated sensors have been
tested using an SPR biosensor. Visible and uniform polymer surfaces were fabricated
on SPR sensor chips having different surface properties (flat or uniformly patterned
surface) and biological tests were performed using Biacore 3000 instruments. The
polymer surface has similar antibody immobilising but higher antigen binding
capacity with respect to MUDA coated SPR chips; higher immobilisation capacity
but slightly lower antigen binding capacity with respect to a Biacore C1 sensor chip.
The main advantage of polymer coated sensors with respect to MUDA and C1 sensor

chips is the longer shelf life. While the shelf life of MUDA or C1 sensor chipg‘ are
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around 4 to 6 months maximum, theoretically the shelf life of our polymer surface is
minimum . a year. Additionally different monomers (such as biotin or NTA
functionalised) can be utilised to change the functional group of the polymer to
achieve different type of surfaces. A patent application was filed for the work in July
2009 (Y. Uludag and I. E. Tothill, High capacity polymer surface for immobilisation
of biomolecules’, Date Lodged: 10 July 2009, GB0911634.4) and this was re-filed in

July 2010.
5.1.4 Development of a carboxymethyl dextran surface

CMS5 sensor chip developed by Biacore-GE Healthcare has a very high biomolecule
immobilisation capacity with respect to mondlayer surfaces and till recently was
protected by a patent (US Patent No: 5,242,828). As this patent was recently expired,
the use of this surface for SPR-2 instrument sensor chips (Sierra Sensors GmbH) was
investigated. Two different fabrication methods so-called amide-dextran and epoxy-
dextran methods were applied and both methods resulted in a CMD surface on sensor
~ chips. A functional immunoassay was applied to the fabricated Biacore 3000 and
SPR2 sensor chips to investigate the performance of the coatings. It was observed
that the functional assay responses obtained from the epoxy-dextran coated Biacbre
3000 sensor chips and pufchased CMS5 sensor chips were close to each other but the
surface fabrication procedure need to be improved to achieve the same antigen
binding results. The same protocol was applied to SPR2 sensor chips aﬁd in genera1
the functional assay responses were lower with respect to the responses obtained
from Biacore 3000 sensor chips. This could be related to the size of the SPR2 sensor
chips which might have influenced the coating process. Additionally the flow cell
size of SPR2 instrument is larger than the Biacore 3000 instrument and in-efficient

washing of the sensor chip after dextran coating cause flow disturbances which
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might have influenced the results. It is expected to obtain better results from the
dextran coated SPR2 sensor chips after the washing steps of the dextran coating
procedure was improved. As the molecular weight of the CMD used for amide-
dextran (MW 10,000 — 20,000) sensor coatings were lower in comparison to the
epoxy-dextran (MW 500,000) method, the immobilisation of antibodies to this
sensor surfaces produced lower responses with respect to epoxy-dextran coated
sensor chips. However the antigen binding responses obtained using Biacore 3000
insfrument was very close to the epoxy-dextran coated sensor surface. Again SPR2
instrument produced lower responses from the immunoassay applied on amide-
dextran coated sensor chips. However the reason of this lower response could have
similar reasons as described‘above for the epoxy-dextran coated SPR2 sensor chips.
In conclusion, both amide-dextran and epoxy-dextran methods are suitable for CMD

coated sehsor chip fabrication.
52 DEVELOPMENT OF AN AFFINITY SENSOR FOR PSA DETECTION

Early diagnosis of cancer biomarkers is essential for successful treatment of the
disease. The current biomarker tests are ELISA type and usually performed at
centraliséd labs using automated devices. In this work, an investigation was
described for the use of biosensors to perform cancer biomarker defection test as an
alternative to conventional iELISA type tests. In the study, as cancer biomarker PSA
was chosen and PSA test was developed and optimised using QCM and SPR devices
to perform tests to the patient samples. Initially the PSA binding to the PSA capture
antibody immobilised surface was tested in a concentration range between 4.7 to 150
ng mL" and PSA binding response curves were then fitted to 1:1 Langmuir binding
model to determine the binding association and dissociation rates, from which Kp

value was calculated as 9.46 x 1071° M using SPR instrument and 5.56 x 10" M
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using the QCM sensor. Comparing these results with those achieved by other authors
indicate good sensitivity of the assay with the used antibody. Karlsson et al.
calculated the affinity of anti-PSA antibody towards PSA as 3.3 x 10° M (antibody
from Fitzgerald Industries Int., clone M212091) (Karlsson et al., 2006). Katsamba et
al. calculated the affinity as 1.1 x 10° M (antibody from F itzgefald Industries Int.,

clone M612166) (Katsamba et al., 2006).

A new buffer was formulated to eliminate 98% bof the non-specific human serum
protein binding to the sensor surface. In a recent study, Situ et al. achieved 94%
reduction in non-specific binding by using CM5 (carboxymethyl dextran) surface
and a formulated buffer together and Trevino et al. achieved 88% reduction in non-
specific binding of serum by using another formulated buffer (Situ et al., 2008;
Trevino et al., 2009). With use of the developed méfrix buffer, a sandwich assay
using QCM and SPR affinity sensor chips resulted in detection of tPSA
concentrationé as low as 0.29 ng mL™' in 75% human serum. The developed assay
has some advantages including; short assay time, repeated usability of the same
sensor chip, ability to detect PSA in high serum concentrations and utilisation of
label-free detection method. This enables the optimised assay format to be a

promising tool for clinical diagnosis/prognosis.

The number of publications related to the detection of PSA using QCM biosensor is
very limited and this indicates that application of QCM biosensors to PSA detection
is a newly developing area. An example to a previous study for PSA assay using
QCM biosensor has been the study performed by Zhang et al. which involve the use

of an insert-plug model of piezoelectric immunosensor. Although the PSA detection
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limit obtained from this study was iow enough (1.5 ng mL™), the reaction time was
long and assay needs to be performed at elevated temperatures and additionally the
dynamic range of the assay was limited (Zhang et al., 2007a). In another study, Ding
et al. used yeast cell modified QCM sensors to immobilise PSA antibodies (Ding et
al., 2008). With this method Ding et al. achieved detection of PSA in the range of 5
to 604 ng mL" in 100% serum. Both applications mentioned above were performed
using non-automated equipment that due to their manual operation may not only
cause variations between the assays but also are not suitable for clinicians use. The
Anumber of literature available for PSA tests performed using SPR instruments are
more in numbers than the tests using QCM instrument. For example, Cao ef al.
performed 10 min PSA-ACT assay in 10 % .human serum using an automated SPR
biosensor and obtained a detection limit of 18.1 ng mL™ that corresponds to LOD of
181 ng mL'for the whole serum (Cao et al., 2006). As a further assay Huang ef al.
used streptavidin modified gold nanoparticles to enhance the signal and obtained 1
ng mL! detection limit for PSA assay in buffer (Huang et al., 2005). Another study
performed by Besseling ef al. consists of two step signal enhancement process
including sandwich assay with rabbit anti-PSA antibodies and further binding of goat
anti-rabbit IgG modified Au :nanoparticles (10nm) (Besselink et al., 2004). 30
minutes static assay using IBIS SPR biosensor (IBIS Technologies, Hengelo,
Nethérlands) resulted in LOD of 0.15 ng mL"' for PSA assay in buffer. The
experimental conditions vary between the assays significantly such as, assays in
static or in flow, temperature, assay time and the antibody used against PSA. All
these contribute to the assay sensitivity and hence make it difficult to compare the -
results effectively. If we vcompare the current study with published data briefly, as

stated above after less than 10 minutes total reaction time, we obtained LOD of 0.29
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ng mL" in 75% human serum using both QCM and SPR instruments; indicating that
our optimised PSA assay outperforms the assays performed by other researchers.
Additionally due to it is being rapid and wide detection range the QCM and SPR
immunoassay developed outperforms the commercial ELISA kits available for

biomarker detection

In the study incorporation of fPSA, cPSA and PSMA immunoassays to the prostate
cancer detection test was considered to enhance the predictivity of the test. For this
purpose PSMA, fPSA and cPSA antibodies were purchased from two companies and
their performances were investigated. fPSA and PSMA antibodies did not work for
the assay at all and the affinity of both cPSA antibodies were very low and not
suitable for the assay. This result clearly shows that the performance of the biosensor
tests depend on the quality of the antibodies used for the immunoassay. The antibody
producing companies tend to perform quality control protocols using gels or ELISA
tests; however these tests do not guarantee that the same antibody will perform well
for biosensor immunoassays. This causes problem while selecting the right

antibodies for the biosensor assay development as seen from the current study.

Patient samples collected from Bedford Hospital and control samples collected from
Cranfield University staff were tested and it was found that the developed QCMA-1

test clearly discriminates the PSA level of patients from the controls.

5.3 CAPACITIVE BIOSENSOR DEVELOPMENT FOR PSA DETECTION

A new interdigitated capacitive electrode array and PCB biosensor platform based on

label-free interdigitated capacitive sensing principle developed by Sabanci
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University (Istanbul, Turkey) was also employed in the study. IDE afrays were
fabricated with conventional microelectronics-micromachining technollogies on
silicon wafers in a class 1000 clean room. Later IDE arrays were utilised for the
detection of PSA using an LCR meter. This new prototype enabled both consisted
capacitance reading and also enabled the detection to be performed in buffer
solution. Antigen binding assays were developed to capture the PSA molecule in
buffer solutions achieving a detection limit of 15.6 ng mL™ with a linear dynamic

detection range of 15.6 - 250 ng mL™" PSA.
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5.4 FINAL CONCLUSION

The overall results achieved from the study include the development of fabrication
protocols for different sensor surface chemistries and this included a novel sensor
surface fabrication. Additionaily PSA immunoassay was performed successfully
using biosensors to detect PSA not only in Buffer but also in patient serum samples at

clinical levels.

Overall conclusion of the performed study is listed below:

Sensor surface chemistry development:

¢ SAM deposition protocol was optimised and quality control methods were
developed for surface. In the study the électrode area of QCMA-1 sensor
chips were ca. 0.42 cm? and the obtained surface coverage was 0.971.

e While the developed dendrimer surface may not increase the capacity of
QCM sensor, it may enhance the capacity of SPR biosensors ca. 1.5 tifnes.

e The developed novel polymer surface was synthesised and this may be' used -
to immobilise biomolecules and has longer shelf life than conventional SAM
layers and hydrogel surfaces. A patent application was filed to protect the
intellectual property of the developed surface. |

e CMD surface fabrication protocol was developed. This needs further

optimisation in future work.

Development of an Affinity Sensor for PSA detection:
¢ An immunoassay was developed for PSA using a prototype QCM device and

the results were compared using a commercial SPR biosensor.
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e A new buffer called matrix buffer was developed that minimised 98% of
serum protein non-specific binding to the sensor surface.

e The sensitivity of the developed assay was enhanced by employing Au
nanopérticles. The summary of the assay results are shown in Table 5.1,
Table 5.2 and Table 5.3.

e Patient samples collected from Bedford Hospital and control samples
collected from Cranfield Health staff was tested and it was found that the
developed QCMA-1 test clearly discriminates the PSA level of patients from

the controls.

Table 5.1. Results of kinetic calculations for PSA direct assay and detection limits
using SPR and QCM devices.

SPR (Biacore 3000) | QCM (QCMA-1)
Kp 9.46 x 10"°M 5.56 x10"°M
Ka 2.08 x 10" M5! 1.23 x 10" M1 s
1
k4 1.97 x10% 51 6.83 x 10% s
Runax 110 RU 108 Hz
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Table 5.2. The summary of ‘the PSA detection assay results obtained using QCM
device (QCMA-1).

direct assay in

sandwich assay

sandwich assay

sandwich assay in

75% serum using 40

PBS/T in PBS/T in 75% serum
‘ nm Au nanoparticles
LOD 18.8 ng mL™! 4.7 ng mL”’ 9.4 ng mL™ 0.29 ng mL"!
Linearrange | 18.8—150ngmL" | 4.7-150ngmL" | 9.4 -150ng mL™! 0.29 —150 ng mL™’
y=0.87x+0.27 y=091x+035 | y=0.89x+0.33 | y=71.96Ln(x)+73.77
Equation : ,
R?*=1.00)* (R*=0.99)* (R*=0.98)* (R*=0.99)

*y = log (response); x = log (concentration)

Table 5.3. The summary of the PSA detection assay results obtained using SPR

sensor (Biacore 3000).
Sandwich assay Sandwich assay
Sandwich assay
with PSA antibody | with PSA antibody
Direct assay with PSA
modified 20 nm Au | modified 40 nm Au
antibody
nanoparticles nanoparticles
LOD (ng mL™) 18.8 9.4 0.5 -
PSA in :
buffer Equation y=0.72x+0.34 { y=0.80x+0.65 y =0.59x + 1.58 )
(R2=97)* (R?*=0.99)* (R?=0.99)*
PSA LOD (ng mL™) - 18.8 23 0.29
spiked in y = 1,391.12In(x) +
75% y=1.04x +0.03 y =0.73x + 1.00
0 Equation , 1,173.16
- (R2 =0.98)* (R*=0.99)*
human (R =0.96)
se CV=5t014% CV=71022%
rum CV=11t8%

* y =log (response) x = log (concentration)

Capacitive biosensor development for PSA detection:

e A new interdigitated capacitive electrode array and PCB were designed and

fabricated to perform PSA detection. Antigen binding assays were developed
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to capture the PSA molecule in buffer solutions achieving a detection limit of
15.6 ng mL™! with a linear dynamic detection range of 15.6 - 250 ng mL™’
PSA.
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6 FUTURE WORK

The overall results achieved from the study include the development of fabrication
protocols for different sensor surface chemistries and this included a novel sensor
surface fabrication. Additionally PSA immunoassay was performed successfully
using biosensors to detect PSA not only in buffer but also in patient serum samples at
clinical levels. However, there are several suggestions to improve the developed

surfaces or immunosensors for the future applications:

Sensor surface chemistry development:

e The developed novel polymer surface may be optimiSed further and more
experimental work is needed to convert the application to a full patent.
¢ CMD surface fabrication protocol needs to be optimised further to enable

assays using SPR2 biosensors.

Development of a QCM and SPR assay for PSA detection:

e New biomarkers may be added to obtain a multi-analyte test for prostate
cancer to increase the predictivity of the test and antibodies that do perform
well for biosensors need to be chosen for the immunoassays of potential
biomarkers.

e Sample handling need to be optimised to perform assays on patient serum

samples.

Capacitive biosensor development for PSA detection:

e The developed prototype for capacitive biosensor may be improved that

include fluidics and automated signal processing.
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MT1 'tI-i'I'l  e#t 'i-jni ir-nir: C 3DIQ Clir*ri aV .V ry|Na r<ifr*nd
d-a IIXIMW U UKAM’»M BM
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v 2l!m Ebraier BV. Al ir -» lesmed.

akese tlie nurnul hmrts ts Ike prliiiarci ndiiatinn ufprusl aie imallR

nam -; Ikerefere PSAis used as abaarurtor fer Ike dlapnnsls and
PMermsis iil Ike pruslale cancer |4,5 mSeveral binsentir systerces
have keen appled lu ike pasl ler ike decechnri et' ESA eleclrn

‘-henilrai 6 H) apurai [0 111 lincccKmce”cheanllurmnescnnse
'12,11-1, imcraraiilileser 14,1 H| and giarii cryslal mlmiialanre
(QCMI hiasensen |IE,17| wrre used fcalthe drlertlan. The dite:

linn iiirui nf INA usipr iliesf rssremts wares fcehmeen 0.2 ps; ml. 1
and 1THRml. ".Ike dehecUnn serrai has lieen amphl' rd Ire means:
of a sandwich assay with An nannpiTt»:Irs cr the use of caiiaat
nanictiibesv In mosl ra-es hmmarker deierlicr lest was perfumied
onk in, fctiffmsd pure tnlnlur sralker lhan semri To -ikuir dm

ralk retrvanl resulls, il is essential in perform Ike kfumarker
lesl in human senuiil. The nr,am diffcully «# i:s,c:f serur-i as the
assac media Is hgk rmn-spealx inlerarinr lirlwreii die sensur
surface and semi- prolems A m.r >r nf scraleRes kise keer

enpkyed lo reduce the mm itecifn kfndlnjr of rilnical samples.
As an example Can et al. used mined sell' assenbled mciinlairr
cuatrd surfare which contains elhylrnr RRal unts II Kurosawa
et al. used 2 mrlhacr>lcylmarlhyi phnsphnrdrhol me pnlymir as
bbdkntar apenl IK and Siliret al.emplnrard addllnesin Ike"ouiier
le lower Ike iioii-speciirfcmdn«:cfsemm proleins 11%i| lo die sen

sot surface. Ike aixiw drsenked methods car either he applied
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th r. i.tikyr XToMIL' (anu V ;Al M7

inifndiullvonutiipl b?r Is rrdorr ihr- non sp«llichfliJlrw:ofsfnim
preceinir ibchlrulre diffi-rr-ni SUCCI- £

Ir IKiir puper wf -ifsenior Ik# dewlnpmn'nl -ofA inirjpd
dft#flinn niKlmd for rannrr hlmnaiki-is AIIISSIS unntir a iiujny
[ iiiirrcliAijrir# MIEMI |:ieif-n*:-r. ACJCM nanstils,cd J Thr
qurrt: rtjfer sindwlrkfd iiftwven Ap”ir o ffkrl radies, ill# mnir
cfmscilliberi depends on Ik# nil and  unir-lrv sf Thf giiAmt rrys
Li Mass iddilinn -ir ireson die senscr surfine rrsulU anl*uerr*
chan®? diiil firrre meisuriiiR molenilir i nlrrdrt ions tlur occur cn
di# sensur surfic# wtlmul Ik# reed ofJ lioel. I*v fiiiiileviriB An
nissfiditiries in !h#isuy drstip, it is pctssfol# 1U Incr#us# llw miss
due tn intlpfn hrdi % diid furdwr enlurc# dn- sensitlv/tv uf dir
issiv | *;.'1|. itonifwr, dir hr#quenr>" is ako diiecletl by visrnsltv
chiRflgraflhe MM *media end chirfl# o fthr Irobenidlnn indrcnks
22i, Ikereferr cat# nerds bo br likrr lo subtratt die rnulrels ird
#xlr»:1 die rwl nespunsr due lu specdi: mnlenflar inlenrtltms
The sensitivity enhancrmmt usmr; ndnuiurhcSrs his keen iisiu.fi»-
nid prrt'-oniiinR i unlwldh dssiy.

In this w:rk in iiivKtiBil »r %is perfumm! po deselap ird
op-limise in ImnnuaiMssiy to drir-rl hiomarkers in hunun senim
-x Ike ijCM sensor chip. Tn irunimisr ih# uu iriic #fieri of kttnun
senim, thr Addition of deienvnl, sill ind other iddil f*es tn dir
buffrr solution was in»#si#iied PS4 And ALTaimplex werr
used as ih# cinter blnnurkrnr fer drir-dior, and m irinurmissjf
was -devHoped md prrfnmnad m buffer ind in human serum.

2, Miterials and methods

rr»ooocfonil ISA deleman !cil nn: MCAZMH i and cipuirr
Jiitidodes :nt no: MLA25GDI were nhlaiiird fmm AbD Srroter
(Kdliiytun UKX Art t%A ramplex WAS purrlia-ied fr-oni BIGSFA
clfir ICA, USA.1 Meuse Wi (cat RIS ; DI SIDOAIDOS) usually used is A
conlrnlinldxdv wisekuired froui Sl ralerh Srienlifo: lid.'krkw:r
iminureReshiDrli (NrwmirloeL. UKX Iturnin tmati and kevmr
serum ; founnn ItsAl were purrliased From *e{ira Aldrirh fFoel#
LKA All other chemicals werr oF iralyiiral gridr.

23. .insrummiounr

A fully auharated QLMA I ktnsrrtsor Instmnaem: and sensor
chips were aaiamrd From Sierra Sensors Cmhi I (Hamburg -Ter
niinyl An roiled QCMA 1 sensor chips (211 MILf possess two
sensIRfl JITAYS each, eiubihiyc The meisurrmm of amw and
cnnlrul s « tsx surFacrssimullanwously 1% ISL.The speralinform
péritiineo fthr assays WAS 2T C ind Ilie flow rate ofdir buffer was
Hipimiu Iknmsihnul Ik# ASsAY. The dill presrnlrd in Ihti Yawk

irr Ik# asenprs of4 dill punts for Ih# assays dmrrioed unless
'Xhrrwtse stated.

22 Wod'jyumin f AununnpinkWs witham f5A d’ieXIm

F\4 d#l¥#n:lun Anldxidy wisiddrd le ihr 411 mu Au namrpirt»rir
sol utlmi and inrubaled il rtium lemprralur# -x: Ashaker. BSA was
added 10 Ik# sslul »on Ic erisurr Ikil Ike An ranuparl »des arr ill
coated wilk anbhxly >x prolrui After sptoeiiryc 2Hmir al 4 C.the
inii'»iynx<lil:#d nanopal »IK were rrcon#r#d and 1# suspended
in itT.'Tbuiirr. lhr-runrrrilritinii nFrauupiii»:lrs was drirn-iined
bva spertD”rk-xunirtrr il 5211 urn wanelrryph.Tlie antibody mod
dird Au iiir*Tarlides were then stoned ir The fr#” '4 C! unlil
use.

21 Srr.-srsu'foir mnftffcnmn

Ir ilialhpuld roaWQCMA, I srns-orchips werrcoaled wilhself
assembled mnnnliiier 15AM) by immeninp Ihr sensors in 2mM
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ethanol sahiUcn ¢i merciptmindrcimtlr acid memflhl folkewod
by hnsinp wilk ethanol ;rd water and Ikeii drird under mlra

yen. The sensors were scored at 4 C Id! use. fur Ih# AFM .Atanac
Icrr# Mrrroocnpyl! study, Dimension 3 COI 3PM Instiuonent (Veecn
Instntmerts Itd, Ciimlmi%f#! was used wilk sd»:nn probes Itype

1t!P NCIl i-li:. The analysis was carred nul il Lppiry: ro:de. -UT
Images uF QLIIAA1 srrsx wear ukrn bffitrr and aftrr surfar#
rhemlslry appliralitm. ler the assAY, the SAM niAird sm *x chip
wisfirsl dxted tn If* inslnimenl and pnm #* with runnmr; buffer
1IDrriM ISIS pill/*! Al A flow rale ni60 pi n r 1 unlil use. Mon

oclnuaJ an114%A Aniilxidlrs fcapcui# ml foody) and Meuse Ipti
imtibody fcmitrnl antixody Iwear ihen irrimtfodtsed mi ih# sample
and conlrul smsiiH arraiv resprclively usinp ronseri imul amine
miplirp cheiiTitslry. Sensor surFarrs wrr# llrst art maled with a 11

nOxbmred*ODroM fix and ICOmM NI 15Ky iu”rtirp slmidtane-
nusly across the two .«rsmp spal s For 1 min 1'240 pi:. A 13 30 or
Siprml. 1 anii ISA anliktidy Im sodium cretatr Imffer 10mM

pil 3>>! was iii|[Kt#d cn thr arliw seuscr aitay and 13 30 or
311PSml. i miiusr I¢T (in rodmm arrLIr buffer pit 32! was
luircled cn Ih#rcucrd tenser array For 3 min (240 pit The surtares
werr thrn decked with SDpy ml. ¢ KA in PRSfx 3 min :24D%j.1!.
Miin r#arled M13esters werr capped wilk 1M riliAnoUmin#, pit
Kili For3 mm fSW pil. Ik# firipirnry rhautyes werr rnoxded 2 mm
aller ike prnlem Inpci»x was cmripleled and the atapai rearlmd
stead»- slate. Thr runninp buffrr was- rliartred ir. H=Econtaining
1JD&EI Twern f1”* sr! Forlie biitdiup assay studies.

24 Drimamecf ISA

hi serum, KA. is Found rither ir free Form nr as ammpin with
alpha 1-antidrHmtiipsm iACT) IATT HiA, MM M kOal Tctal PSA
itPSA! refens to Ik# PSAmboth FnrmsFFSAand ACT PSA, mmplex!.
In Ik# cuneiil study to prrparr IINA1 l« 1 matme of FfA and
AT PEA wa-s used. F*A cr 13% was dilutrdat sprrilird muren
Iraii-ms (0.2-3 30X1 ngml 1! mFlIKfTkuffer conlaming Epp ml 1
H3A-or 1k 7.1%human seium in FllEirt buffrr mn taintup additives.
These rolulieus werr then injectrdavrr Ilie PSA capture atrtikody
and mouse IgG immnbrteed surfarrs for 3 nr 3 mm 1Ic allow bind
iug mleractlnns <240 <r 4Ccipi!. The ftequencY diarprs due tn
PSATKAhUidmg werr renirdrd at IH! s after the intectlnu started.
Afier The bm-iirtg nf RIAIWSA etther surfine was reprneralrd by
InlKttortnF HK'mM IIA :1 mm H!pilar the assay was EBOtlnurd
le prf-XTTi a sandwch assay.

AFnr ike ktndinp <iPE,A'ii% lo Ike sensor surfarr 13 PRml. 1
PSA deiecUcti arlibadirs nr PIA drier! »x artihai»- mndilied Au
iiamoparticlei were mircfrd cn ihr sensor surface For 3 cr 5min
1240 or 4t:OpH. Aftrr 1 mm dissotiabuR peiind under running
linffer flow surfines wrr# neRrreratnF by iniectlon oF ICOmM
lid :i mm Kl pli! and addihcnal 2DmM NaOtl :1 mm HOpi) was
Injected if reA spiiwd hmuari srnuri was useriX Thr Freipirn.-y
3 mm after Ik# inj#:tic<i started. The limil oF driecticn ITLH) ’was
rai-riilalrd as the sipual ckuirfd From Ike P~ mnrenlralicn that
Is e-quivalrnl to the T limes die sLniard demalion oF the sipnak
tiblamnl From Ik# blank standards.

3. Hrsults and discussie-n
21 CpnmliarEin rf sensx appui'

Karr ould iX‘MM sensor chips werr employed in Ikis work as
Ike sensor ptalhxm Fer PEM detention, lack rfnp muslsts uF two
srosiiyr array lor »:Ir»# and rantrd sample leslmp.Tk# iiHidilica
li-x cfihfchips izmp self assembled mnnolayer BAM)was ranlrd
nulcr (hrserscr surfarr. Atomic force iriscrotropy fAFM) miaprscf
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r IR *t ‘J-r.v.-ti? rtknUiV.'"Mt £ 3V2 AV

im 1% 0
nc. 1. -riifi-i KsperArfSel Irn cietarntjliiffs-il furr¢Srs)~I'tkii:
if tC"ifVI=> tuu rrishrwri; .JJ VIS. rrnl KI! IJmgm. .rii’SSnjm, i

H'-MK rfnl 1HM.It» MMMT * «irirctolwd rsrlitl m fier. ;i sITirh»ii»iKym famr ««*» N ttlir«iltriiritttolim 1 PSAm ibetyvim »

fid .

a wiisur rt-ipAvr? ulj-n jrd iftrr ikr rnitlrn; : Hi
I nfsiillifipdiciDf | Inl SAJW mr-difiEiiitm ri.ii yd i. r Hiiirp cf IHf
rool nwjn *quirp (rmsl riirliiims from &S to 11 rin due to sur
fjop rnalmq.I'he SAM ntitrd s«rsor rfcip was first dorkfd tn Ibr

irstmmpnl ird jirnrti* wllk riiiiniHg htilfrr Ic avl Ihr
senmr rhip ird rant murs buiirr fitrA- iSDpdmln > was started.
Anti PSA apturp jnhbidv ir.d mmise /P4 Afrr dur irrmtnfafitard
hr ihi* w:li>i* spn«iriiTiv and dip-runlrGl sensor ;rr;v nrstirciivHv
uiirw raiwntimul i:iX" m is rhemistrr | 23|. A 3 mir mjertlnn of
antftndies wassufificlrnt to Aitievr sijjriil saturation iheryferp, litr
tmmiiihubcni hr>r %as krpt a. 3 mir br tlir y say thrnr diffyrrnt
DemoentrAtSseH wr-n* us*rd far artllmdv imrr#:t:ilisahnr ird froin
thrtsr 1litigml. 1was chasm as Ikr aptiru,ni cnnrralritian tc
itTimtKiiirtr thr intibadtrs. AnLi PSAraprarr aiih''r*:dy Inaancbiltsed
srnsHrs prudnrrd an ivrr<n* Frrqnmry thanpr nf :Ki i 3* Iti md
raiyuse w; iirmmbiltsrd srnsr.rs prudnrrd a frisqurno" chingpr nf
52Di IHhtz (nq.isl.

Ilir RiA. nan sprritk liindiiiq i-Mutei in FGS'T hnffrr rorijinr-r
5A'jrmi ! IIW tn ifip contra! srrsnr Amy was thru psaaitnrd yf
ormdurliriir Thndiin; tp.sls. 11ir rrsnlts shsw ikai Ifor ninl n:l srr* x
suirfan* did not gitv #iut frrqurnry cfunflF rvrn iftkrfoflforsl acr
crnnrit,:r dfPi,A(S|lr ml. 1!was used IlIr. 1 tracvr1 Tarxiirmie
ilip ntm-sprofic hliidinR nfBiAon ikr PSAraptuir antdxdy lin o
hlisrd siirfior, ESA (SjWimL  was mJectKl for In n and llw
ncr sperlfic binding ¢l USA ie thr surfarp wiis rirlerlrd as 4 f 1H?
In 1 diti not shownl

Rr Ikr sandwlrk isuy prurrdurr. anh P*A-irtrciimi muxdy
13ps ml. 1!A-as injprtrd uithedhserane nf thr ml%rn (PKAJien le
ihp RSArapterr iriilmdy Immehllsed surficr ird Ikr nan-sperifir
kindiiyr wus- drtecled is5 "Jtb In i dstinetshown L Titp rear
sprnfic nespanses view subtractrd from ikr KAcrPSA detrrtinn
antmdy bindmq data

3J*%. totrnnlnurtMi cficlwnr macsnc fax PSAal’Irit$-:ti cmtrf

Ifop calibrattmi cunr -:-bUm?ii wilk binding (3 nnr.t Ic ffor
FKAcjpcurr ant ibedy irntmobiltsni surtan® In a raurrnlratinn ranjp?
krhwwn 4.7 ird 3000ng mL 1Is sfmwn in IV, 1ird Fiq. 4S FIA
hndirv response cm rs Arre tforn fitted in 1:1 Langnuir feirdirv
n>dr! In drtpnriiny Ikr Ihndins; assuriitimi ird dlssariiticn nlrs
|2t|. firem whirfi Xn valor wis rAkulithf as SJfix 10 1M md
Armici-s 105Ha ITabir 11 tirfsson rl alxalruUbrd thraHbuty tif FIA
arilin:dy lowirds PSA as 13 x 111 “M lanlibedy frocri Fib”rtild
Todustrips Int., rlorr M31 SOS111H I Kafcsambi rt al. ralcuUtrd Ifor
affiraty as 1,1 III "M janlimdy frer-i Fib”~rald loiuslrirs Ir L
ebw Miiuise: Vir.
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rr:m ;

ir-

i in loo imn TOXO
PSA «mc*rii<«i@i” fny ml '|

<jrhearftvir|i>1LT. dir utrjir jvub irpmrr wtlhji IMtnn m m

R* wnanxwcta

To pnhirjof Ifor srnsnr signal md liupmw dip sriisll fruv of
ikr mriked, i sandw»:h iissiy ipprayrfo was hlhwrd rrnpfcy
mq FliA dplrrlmr anlikmfy. Itip cjlikritimi enrw wis ntoainpd
for Ikr sandwirfi assi* in ~ niiirriilraticu rarigjr forlwrrr 130
and 2.1 rtrml 1 Ikal is rrlmanl tor (iroetAlp cinrrr diaqrKsis
(F{* 4K tnrr hi Mils assay rrsrllmj m 4.7 vim : 1FiSsAas drtp:
lien limit wliirk is tou rfolds rx-rr scnaiUvr diir ihp dinrrt assay
viiblr 21 Ikr mpenmntis-haw shewn iHa! tlipchnsrn inti-RSA.
intilK'd* fois gaud ifbnilv for a stKCFssfiul tmmuuMssiv md dip
saniwid: assivrpsuliedjin Aclmintfforpkvirt dplhrlicr linrnLCnn
srquenlly rxprtlnumts wirr prrfon~rd in opamtsp Ifor assav so
Skat hinniijkpr dpteriicn raiiid foppritormrd m foranin. serum.

33. :pi tniMihm irar humai . rum simpk «nufoj*

Their is a stqnifiranl daffpiriirr in Ifor Lmil nf-drlrctinn whrr
buiirr tir rilmral sampfr deeniml is used as Ihp assay media. Far
rxi.niplp, dthnngh Cm Pi il prritomurd Ifor P*A ACT drirrler
assar usiqir cnly 1111 kuman srrum: dip limit nf drlrnlnn b”s
cfurt*d from 102 nrml. 1 Im bufTrr' lu IK1vnnl (In IDS
serum I |n / MilsdianeeInfchrdkHecUnn limit,wkrn riitiral stmplps
arriis”j a mainly dur ta Icwrr sgpal tn reisp ratio resulting fium
tkr bigfo nnn”spedfic bindina; nfsprapnrtpinslAnllbadirs la ikr srn
sor surfacr.Ifots is ecenruliy net eralfor Akrn laliel frrr focsrnsnrs
are employed and IKis ynrvents researrheis- from Ikr use of"haft,
cunrentraitiuns cfthurcan serum. Thmrfonr, m xt anifyses are cun
duiled u-mg nMinrnlTaiicr of kurrun. senun in II» ranw 10 3DS
fIK,1727|.

In thr currrnt .study we irvr iiqarrd dip use nf additives to
mlnlmsr Ikr ii*rpl*n c¢f mi, prulelns to the sensor surfin?,
inili illy a 10% biiman sprum d iluted in PEVrkulTpr w;-, inpraed
on thr manse tyi immnfolllsed sensor surfa:p A 1¥031b irspuusp
was obtained frerm Ikis sclutinn ;rd after buffer Mew started tbp
response was ledured to 13701f -IV 2 A trace 11 Fromthe results
it was Peidrul Ikal hunun srrum pretenses used a slgnlfiraiil m:m
ispeofirbraiflv: an die surface. TOredure Ifots run spenbrbinding
sab. K3A -irxIriti ;rd rr,rrr 20were added Ic ilie Imffrr it varying
canrrninrtJnns. Unarei se 1for silt cunnrnlrilion InnrasHt the tonic
slretvh oftkr sdutlun and tint luwrrs Ikr rirclruslalic illracl cc
ofkurrsm srmm pretrirs la thr srntorsurfire.lbrrrfore, high sail

Till* 1
fiPkeiKllr cdruUn;» kr PSAiii» = i,x*

A SM.ia ‘M

s, 323 . IflGnr ?* 1
e SA3*TOM , I
ity Mr
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. LTL* :j- rirtll,' torm C W

Wk3

TJir ftrm cry riihr r%ejirwl-lixl ztav :rviii

Itm i aKuy in PRJIT SjrtimSui-uycr, MS?

o Itigrirl ' !

Une*raw Rimgnl '
t ttirtoiCOTie8 litre

JK "efiriphvi ¢ IgicataieMeri.

t 'rigm
rrirl 1

0 B s 3% 1m 3

i3*.3. .A; If o i rifiurgng ifr tirln rmjrteii;: -si iN ftrrun >rnxnupul I'r njKhar ri It® tmiai mrciii .n 2351 tUVr " ‘xiti
simzin J ;»tOnrrrl i It».i IJSOTijrm; - BAi *i2X ppnl i aa«srri 15® Twwn;. *
f flflrsal rKiciBitghm ji »irur>=n[inriiH T.m it# MTHH iipul IU1Ji «rxur w*«-lIMrdainyf.T» «Iki

a vjryiK acncrisi
a StT-rorr,a;; 1nrrt'nr If’; nm *«liHd

r-adKte-Gj:.|Ji- :.«e

SiTriwnli «<UB'inVS*. tnun m tr
Ati?izivpin*.1ri

etiithnri « My ri £SS ijirin

Jd4rrnl 1 ILiSrenl '
1* ieBryrril ! UZS strinrl '
y tutb:«lin :r' asir v Tssb - fii*? cr uis:
n
m IIh Ly»:  ilXle.V. ilr*fWTie
8i IMFl  -feeiri ) S Vo um%
irrai'T  rtfs* >jir- m&m&r*, mr'wz*¥

biflr-r:-iumie iUiifflri
nl ilIS* : Mf.uk 5W<Jig-«l dnecrxi irsl

i:tzTim s dracnkrijfenr'ua varyiK rmemrun.ii» m i li.riiK1}Jiru; m n:mr tyium ttekNr-j -iirti-i-

euiKr-niriiiun w it utrd tn redure Friilflnsjdstirptiaii to ihr trnsor
suit'icr. toxlran ir>d Ei* wrrr uskJ In hrlp in prrwiitm” “"mm
pmcetr. il:*erpl#:r. Ha cnnrman Lo rmplirv dKfisnr.ts Inkwer
Ihr nzn sprdfif prulrln Ihiidmsr; Thrrrkrr thr cerrrriril»r cf
Fwrrr I'll was inrncisrrf m thr snliil >:c [I'a I Ttww addil f*rs al
*dmrp roncrntrattnn* wrrr idird lo pnrpyr ICS hmiun vrnnn
md mifirlrf cwr Thr irtrcir i*c; flrannhiisni srr»x surfin? for
1 min ;Mg 2ALHiflGwr.sl non-spnrifirblndlnp wisobsmflsd wh?n
dir srniiii n dllutni in additinrs ranljliiir.p HEVT ktaffrr rJut hid
fiiui nmrralriiiens of 2001UtmL.  EiA OSM sift, BOCSnginil.
dfxlran and Ct>5 Iwrrn 2D m saliil #:¢. Ihr rrsponsr 1105 jflrr
dir InirrtlonofIDS humimserum rfdnlrd mlbs micrarllminalion.
buffrrtiralrt* bufirr) w isfound as 231 i m tifn* 1! and after th?
buffrr few siarlrd thr rrsponse wis rediuned lo 23 =12 IT¥fee 31
As it ran 'a? vrn irari Flp 2 Mxan? I, Thr mjection of hinur
mernim in KKilT buffer resulted in i Irarr tint shimed an:nrd
slmmire mdiraiinp Ihr hndtip: of srra pndeins- Ic Ike sm m r sur
fire and Therr was Ml dr dissnrialinn lilerihe in r:1 fin slciiprd jrd

13» 1- IN'D eediblidti xii uaiweihi mpri; RA

Its." twin IitSiirur trrin jid 4Mhmar, .rrur .ilurdiim isro itii-- ;i

hnffrr dew was slirird. Whrrras * h?n human srnam diluted in
Ike rMiTAbufirrwM ir-erird (F * 2, A-mne 5 'Ithr lespur&r Irarr
shnwed HI install sharp incrrisr up tu ra 25Dto and reminrd
shnMIVRC no mrunrahinr mdfir rd dut thr hulk off this-lespensr was
dur lo Ike use of addlhvre and liirrrfure this mairix luiffer was
thru usedfer ill further assays usirpr hunrun serunri Up. 211 shnwis
Ike onmpanson, uf nor sprrflii: hindinp resulls for i  4CK and
75S hmrtin. serum diluted in thr matrix hulFer drarluprd m Ihts
woikandirjectrd it: nuruse mumihdismf suifane.lhr lirw nnn-
sprofir hiiidnit; values for thrse ikrre nrii-rui raiiors af human
snurathtRhrstRI j IDID fur7S% luurriii srrum 'indoiard Ikal dir
mairix hnffrr waseffective ever forht?’k serum eranrrniritlans. Thr
ill The farthnsunrR exprnrentis kuriin “enim wis always dduihd
wiik Itie mairix buffer.

Thesr Results showed that hr applyirtr. thr rul nx hnffrr m ihr
assay nirlked, a MS rnf urlicn m non specffk kirdirg of human
srra prolrws wis arfiirard. If this residt is merrp-ined tn nlkrr
netenlh' published work: Sturl d. athirwd S4S leductinn in non

TIT* m

IB; Hr#ti uti »joih«di

will/T mgnt ' rM.nplliid Bl1?turur,*trtir m »3w a»1 .-x*i»:1 trrxiH tpm IrK'-lsrarun «ngm; ' RA»*«d7S«.-imi»!bt I Sppul 'jiii R'.ank-f,

1IC1 KMniM m
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11(t* lirrLiin d I<ffrrl % Jtferi >nin jni ifSA xjlltc-iy indtrd At

iLzippin>rlr w aahv [jjjrd <rimal jfc’ *jrf*-T4

spirnt:»: InndIn”"3mttiirtirCM:- icirboc* tmirlhvl iii*Kir;r IsiirfjrunH
j ti:nniziul!*il hilT-rr 2>>alhrr tndTnevim « j! jrhirwd saSreduc-
tinn in nan sp<vliif liliidiriR dfteram W mine annlkirr fcnr-iuUled
I'nl'lrr |ia,29].

Ilir I*Aifajv wi” Ibrn pprfomied mine X' W nil  ret,spiked
m ICR jnd 411%hiumin sennn. Wken tlie results were rampyr-ed
with IMJ1"In re&tr buEn, it was terr Thil lialh direr! uni
suiidwirli i*A jKjr results m Iciffer cr spiled in ICS huriiii
serum (diluted in nutrlK L:uiTer'i were nea>- rinse P»eii+ nl tter jnd
within ilie standard deviJl»:n SAX lltiwever, as the hurun
serum cnnrenlratinn increased le 4CR, Ihe response frorri direr!
assay was eliminated bml still there was aresponse From Ihnr jer
tinn uF PSA dererlicii anhkady (sandwich assay!. Althnitzk ihis
result was tower than ihe assay ir HKVr buiirr :er assav in I
human serum'! slill enuitah In pertorr-i she assay in high
human lerum 'rmtrenlratiuns. .to eKairiple lo direri and sandwirli
ﬁgay respense of PSA spiked in ICR human serum « sh:wr in

m

1A. Detoottosi nrkPSA n ?5J$huson «smm

A ralihril cr n.n.e was ckraired for The sandwich assay in a
ronreriraton ranpe helweer 2.3 and 1iOngril * IRiA spiked in
75S hurman serum. The ana-sperlfir hiiidins; n f PSA delertv*n anh
hedy after Thein rrtcm cFTSS human serum iwrlmul spiked PSA!
was2 lit? ifa«ay perfonriedqr muuse Ip:, irnmahilisMl surfare
and 1H :3 1L if assay performed ooi PSA capture aul locdy Immo-
bilised surface, the PSA detection anybody bndmgrtspemeswete
obtained after The suktrartc-n tiflhe rcn-spedfircundinyresponse.
1he deiertlnn hrul obtained For this assy* was UJ rgrnl 1(F#. 3-
trane al ttowener ihis result was r.-x ser silive enmyh for FXA
deLertmn at the required kvHs m serum. To enhance she sen
sitlvily further 4Dnri Au nannpxtacks wen? middied with F\4
deleronn antibody and sar«xwrh assay was perfcniied lo detect
tMA.ihe me uFAii nannpartdies toweml thedecM-licn liirul down
tn 11J'irp m1l 1!% S-Irareb!, which is well hHew die required
ImiS of delect «on Table 2 summarises the results cF die assays in
Ixflrr and ir human serum.

The specificity of The tRSA Interactinn with Ihe sensur surface
was tested IrvemployiUR a mouse %c: uirfare on the conirni sen-
sor.The mm-specifirliimlirp of PSA detertton antibody mudiliedAn
r ariapartsclesafter dieirertonofTiS humansmuri! wilh or w«h
cut spiked tPSAiTffsultod in Paresponseon rmiuse %Gimmobilised
suit"ire ;HR.4-Trare bhlhebdnb * of PSAdetection ant foxiy noif
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died Ail ranuparurles alter the mjeriiun gF 75% human tmirr,
(without spiked IFSA.1resuiled m n j 2:Ha response on anti-RiA
capture ant focdy inniupdtsed surface «roe nor spedfir bmdm.R
on tn Mta<; surface wn sery law, this wsnll was pureh duetnrhe
IPSA content cllbr serum ctuined from Sipma Whik creatmp the
cajlbratinn curve, thts response was deducted frar« the responses
obtained lopel die bndinp results diie tn Ike spiked %A Later after
calEraliati curw ofIFSAassyy was obtured, It wascakulated lh al
serum hem Spma used fur the sluiccunlams DAI r*n! 1cPSA
(Fa. >l

Inccficlusicm The limll nF-iecectinii o f die hiInmarker assay was
QianpmL 1 Insrrespmids In ILPirpml 1 m IDCK serumi with
j linear delectioai rartrr «f ILat ISflnRml. 1and the mellinetil
of vartitinn fCV1 laid belwera 1%and Ul across Ihe rar«e. These
results show lhal Ihe assay deselnped with the fcrmulaled marrn.
buffer and An nanopartide .rrr il amplifira.tiuri, hase patenlial Far
The rapfd and sensitive drlem:-n tif serum kimnarkers in patient
samples.

The number ufpukllcal ixis nelalrd Intliedecerticn nfftiA usmfi
BPMham ’-scf is *er* Imuled and this mdirales lhal jppllral cn
o f QCMIcinsensoTiln RiA delerlxn tsa newly dewluplnp area Ar
exa mple In a prevents study Fur P'-A assay usirt? QPtil xcsensnr
has been die study perfumied byZSunp el al. which Invuhe the
use af an insert plm; iiKidei of piweeleclnc immunnsemor. Nier
0 min KFreactinn al 17 Cm astatlr-rell with a 10 M1 V quartz m,*s
lal Zhanp el ai achieved imrar deterl nf 1.5 43ty[iml ‘ PV.
m ICCS semm 117|. N thniiRh the deierlmn limit uhfairwd Inim
this s tudy was lew enough, The read on lure was lung and assav
needs ti: lie perfumied al elreaied temperatures .AidiiiGiialkthe
dcn aime rant? nf the assay was limited, tn airachrr slnic, DmR el
al. use-d yras! cell mrdit'etl QCM sersurs bo mimahilise RiA anti
codes |>:i|. the fomdi rtr cf RiA Ik the RiA anrihsiv rninmblllsed
sensur was recorded al ter Ihe binding reached equilibrium usirtr a
0 Mlla quaiu cn”cal and rauRnecirdiner aRiialed slailr cell With
this method I'4r,/ el al achieved detection bF PSA m Ike range
of 5 EM% ml m 11KR serum. Both applications mmtlnned
abcve were pertreniied iismr non automated epUpmmt diat due
Ie their manual cperalmn nruy not nnly cause varutfons belwerr
Ike assays but alsn are net smukle Far clinicians use In another
study Cat! el al. performed II:mm PSA i*71 assav in lira human
serum uslnq an aulnmaled SPR buosensnr and dil aiimd a delect »x:
ImillofIRI rfliri. *Ihat mnespiinds boIDDof1HI ngml. for die
while serum [tl |

tn cur sluif allhrugh 75R serum was used as assav matrix
the edeDertimi Lmil chiained was tm m irtl ' For a Smin assav
which rorrespands to 0.10 trmi  tiRiIA m ihe whde serum
mdlratirp The gund perfiinnanre nf the upumised assav. Aid;
lionalh ahhuugh hyft rnnnrnlralien of semm wa used For die
assai; nutr*. liuffer limited the mm spent'.: bird IR):0of die pro
telus mi IG sensor spots and allowed complete resjeueraliGr cl
the sensor surface Ky shnrf mpctinns uf ICCinM Itd and 21! mM
NaCML. This enables the repeated use of the same sensur chip
Fur sweral tones In analyse multiple serum samples In detect
IF*A

The experimental ncrdiunns reported ir ihe literature van
between die assays siRiilliranllvswrh «, assays in sial ,c ar in Haw,
lemperaluae assay lime and Ihe anlilxidy uied agair sl MLA All
these cmilnkuDe In die assav sensitivity and kenre make it diffi
cull In compare Ihe results effect melv. When rnmp-ared hrefy to
similar label Free PXAassaws surh as above, the assay ievrinped ,r
this study, wilh let al a run react ,xr lime, repeated usability and
IDI) clitJH rp inL. *ir 75% human semm proves die advaniattne of
Ihe optimised asuy fon~iil suitable ter point ofcare sysienu Aid:
licnallv due In ol Isbeing rapid ard wde drleclion. rargr the QfCM
assav developed autprrfoims llie cnmmetoal EIJSA kits ava ilable
Fur biomarker delemon ITahle TX
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cames. Mymerk materials, in particular anisic- and meihjcrx-lir

acid bisec. naiteriiU hasx Ion? been proven so cable Sar a hozad
range of apf: iral ont : separalton, recngnitinn, sensne leitirmlc*-
7uME and ace used in bicmedical envirnnmenU serarMy and
food related areas (Ycehida et al, 2BKC1.

MetharsylaUK. are rearoriahlv well rharadertsec and easy to
Enanipulate. Surh materials are polvrrer sec Iracrl cnalk in suln
ticri " means of .nilialccs off radical nature thrash a chain
Eeattinn. Phkmerisalton s d sl.rt"nisS?c by: M .free radical pdy.
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e 201 HBsi%fr BV. ftll richLs naeawil,

merisaLinn, when the radical Imi atnr is pcedinned by bsmeiytir
.leai-a:n? cc nevalenl heeds: (I) tonic ritia n pdymerisalton, whem
caltanic and amtonic ialLanrs are po:«iun?d by hefceroklic cleavap?
of on pairs and :iil) tivinyradxal poWnerisalicm, when rad cals ran
be inhtaud cc dead teatrd n a nevrrsihle way" ignr-Crodzimski,

Icoic chain ixcymerisal cc, is su.tshle hr a reslr.ded Rrnup
of vonisahle ntz-nomerv free radical palymrrlsitinn is wdei.v
eapluitec fee the préparaiton nfcuinuierraf plaitics, because t -s
easyle prrfnrm leids cn high >v?ki nfmuteriii.s imrrisonabh' shnrl
limes, and therefure has «rained i ixnlral roe ;n pco¥mer snence.
However free radical polymer rucinn lead&tea brtenqxerreus pep
ulalton of mariiirole:ii «, i>p.rally wlh a bread dlstribntim nf
mo.ecular w.yinrts. and pacccmrtsu! aver di.mens.ons (Ward and
I<eppas, IX1j:. Amam i'%? leaser,s fix I'ne fiirintririn of arudura.’
hrlemgrneilies in <tr ircwinR nelwnrfcs, Thr sixrrlarienus len-
denry of nnnnonirrs, moss linters and scivenc tn separate-durrxr
1b? pulvirer,;,nion intu unifeem r'uslen- indili?renc ?puial *epinn$
is a major fartnr (tiltmaerbner liifitS: Anselh el al. ISfiCJ. iw'%
se.treftalion s denned i;- sp rmdal ckrumpns.tiun {Asnagjiii el al.,
IM5j, il ."e-erales hxal enviroeiments composed cc mdecules wtifei
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=mifar propentizs {hydmpbobicity and densiog) and ulkimately
results io differecd onicropelation enviccmments imibhe sane paly.
meEsatica reacticn and Lthersky sves riss to betreropemsities.
Oty 4% ponbrazy, homsspeceous muaterizls poszess very desizakle
chzracieristics, £.g. optical properties. reoduciaity, sicength and
resixtanre, sir, a5 evodenred by 2 coonparatioe amalysis of physcn.
chemical and funrticmal propecties of materizls with dislecinic
wpecirezenpy {Ranzumpaiti and Bewman, 298) The imporiant
prarticat need [eocontrolied depasition of the Lipers ofcrnss-Linked
polymers originatas from the deelioqumerd ol potemer-hased sen-
zors espevizlly cptical sensars such asSPR co Nuecescen devices. &
possibile sy to introduos coder in the polymissisation pooosss azd
therefore Lo rentrel it 2t 2 melecular lewelisiouse oontradlsdifeing
radical pebymerisation. Living polymeesisaticn is characterised by
peversile Lrassfeomation ol dormant species odo reartive Reerad.
tcals that s aschain propagatces In lving polymeisation 12 rate
ef Enitistice bs sipnificantly smeater than 1he polemerisation rate
(Fuscker et al 2003

&mang 16 varicus [ving Cnifecters [inl-listns, transfer gpesd,
ter-miniec], Citfiincarkamate exters reart by the photochaoni.
ca! cleavape of the £.5 keod {Oisu and Yashica, 1083], Ieading
to the loomatico of two rodicals with very dilszrecd progueriies.
O, derived from the Slkowl groap, is highly ceactiee 1L initi-
ales polymerisation, which peepamales by addition sMumsatorated
mmonceners. The ather is a couch [=ss reartive {darmant), sulpGr-
pacrired radicalihat dees mst psart with mazomers {lambrines et
al,. 19580z Kz maser el 3l [995) and acs uniqusly a5 a remapming
enaisty lec b macra-radical growisg thain, Cesu o al {1995 oan-
Ermed the Eving natare of phedeinilecter palymesisatiams in bulk
ang in solution anc sindisd the efTedt of d2Terenl reactinn con-
cotionss oo 15 palymesrisation rate and 15 produoction of ardered
pelymeric chaiss, Mimima! besadecing of the melecular weeight
cistribution was ohserssd wisz the chain extensicn process
was fellbawed by stes exclusicn cheeenateomaphy (SICL apocunt.-
izg Tor the leemation ol Bomcpeneces macromcleculss {Turner
and Elewizs, L9900 The kinetic behavious ol sarfaoe-initiated pha.
topafymerisaticn is quite CifSanent Mz 1kt -::n'm:] oul inbulk or
I sefution and typically has a izt -order dependznee an mecomer
panrentraizon (e Beeret 21, 2100, Stmdesh el al, 2005 Bon-linsar
gruwth ol the Lavers with expesure timis indinalsx thal tneversikile
termizating reactions dake place o the systeon, beading, Lo the
fcss of suzfacedethersd Fer rodicals. Thersfnrs, phetoinilzrer-
onedizted susface-imitisted phatopnlyrneraatios was elassiSed 2s
*peacda-livisg” {3antosh e al, 2005, 2008} &n impadazd and
civezse ranpe of materidls is predured by puls'mmtmm imenly.
oz adegree nl'r'ms—lm!::i,.,«Th.: tesalls in matacials Witk orester
taughzess snd sivength which fnd uses inawide vasiely ol applica.
tinns: from dectal restncative preparations (Favliner and Meoszzez,
003 1o contat I=snmes amd aptical deeices [Ewiers and Dartrazg,
ECS5 oall fiftratvon and selsciive membrames {Natari and Kurila,
2007; Blatsky el al, 20033 I panticutar, couss-Linkiog has poacti-
cal umpzr!ana- in the sy=d&asis ol recoznilinn mterials basec on
rmalscufazly imprintsd palymecs (MIPs) {l'ulﬁsl}' et al.. 26005, In
this contest, inilertec chemistoy has 2 disting acvwantazs, sinos the
nild axpecizn=ntal ronditions used in initiation by this metbod will
Bielp ko preserve Lhe pra-polemerisalion reonples, esseoazal the far
creation ol seregmition properties in MEs

Eecently Biving iniSacter plitopalymasisation has been used for
the developmesd ef irqrinted multi-lavers with predstermined
salectiviting (Hucker 1 2%, 2000; Pénez-Bnral and Mayes, 2007}
The presaoyt stsdy is intezded to Munber expasd the hemistry
basiz of this wark ané provide better roodoed over 12e thirknizss
et surfape-oonfined orozs-linked Lagers, ssiting the grouzsd fec the
establishmenl ol gemeral platform Sar suzfzce modificaticouwhich
witl fwor 13 goowth o surfars-anchored ross-linked pelymmers
ang enight brnsfit the pelyenzrisztoon of MIFs & sucfaces.
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A Foot = d VSvoromo md Seebce oo 20NN 2750

Here, we wsed a dithiccarbamate aster-hasad inzferier oowa-
Decdly bound 1o a suppeet to grow oontrallsd sodice-grafied
palymers. The alting [ooon’ sppocarh was esnployed s the suppon
was first activated iz order 4o attach the indSeter proups salely at
iz surdace and tn conSine pjlvnrri..mun o the susfaoe. The akdity
tn pantral the prafied loves was studied under werious conditoons
and upon adéition of 8 tha inberminatnzagent, MY N et raethyl
thourazn disulpiide (TEDY, a symmelrical maolecalie made ol twa
passive, éomnant radizals [Ty, 2031, The addition cf TED o the
rnnncemermixiure i reporied bo 22k on the squitibrinmm betweenthe
actye marroradicsls and passiéee radicals and inmease the length
£ Lhe suzfice growing chains, The coerall architertuce stratepy s
sumimarised im Scheme 1. We imnestipated the efec of TED an
palymer growth, inarder 1o contral prafling thicksass meer the
range 5-130zim. The aisn was to fing a racipe for 15 prowth of
tuz-soale polymes lapers of controlled thidkzess. Tee Shiliog to
prediztabile mrow such lawess would Balp in the desion of recopni-
ticm Eayers commatibhe with sensce systams. Meremeer it weald id
tn the 2sizn of enulti-layer architertuzes, oansequecdiy abloving
the optimasation ol elsctriral ponductie )\‘:nd impoceed diffesion
of analyles thus enshling 15 poeparaiic of 2 new pamemalion of
Bighly sen=ctive palymser-based sensors.

2. Experimental
2.1, Marerials

Sediuzn distinl difiorarkamate trilepdmats,  chioeqmpyl
trimetSeuasilane, aretone and S-anthracendmetEy] methammylale
were purchased Foen Sigma-dldsch [Sillinghao, DEYL & cibes

chemizals weme of :n:s'll.'lr..l arads :md weps used as revsivsill
[Fhzapure watas (Millipare] wes umed Tor analesis. HE specim
were chtained using a |EIL BIC-S0 iz hear HME spactroame-
ter. HME seivents wers nklainsd Iromi Gess Soectfc [Chelmslood,
TEL

32, Epnthrss ol
M. dm‘.ﬁ,l.' mzs._.hmmh.m:nfvnmé Erimethooy talane

The symbesis of Lhe sfame  lwing  inilerter, WM-
cirtinlammincdithinrarkamen Iprnp}il’lﬁmﬂhnﬂlnl.n: wi1s
prepared by 2 madifination ef the pooosdure of Robayashs et a2
[IEET ) Dusthyd dithiccarbamate trizadrats [3.42 p) wes groond
tn a fine pownder in a martaz Toe powdened szt was transfmed
tn 2 fask amd the waler of crestallisation remewed by Beating in
an ail bath (105C), wil= reomectad o 3 vasuom gump bor 155
Defredrated dithoscarhamate salt (1ES £ was sespended im0 mil
of dry aostcoe i a flask, fictsd with a ﬂimer_a.ﬁ:'l recyl=nser, £o
whichi was added an amcunt of dilampeeopd trimethocysilane
(248 gy ba pive 2 1.2:F medomal cotso ol inSact eristlaze. The mishane
was hexied at 45-55°C Predurt, & the foem ol a yellow oil, was
farmed zltas 10- L5 h. KL the emd al15e reaction, the inseiable sirs
were remmoved by fileraticog and the solvenl svapecated at 430
under varm. Froduct feconatics and parity wers realfinmed by
TEC and BME & guantity ol 1%z cfproduct was leomed,

23, Actinzton o bornstliznte acpnores

E'uppc:t sarfices wers borasilicate plass stides ot imdo reci-
ana’es ol QT mn s OF o Surfane actiaalion was arkiswed by the
fallnweng steps: 10 min ultrasonication inwates, 190 min ultrasoni-
cm.xﬂ in 1 B N2DH, 10 min iz water. Thes, [0miznialtrascaicalion

S ELCL, 10 enin wltrazonication in wates 353 10 min ultrasani-
:zﬁm in aretone, Fizalhe surfanes wece dejed Sor 2h imaznovenat
SaC
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.V fg-d ethy*iiiiiiodithiiicarbamoytpfopyl
(frnellx>ry)silanei
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mg)- £p--51-1-Si -[3"

aetiMBed glass surface
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.o"-ij-"-c,
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A1 sl-0-Si-o

inreitc- mndifisa @c:s sur'ace

(fi; 'm<yrm iM IK j- HI nt.ilvtix

Wit 1 'lCl' . A uli
" «ictiia4$ TieiP.
Sa I i
1 k I
S.-Wmr L.

2.4. DiTiviiiisui® ef bafosiflfraCrsupparjr wiiA silair litigR

Acthrjied barnsiicale mppcns wri» furmlianal!s«fil b f xntrir?
ston far difsSemrt Lon*$ (iiram I tn 12h In a 25€ (vo»v! solullun
of .N*-dirtfci'lasninodithlorjrfcjinyvfpnipvKlrimctiiaxvliilanp in
talurrie. The suppnrli wres thru wathnl in mBlhaeal jsd drird ai
room lenriwraiuw. DprAutisaLinn was norifirin?<i bvsi.ili: rc-iucl
arWf measuresnpnts.

2.6. Arsdivds -7 sifanr modiffiroCleffl  runMet uiyj!-
sulk- contact aivrl-f (CA) measur«mprils AVCS ppsformed on a

Cam IfflcpixalAnsr> Ueler"KSV Instroments lad. Finland). Mra
surpnipnts  ni¥rppratrd war iimps and Ih? mean value ralculaleii
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2b. ijunniiiaitrv Fsrthtsilton-/rhr irn IV siltinr innafEaaiiaa en

IEiifprter-iFBdilied bcccsilirale sides and oonliol slides (aol
dprAarised «il hthe daifcrter) were p ared ina jriass Prlitdislili ed
with 20m' nF a IK HiK-resemt muncmpr 9-anlhray:pnvliriethy’
acrvlale n tnluerip, uhrasookaled Fee llimin and purcp’d w.tri
a-yor, for 20 mast W irradiation (Pt-iilipps IFf lairp 9 W'rm2) was
carried oui for20 and 40min.Arler1hp pnlymr-r sal oi slices; were
washed in mrllueol a*ddried.

27 atfang

For the grafting, the iniderter niod iFied supirnrt s vsene planed in
acovered Frla dish andi*mnened in the pofomerisalkm mixtures:



Appendix

211Z X Fnezdrrri ‘jfenrom ini AnliTceTtt.rJt JQit'JHU JftC

(P3) USx MAA 45y EiCMA Sy iciuec»: :P4) (H6x 2 TFMAA,
429 $r EGDMA, 5y tnluees: |P5) aSSSYyEGMP, 4JQKy BGDMA, 5k
tnluene. Me~ rrmesval nf c-xyypn bv wilh arynn, Ihr palvm
mfri.ulim was rarricd am far diEnwrrt times iii 1Q 2D, *1 GQ
SOmiO*usinsra Phillips UV Unip (3 W.lem-' Xirountid ai S cm dis
cann; ibcen Lhr surface. Pr-lvirerEraflinK was alsn prrfcarie»d wilh
the additinn Df 1lill ai the oanteiitealtons 0, ICOriM 1phf LQpM
and 1 0 0 1'xisrirr"nlswere nrpealed in a modaimd ainnnsphere,
aside an AtmctEutrDontinuamrivpurgedi wil h-iiii:yen. TI'fyaftmd
suppccts were washed with methand. dried, and amivsed with
contact angle (Ok), AIM and FT-B.

2,K Jluisremrm atialv.stciVihe *nyiiV latw

The HuccesoKrd mancemer 9-anthr.A£ piivliriethvi. JCW «r in the
oemrentralcens i]K CUB 1% 0.0625S, 01258%, 0.25% 05% and IS
was added tu a snlucicm cnntainiEtK (BLf MAA 03 $§ BdCMA ,n
Ly iciuenr son catrd fur 10 mn and 1!:en purgpd with argnn for
20 ma The slides with 1b* initialcc atUirhrd to the surface were
p aced in noverrd Ftetri dishes and immersed in the pc-hmerisaiion
mixtures The-rnvalerd attachment oerurned under UVL%hl during
20 mELThe surtaces were then washed with mrthaml and dried
under astream of n rriiKPn.

Quantificuim! nfthe iOuaresnence aft hr surface was perfccmnd
wuh a OuDcescenrr analyser mqu.pped with GeeeSnapamd (ietie
Tact snftwares (Syngene- lilumpe, Cambridge, UE) Images were
capiuied .it fi ted Fhidcut wavelengt h ;>rer 320 mn 4L0nmX
02008 acpnsure, 20 iKUradiie. Acalihraiicerurvewasptolledwith
the reXilive- fluorescence units (KIU>and line quantity of mmomer
added to l1ae natolunes The eqiulian for the calibration was Lnear,
'/tKFUIi-SJ SSiisd"K uf Hue neanent monnmerl. The llucnescence
readmits were ronveried intn t-"aiea and intn mojarea.

23 .17 JOiinzWf tVinir*u'rinr and ACM mcivsts

FT 18 spertrnsonpv was used for the qualitalne analysa of the
yraBed polymers. The eq uipment used was a Hruiter IH Scope I
(Drulter Croi es, LHQee uippsdwil hattenuated tnlaJ reOectinn ATVE
cbecl w and nontrolhd hy Opuy IK uptir snftware IT 13 spectra
were cnl'erled innelleciancemnde, in the raatge between” 3 and
fOIOcm ', subtraried 5:r the hackground The different prépara
tinn steps were analysed. AFK ..mages were ohta red n enrriart
mode using the PcnSran™ instrument :Mcuecular Imaging Car-
poraliun. Tempe, M, U&<!. Surface tcpcypipc* was analysed by
acinmisaneginnscf 10 » LO~m1 and L* Erim-.

2 Jft ITIVpmmeary m'usun—rnu

A Heagieholfr Instruments phase-modulated Pirmtrte- fil’ip
sccneter SFSe Ne Laser, A 028 nml- was used to measure the
thickness nfdry layers ofthe grafted polymecs

A refractive ndex tif 1.40 was used for patyme-Eiyers-The eti.ip
acenetnc actyfes f and .i were measured, at argies cf Lnndmre
ranging from 00 tn 15 :measurememts were made ewcy 1.03 X
and fit usietg a Cauchy modid Ug”rPto. «ftware paraagelOo nbu.n
the thickness with an amrracyof ; Innt Thicfciriess roeiasuremenLs
were taken at live difiecent paints on ejfery sample measured n
ambient air.

1. Results and disrussiim
TJ. DmwsEUBPian nftAr stiflparrs vim hrotlerfar
The s.'tne in ferler V.V d.ethyamiitnx.iihiorarhamcy'pre-pvl

(Iri.melhtixv)silarie was synches sed with a muddied proicor-1
adapted fr:-m Kohayashi el al. (19521' '.AppenriixBSrapplernentarv
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material 1%Advantages of the modified pnctrme-l are the ease of
purilkatim and high yield [7(33 nfpmiurt.

'Support stmers were mcdi.fied w th the s tarve living .niferter
after activation. The time coarse uf Ihe modification was studied
and upiiinisrd by sialic CA measueenwHte Bane atlira has a '"ZAof
10 12 that dBir”~tedtoca.83 dueto the modifiratinn. Tlrvechanges

nCAmeasured were platted as percent age versustcne. as tepr-rled
in 1g. 1. Besides d.splawd a sal uratictn cnunr and were in line
w ith line literature iKcbayash. el al.,, 1932). A period. cf3h was
cimsi-dered satisfactory for the derk atisatinn process

An est: matkm nf tine q uantity of intfcrter groups plarrd un the
supxCTirtg surface was aliemipted bv using fimnescrnre, in line
with other puarrrlitatWe lluunesrence surfare stud es (Ivanov et al.
I8Xi: Xingaad HurgupL.2fi(17). Kwas suppxec that ITheact valkm
of Ibe inifetier jtoups imthe presenn? nf Huzmewent mcccmers
would result tn labelling thivemajurilv of the nifertens thu-offer
.ng IThe puss bility toe-sf..male the cuarrl ly cfarthv inifeters unthe
surface. Trve phnto activai inn was allnwed to proceed for diRenerri
times 2K and 4ii min i on supports dervatismd with siLane inifcr-
ter and ori controls. The mesttte are summarised in Table I with
batches showing variability tin the range 10 15i» passihty due tn
seE-afpegtilda nflbe- lluccesoeri! monomer as a sounre cc ernor
Data for 20 or 41!inin phctn-acthriticci d d not vary stgjriificarrrtiv
prohabfo irdirat ingthal the graftingofthe layer cc monomers unto
the surface ,.s afast pmoess that mrurs within the irs1 lew minutes.,
[ranger irradiai o n times resulted greater vanabhititly lei the resuHx
presumably due to- other phenomena, such as sell pofomerisation
ofthe monomers in salutim crloss ufinifeiergroajps al the surface
ccmrr tig thus rmfusing the expvrrmental picture. Upon ultra
somiratinn the Quantity of act ve inifeier groups attached tn the
surface dropped by 510 w th respect to non ultrasoriirited sup
ports suggresting that loosely attached munixners and iiaiferlerare
aenxwe. a the pmcess Ibe quantity of grafted infecter ¢xups
was estiimted as 20 LIpenn,Imm3,,

12 fikniTg"mg

A ayer nfpolymer was grown from the airfare. The activa
tiennfthe polymerisal inn pcuness was hy I’ pholedvecompositk>n
of the iniferter attached tu the support. Illl.psomeirv mveasutf
merits -,dirated that 21!min " irradiation gave nse to - Srim
pnlymer th ckriess, 43 miin (A'gave rise to - 6nm pailyrner TiirX
mess. Ttime seemed scarcely re evanl for determining fie- thickness
cf the grafted laver and nn variations were detected between the
different monomer cnmpusitinns tested. CA measurements were
reported n 1>, 2A, show ing an angle of about tifi for the grafted
polymer, which is in accordance with the literature data (Yuan el
al.. 20:17)



sL t'txnn a
Qsiaitsly rf-remi n inri err:h» «rfiar.

S331pit dr«n-tR*n 18V ry K W ir fitin"!

C-tElli 2D 14,

htrriri 21 14,
<1 hi,
4P hit

Cstrro, 2B

nnriri 2D

In nrdrr tn -rhdrdrtfrisp thf .Ardftrii liwrs, ITIK spectu nf
the supperts jfler rich denwatisaliian step were rctkctea Hr. 211
shows ihe spectra nr Tne inidecter .road.Red supixa andof lhe
prafted pnlvirere PI, M j-»d PS. IniFfrler-mec-dili-fc m pixcts dis
pljfiive i chsrifleriffiltr |>rakjt IGSOcen 1»r LheCSgraupanisame
peiks Wibereginn araurd 131:0cin 1, attribufied laTfclacariiand
(&=S] streichinsrtl iRiin UJJ As experted, the cceilntut on n": ?
dilhiDrarfajintte in.ferler, inrlinl np Ihe pcrsenceafCHi ird CKj
v.britinn Isseen bei'Aieeii 111! and 15511cm 1(>dn and Williams
is6Ix

hihecase a pesymers PI. Pt and B. 1he waftresiinber of
the G-O slietthin? vifixalims n The refjron nf ISKT 120ari /
isa hartica of the eopdymer tmipc6. 1sB TKixdeit €l al. 2CEGX
The spectra showed TheW ) sliekfxirKvilnlm  ovpial.of The
estepand cark-ryl grogps, it - I7R.*1JIDani 1 UHE 2H, arross
)X The asysmetrir rartexvlale slietmin? bird i\»{Q0 } is
cbssmednear 156l'cm 1 (Big. 2B (c9 '@l Liipdl 5L, 197%.

Edhmrer 59 conUinrd methanvac arid with CHi and Cih
smmps akmipltans at 2TF6- and 2654 =i
nespndiifceby.'nie de&rmalUnn bards ce'thesegiaupsnweee cbserved
at 1487 ard 1452no \ The C-0 sbebt&irR around 1700cm 1

(A) »6

%) B B
W.
Sco m Co) i2QC< 14:0 1660 1Mo 2CO:
fréawncy, :m "
Fy.1 LV( irfir mrJurreitsiKi»<vtlrnrr fir lit iij/nry £ v-rd firvTi

pslyrreer <twn;nii:Kes. T T IKipfer j nilhr aiirmr: fuljmrn.
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tVyvtKirr « s!i la-A-x 1sika.S i K4 0 <?T4i> JT¢-j

3t>si*iCTni imniTiri -mfrriTi- ! stcimm niitnrim fi

imifrmi- i
6D12 i MIC 41'1 7
arai i MIG 740 11
HD!! ] TuK'l 45.4 4
GPU 1 MIC 37 t i,
GIIF. 1 MI'I 19* 4
illir? 1 MI'I 2114

was also obeecved. r-nlvmirr P4 rontoiiwd Ihe Im£iunrnim.hyi
iirrdir rminnmer di&liirtrnishrd byline prewnre nf inlensf signals
at 1258cm 1 (1it} 2$ :dft Belymer P5 oanUi-ned the phces
phale mroomer, whirh raw an bitemse sipnil in the rvRinra
12511 L393rm ° [Rff. 211 (RX These results pe:w The diflenent
noiures cflh e Rrafted pr-lym”rs.

12. ticnfSliVrapi'hm rsi«m nmindlni’ #HiVoti

The snciil of th.s week was to a:h >?w conInd ever the aver nf
cross-linked pnlyimer grafted tn the surfans. Pnodun.HR a pratted
palymer cf a denned thickness has praii.ca I impz-nance, rj, im
issuriry the fixunalitim nfan adéquat#- number of hirding s tes, as
in the case cf pnlvine* used n sensor denviopirecd.

Thereared ffirenl fackors nesansi hiefir polymer growth and
&Eﬁﬁ'jﬂmﬂ.ﬂir namrctliuR the ma‘ﬂ.««cnc,.nR tte-
grifled iaviroFs*Jhcamtdirmnsinns: !i)tre amount nf nilerter
on thesurfare (Un, 200U (ii: The nrarlicilvof the monomer and
Ibemass lin ser(w ard etal, 3k @\ iiiiv the slab lilv nfthe rad
‘W aid « @Li23112L1>v the decrease nfthe pnlvirersitinn
m@eat the sixtier dsje 1Odirfusional and sleric harriers Mlava el
il, Z[[G4],(v1 the p.’E"tmEand theincnrpucsUfioii nfes'ipen .mthe-
sihtion dixilReh e pedvmerisul ion, ivi) ﬂEcqul]]& rtum between
octhiydnnmaBd species (Miiangct-el al. ,ZEKKX

We tank ;rriDcnnsderaticcil' *»e prese-nre cfox”qem and the equ.
librium between artive'dnnnanl radical spenes. Tg. 4 indkaled
that an caygen free envimament is essesrri: ii fur the Riowlh nl
the- ixilyroer. The thickness of P3 ufeUinnd from snluticcK ttmpv
purged with argon was finro while pah/trecautinm n better
outatsnffied atmosphere within an Al rncibag pox ured a rcatingul
2Bnro thinsness.

ImIhe second case line equilibrium fcetween arlhe) domu nl
radicals was shifled bvthe icditiun of a rinatn terminating oprnt,
TIT) ;Dleu 3C03X Tire term niting apenl TIT) was added to ihe
mccomer mieluie at Ibe ocmnentralion nf 10 pi/ md po yroerisa-
lion was earned out fur 80 m.n. LTIipcometri."Wis used tu detenu re
lire Thirkress cfthe grafted pnlyirec lower. IssulLi shiiwn in lig.14.
indicated ibot FT reached the significant thickness of ca. IdJnro.
iLcnuid. be I'ft-pnlhesised that IdpJil nfTFD in the mccomer salu-
1ton wculd peeve nlll*e inwerslbbe-nennmbltriitiouiof arrive radira;.
twproviding an excess of dnrrnimr] radicals thus pocionRing ire
lifetime uTthe surfice grafted marnBinifester-

The influence cfthe pcAroerisalon 1 me on pdjpmer ibickness
was evi uaied. FIR. 3B SH'WY, Thoi inrreased rrad attan lL.roe cor
respunds wilfc an increased ihintressoflire Rrofteipo6|uner Uyer.
It was moled thai 4Kmin pulymer matium pcuéxed i imirkress nf
about 70 nm while 83 min proc'uced a 101! -en lovetr. The relation-
sh p between rradalinn timeand thickness nflbegrafted layerwas
almest linear (jequoticm: y tnm )-1JS57.w'rnin of polymeiisatiun.I:
1t3-08952). Ibis obsen-aliun is in arenrdanoe with other surface
marncenukrulor archJertures prepared by pholcchemtcal initia
lion :Mikavama and Mals-uda 11996) ard accounts for a limited
disrupt on of lie surface proximity to the tha n etionROtim pro
cess. I'lrther invesl igatinms were canductrd lodeierroine whel ler

irais
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there was a rccrelalion lieIween the ncucentralicri of TTIi and the
thickness cc The rrafted pulyiner. iiR. 4 s-iows the deperdenry of
the —afted pulyrr#er thickness on the ronrentrali.on of the rha. n
terminating: “flcml.IEIX The irradiatlom time- tinas fixwd it4i3min.A
d.wel roinflation heiween tiiecancentratiun nfTEDand thickness
of palyirier emerged, irdiraliny that man.pulatton of trie quan-
tity of TED in solution .s an effocl he way tu dbiain —ailed layers
w.th Thirxnesaes between Sand 110 nm A plateau effort seemed
tn occur for high cnnorartralions of TED. The dala were supiDccted
b/T1 Ik and AIM slud.es.

4. CoiKfusions

[n rooriusiun, the versatility of Lv HR initiators to prepare
grafted ayers was recently demcmslrated uthe work on funcl ion
alised nancpirlines, inrtudipx moieoiEarly impitnted p: nmers
(Kuckerl et al, )1K2) Subsequently, the pcssikil ty tu pexkmerise
oanseruiavely different Iavert, each one- IncnnxiraUnR different
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propfrlies 45 des nfd was also dfinmstrii.rd (Héres?-tosul and
Mjikk. 2IMi7). Contred oc"pokmerisalkm jikws (or the drsiRii of
custnmiwd mrultiptic-fianclicflaSMy Layers, one m ifcw Icp nf the
ether and céfrrs rrartiral soBulkms For bktsensixs and bknntmeLfc
applirat inn:- cri chips

In nrder 1o urudertiaitc. and hive cécrirai nfthe Rrcwlir, eternss
tinkrd p:>U'inerir surfaces our research ordered Ire- hisk aspedsof
the pencurtinn nfpolymer surfaces usiny livirtE .niferler im Liiled
pnls'iiiertsalinn. MonilorinR rich txrisaratlcta step and the paly
snrrisalton with ET-IHilkwed aclcee-control nflhegraftitif process
as Thr disl inriiwe v, hritiecu] siflEufa for .miferter and Icc pctvmrric
materials were identified The grafting was d recllv ceprrdenl on
the irradiation lime and on Ibeccciopntrjticci uf dnai.n terminal
raR aprnl ’The brsl conditions for grahiny sn far :deed, lied «w"ie
40 fiKrain nfbrad aiinn and 1.0 IH nf TEA wh.ch allnwed
the jiixwth of a LOUnm thick pctymrr layer, while a LOOnkf 111)
cnncerrt-altoii resulted in the fermai cm of IKrun thick pe-lvrrier
iSIn'i The ixxcess rould in principle Iw exlerdnd tn any cnmnnsi
ticmof polymer desired, mriudin® MT-k Such an approach would
bei.p to design ideal or hpi-ilc cccniMi. ble recupn tiun layers tu be
i-nlepraled w ih n sensor s*'stem” uHinising electriral cmdwliV-
:ly and reducirnR diEusicm liimes fee the analylet thus enabling
the preparaltan of a new .fienerathm of hiRhly sens» he pnlviner
based senscm In cnmrluskin we hase demonstraled am ability tn
ema nre cuntrul cw rlh e Thicknesses ofpnlymertc ooatiriR mace of
cross limbed, materials.
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Appendix A. SuppflememtiTV data

Supplementarydata associated wit hthis article can he found in
the imiLne vers cm at dc-i: 1d10 1™ .himJO ICICOLOI1S5.
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Development of a novel capacitance biosensor for btomarker detection
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POINT-OF-CARE TESTING FOR PROSTATE CANCER DIAGNOSIS

Y. Uludag, E. Nna, T. Bailey am IE. Tothill*
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tntroductiun
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Frooeedivgp of the Ceanlel Mo 63t 3 Confinenie: €27 Way D308 52

Prostate Cancer Diagnosis Using an Affinity Sensor
ikt Wudag and Ibtisam .E. Tathll
Crnfisd ooy, Crantel! Unversy, Cromfel, Sediorcishie, ST QAL LY

AESTRACT

Frasto= catinoma iz a fatal malignarcy and is @ major couse of death i men in the papulation
agad 3% and over in tiz UK (10,030 men o yearl. Early ond oocursts detectan of prosiate cancer is
wery imparizrs, Snce there is no cure § $1e cancer szreack out o the ather argans of the body.
Fecen: develapmenis and advances in Eiosenzor sechnolagy hizee sncklad trs rrifamrisetion of the
dedces and rruftplex becting of the mdfytes. Therefore, biosenzar technalogy has she prientiaf far

the manufacture of paint af care cancer testing devioss.,

Frastxs soeckic arigen (PSAL iz wmed ax a bizrarker for the diagneeis and prognoz’ of prosiate
cancsr. Tests bazed an POA onalysiz are cumently st E1= rrast cormon tests employed far prostobs
coroer detaclicn. In E1= curent stady e ponerdal of wsng GCM Efasensors for the detection of
PS4 has been investigoied. An awiomated GOM instrument was uzed os the Eiosansar platfarm.
By pericoming o direct immunpazzoy an the gald sensar chis a 195 ng ml* FE4 could be

detected, while o sandwich aszay erabled t1e dewedtion of 48 ng mi* PGS,
INTRODUECEHON

Frasty= cancer, the commares: dorm of cancer in men in Ewrepe iz a corrplex, rrutfactordal
cizeace, Every year in the U neary 83,000 cases of prosiabe cancer ore diagnozad, and

prosisbeconcer cozes 10030 deths each  ymar

Rlilail ! ] i . Early and aoourns

Seaaction of prastobe cancer is vary imsorton, Snos there iz ne cure £ the cancer szrmacs aurs to tha véhier
argans of the body. Ealy diagnosis of prostons cancer iz wery important dar sucomssfu’ meatmen: of the

cdizeaze,

Th= increaze in PS4 feas in seumn aboee the nomal fmks is 1= prmary indicafon of prostate
malignancy; tharafore FSA is wzed oz o hiomarker far the dagnasis and prognazis of the prastabs
canoer Graeer ond Large 19ED; Ciamands 199EL. P28 o inather wards human glandular kallisrein 3
h=3: iz o § 3-34 KDa gyrozrate’n praduced by the prostafic zacratary ecithelism cells, F24 iz aiza
derecile i serum and the narma’ 1= of PO& in zerum is 0.9-2.5 ng mi. In seram, PSS i faund
either in iree form or as a camplex with ACT (&CT-FSA, MWW 96 ESALL ACT is o protease iahkitar
and it imikits FG&'s pron=cly?c actihity, Slthoagh FE4 iz currerdy recognised asthe elnically mastused
Frostate cancer marker, itis nat cancer soecific [Stechan, e2.ad 2007, Berign Proztatc Hyperplasia

Sy gt D206 Cranfizhz Unwersiy  PubBihed by Cracfehs Universty Press ISEN STECAG5T46-T2 b Aed hareke et 3603830
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APPENDIX B - ETHICAL APPROVAL FORMS

Patient Information Sheet

1. Study Title
Hormonal Modulation of Putative Tumour Markers in Prostate Cancer.

Microarray sensor for prostate cancer diagnosis.

2. Invitation Paragraph
You are being invited to take part in two research studies. Before you decide

it is important for you to understand why the research is being done and what
it will involve. Please take time to' read the following‘infonnation carefully
and discuss with friends, relatives and your GP if you wish. Ask us if there is
anything that is not clear or if you would like more information. Take time to
decide whether or not you wish to take part. Conéumers for Ethics in
Research (CERES) publish a leaflet entitled ‘Medical Research and you’.
This leaflet gives more information about medical research and answers some
questions you may want to ask. A copy may be obtained from CERES, PO

Box 1365, London N16 0BW.

3. What is the purpose of the study?
The natural course of most prostate cancers is unpredictable. Some patients

who have indolent prostate cancers progress to symptomatic forms, while
others don’t. Some progress ﬁlrtﬁer to metastatic cancer, which are more
aggressive and lethal. There are little or no factors to discriminate between
‘good’ and ‘bad’ prostate caﬁcer. This study examines the expression of
several types of oestrogen receptors, which are crucial to prostate cancer
progression and may also indicate potential aggressive forms and inform
choice of therapy. The receptors are investigated alongside' with other

generally recognised markers of prostate cancer.
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In the second study a microarray sensor will be developed to diagnose
prostate cancer. The current prostate cancer diagnosis method involves highly
invasive treatments like digital rectum examination and biopsy. The aim is to
develop a new biosensor that will detect the biomarkers of the prostate cancer
from blood or urine samples. This new biosensor is expected to predict the
condition of the patient better than the current methods so that the number of

patients that need to send to the biopsy will decrease.

4. Why have I been chosen?
As you are aware, your clinician has informed you that a biopsy is going to

be taken from your prostate as you have been shown to have a raised PSA
and / or an enlarged prostate. If you consent to taking part, a urine sample and
a blood sample will be collected before your biopsy. Once your biopsy has

been examined, any remaining tissue will be allocated to the study.

5. Do I have to take part?
It is up to you to decide whether or not you wish to take part. If you decide to

take part, you are still free to withdraw at any time without any reason. This

will not affect the standard of care you receive.

6. What happens to me if I take part?
If you decide to take part, you will be asked to sign a consent form for this

study. Before your biopsy is taken, you will be asked to give a urine sample
and a blood sample. When the biopsy has been looked at for your diagnosis,

part of the remaining tissue will be allocated for this study.

7. What do I have to do?
We ask you to carefully read this information and take your time in deciding

if you want to be part of this study. If you agree to take part, you’ll be asked

to sign a consent form and give a urine sample. When the routine biopsy is
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taken the normal procedure is performed and part of any remaining tissue is
allocated for this study.

8. What is the drug or procedure that is being tested?

No drug or procedure is being tested.

9. What are side effects of taking part?
There are no risks associated with collection of urine sample. The biopsy has
no additional side effects apart from those normally associated with the
operation. Taking a blood sample may cause slight discomfort and sometimes
you can get localised bruising around the area from which the sample was
obtained. | -

10. What are the possible disadvantages and risks of taking part?

There are no possible disadvantages or risks associated with taking part in this
study. | |

11. What are the possible 'beneﬁts of taking part?
There is no diréct benefit to you but this study may help improve diagnosis
and future treatment of prostate cancer. |

12. What happens when the research study stops?
All tissue allocated for this study will be destroyed and the results will form
the bases of a scientific thesis and may generate scientific publications.

13. What if something goes wrong?
If you are harmed by taking part in this research, there are no special
compensation arrangements. If you are harmed due to someone’s negligence,
then you may have grounds for a legal action but you may have to pay for it.

Regardless of this, if you wish to complain about any aspects of the way you
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have been approached or treated during the course of this study, the normal
Nationai Health Service complaints mechanism may be available to you.

14. Will my taking part in this study be kept confidential?
All information that is collected about you during the course of the research
will be kept strictly confidential. Any information about you which leaves the
hospital/surgery will have your name and address removed so that you cannot
be recognised. All samples will be analysed anonymously.

15. Who is organising and funding the research?
The research is being organised and funded by Cranfield University.

16. Who have reviewed the study?
Cranfield health local ethics committee, Bedford Hospital NHS trust research
and development unit and Bedford Hospital NHS trust medical research
ethics committee

17. Contact for further information
Dr. M Wasil
Department of Research and Development
Bedford Hospital
Kempston Road,
Bedford, MK42 9D]J.
Tel: 01234 355122 Ext. 5855

Mohammad. Wasil@bedfordhospital nhs.uk
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STUDY PROTOCOL: Microarray sensor for prostate cancer diagnosis.

Different prostate cancer biomarkers will be identified to be used for the microarray
biosensors. Initially the microarray sensor will be optimised using biomarkers in
buffer solutions and in serum.

Sample Collection: Blood samples will be collected by the medical professional (10
mL from each volunteer). Blood sample will be transferred and stored at -20;C in the
Molecular Biology lab of Cranfield Health.

Analysis: Blood éamples will be analysed using the microarray biosensor developed
to identify the concentration of prostate épeciﬁc bioma;kers.

Results: Results from laboratory assays will be statistically analysed and used in
writing up PhD thesis and may also be published in péer-reviewed journal. |
Anonymity: No patient-identifiable information is required at any stage of this work
including sample collection. The nature of sample collection for this study does not |
require informed consent from patients.' No genetic testing will be done. The log
book for sample collection and results of laborafory analysis will be stored in a pass

word protected computer.
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Centre: Bedford Hospital NHS Trust
REC Reference Number: 08/H0311/90

CONSENT FORM

Title of Project: Hormonal modulation of putative markers in prostate cancer
and microarray based sensor for prostate cancer diagnosis.

Name of Researchers: Emmanuel Nna & Yildiz Uludag.

(Please initial box)
1. I confirm that I have read and understood the information sheet dated 12/06/08,

version 01/08 for the above study. I have had the opportunity to consider the
information, ask questions and have had these answered satisfactorily.

2.1 understand that my participation is voluntary and that I am free to withdraw at any
time without giving any reason, without my medical care or legal rights being affected.

3. I understand that relevant sections of any of my medical notes and data collected

during the study may be looked at by responsible individuals from Cranfield University,
* from regulatory authorities or from NHS trust, where it is relevant to my taking part in
this research. I give ermission for these individuals to have access to my records.

1. 1agree to my GP being informed of my participation in the study.

2. I agree to take part in the above study.

....................................................................................................

.....................................................................................................

Researcher Date Signature
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Letter of invitation

Dear Participant,

We invite you to participate in a study on prostate disease. This study looks at some
indicators of prostate disease development and progression. Our aim for the study is
to examine the link between the development of prostate disease and the production
of these indicators, also known as disease markers. Results from this study may help
improve diagnosis, treatment and management of prostate disease in the future. As
you are aware, your clinician has informed you that a biopsy is going to be taken
from your prostate as you have been shown to have a raised PSA and / or an enlarged
prostate. The biopsy is part of your clinical care and will be used by the hospital
laboratory to find out if you have prostate problem. The left over tissue will be used
- for this study. If you consent to taking part, urine and blood samples will be collected
from you before your biopsy.

More details of this study and your participation are contained in an information
sheet also given to you. Please takertime to read the information carefully and discuss
with friends, relatives and your GP if vyou wish. Ask us if there is anything that is not
clear or if you would like more information. Take time to decide whether or not you
wish to take part. There is a letter for your GP, informing him or her about your
participation in ‘this study. Please kindly give the letter to you GP. Summary of
results from this study will be made available to you and your GP. You are also
given a consent form. If you decide to take part in this study, you will be asked to
sign a consent form for this study. Before the Urologist takes your biopsy, you will
be asked to givé a urine sample and a blood sample, which will be collected by a
nurse. We tha;nk you for taking time to read this.

Yours Sincerely,

Emmanuel Nna and Yildiz Uludag
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Letter to General Practioner

Cranfield Health
Building 52,
Cranfield University
Bedfordshire,
MK43 OAL.
15-08-08.
Dear GP,
Hertfordshire REC Reference Number: 08/H0311/90
Study Title: Indicators of Prostate Disease
Your patient, MR..............c.ooiii . is invited to participate in a study on

‘indicators of prostate disease’. The study examines disease markers that can be
used to identify ‘bad’ prostate disease. As you are aware, your patient has raised
serum PSA level and or enlarged prostate gland and has been scheduled to undergo
prostate biopsy. If he consents to this study, blood and urine samples will be
collected from him before clinical biopsy.

Find enclosed a copy of patient information sheet, patient invitation letter and
consent form, which are also given to your patient.

Results of this study will be made available to you and your patient through the
collaborating clinician at the Bedford hospital (Dr.H Sharma). The results of this
research will also be used in writing a PhD thesis, which will be published on line in
the Cranfield University website: www.cranfield.ac.uk

If you have‘any concern, please do not hesitate to contact me on phone: 01234 75
5561 or e-mail:

e.o.nna.s05@cranfield.ac.uk .

Yours Sincerely, -

Emmanuel Nna and Yildiz Uludag
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