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Frontispiece

T3 DFB lasers within a 96 well microtiter plate, excited
with UV radiation (left). DFB laser sensing principle -
functionalisation of the T3 surface with single stranded
oligos can be used to couple complementary oligos to the
laser surface. Binding is detected via a shift in laser emis-
sion wavelength (below).

e

DFB laser DFB laser

Set-up used for excitation of lasers within a microtiter plate. Laser emission is shown on
a white card held over the optical fibre mount.




Abstract

Organic distributed feedback (DFB) lasers are a class of evanescent wave technology that
can be used to measure changes in refractive index at the laser surface. These sensors
are highly attractive for biosensing applications as they provide a sensitive platform for
the label-free detection of a range of analytes, possibly in real-time, and they can be
multiplexed for the detection of a suite of different analytes from a single test sample.
The simple implementation of DFB lasers for sensing also means that they can be pack-
aged into a compact sensing platform; this is especially true of DFB lasers incorporating
an organic semiconductor as the gain layer where optical pumping may be performed
with a compact source, such as a laser diode. In addition, organic semiconductor based
DFB lasers have the potential for improved sensitivity relative to other organic DFB
lasers (such as dye-doped) as the refractive index of organic semiconductors is generally
higher, which leads to an increase in the interaction of the laser mode with the analyte

binding region at the laser surface.

In this thesis, the first demonstration of an organic semiconductor (oligofluorene truxene
(T3)) DFB laser for biosensing applications is described. Sensor development is focused
on the ultimate aim of incorporating a T3 DFB laser into a compact and portable high-
throughput sensing platform for the detection of cardiac biomarkers, Apolipoprotein
B100, C-reactive protein and B-type natriuretic peptide in particular. Detection of these
biomarkers is to be achieved via functionalisation of the T3 surface with oligonucleotide

based probes.

The structure of the T3 DFB laser is optimised experimentally and theoretically by
tuning the gain layer thickness to maximise sensitivity to changes in refractive index at
the laser surface, such as the binding of an analyte. The optimised laser sensor has a
laser threshold of 30 pJ.cm™2/6 kW.cm~2 (5 ns pulse duration) which makes optical

pumping with a laser diode a possibility.

The sensing potential of the DFB laser is shown via the detection of bulk solution
refractive index changes and the addition of biomolecules to the laser surface, where a
bulk sensitivity of 22 nm per refractive index unit is observed. The specific biosensing
potential of the laser is highlighted through the functionalisation of the laser surface with
biotin molecules and the subsequent detection of the complementary protein, avidin.
The lowest limit of avidin detection achieved is 1 ug.mL™!; at this level of sensitivity,
the current T3 laser is expected to be able to detect the larger and more abundant of
two of the three cardiac biomarker targets, ApoB and CRP. The effects of structural

changes to device sensitivity are modelled theoretically and demonstrate that detection



of BNP may be achieved through the addition of a high-index cladding layer, a technique
currently used for dye-doped DFB lasers.

The first demonstration of a DFB laser used for reversible sensing is also presented in this
thesis. Through the use of desthiobiotin, a biotin analogue, reversible avidin detection
is performed. A reversible biosensor may be of particular interest for applications where
a large number of repeated measurements are required, and may be prohibitive to the

use of single-use, disposable sensors.

Finally, functionalisation of the DFB laser with oligonucleotide probes is described.
Several different techniques are explored for immobilisation of oligonucleotide probes on
the T3 surface, with click chemistry and sulfhydryl linkage chemistries showing the most

promise.
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Introduction



Chapter 1

Point of care medical diagnostics

Point of care (POC) testing is defined by the College of American Pathologists as being
any test designed to be used at or near the site where the patient is located, does
not require permanent dedicated space, and does not use the facilities of the clinical
laboratory. A POC device is defined by the Medicines and Healthcare Products Agency
as being any device or instrument that may be used to produce test results in the POC

setting.

The use of POC diagnostics in healthcare is commonplace nowadays with urine dipstick
tests, blood glucose meters and blood gas analysers likely to be found in every UK
hospital and many GP surgeries [1]. POC testing is not a new concept, the first POC
test dating back to 1945 with the introduction of a test for the presence of glucose
in the urine [2]. This simple test involved mixing a tablet containing a number of
different reagents with a urine sample; in the presence of glucose the solution changed
colour from blue to green to orange. The glucose concentration could be estimated by
visually comparing the colour of the solution to a colour chart provided with the test
kit, as shown in Figure 1.1a. The continued research into POC glucose testing led to
the introduction of the first qualitative blood glucose test in 1965 [3] with the more
sophisticated quantitative tests that followed leading to the battery powered, hand-
held, easy to use devices widely used today, as shown in Figure 1.1b [4]. Glucose
POC testing paved the way for the development of POC devices for assessment of a
wide variety of biochemical markers used in patient diagnosis and monitoring. The
key objective of POC testing is to obtain results for a particular investigation quickly
so that the most appropriate treatment regimen can be implemented. Therefore, one
of the areas where POC testing has been widely adopted is in cardiovascular disease
(CVD), and in particular, assessment of patients experiencing an acute cardiac event

such as a myocardial infarction (MI). Establishing a diagnosis in patients with chest
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pain as early as possible is extremely important as an untreated MI has a high risk
of mortality and immediate treatment is linked to a significantly improved prognosis
[5, 6]. However, establishing a diagnosis can be difficult, especially in patients with
non-definitive electrocardiography (ECG) results. POC testing of a range of biomarkers
associated with certain CVD events can be used to help determine a diagnosis within

minutes.

1.1 Thesis objective

The aim of the work encompassed within this thesis was to develop and optimise a
compact, modular and cost-effective optical diagnostic sensing system that can detect
biomarkers in blood serum. The sensor is a plastic organic semiconductor distributed
feedback (DFB) laser. DFB laser biosensors measure the change in refractive index at the
laser surface. Therefore, by functionalising the laser with probe molecules, the specific
binding of biomolecules to the laser surface can be detected and quantified. Organic DFB
lasers are simple in their implementation and fabrication and they can be incorporated
into compact, portable sensing systems through the use of a laser diode excitation source
(with potential for pumping with InGaN laser diodes which are mass produced and
therefore very cost effective) and a miniature spectrometer for collection and analysis of
laser emission. These properties make DFB lasers an attractive transducer for biosensing

applications.

The DFB laser sensor can be used in principle to specifically detect any analyte that will
bind to a probe molecule. However, detection of cardiac biomarkers was the focus for
demonstration of the sensing potential of the DFB laser system as there is an unmet need
for a cardiac biosensor that can rapidly detect a wide range of cardiac biomarkers simul-
taneously with high sensitivity and specificity. Biomarker detection was to be focused on
three particular cardiac biomarkers, B-type Natriuretic Peptide (BNP), Apolipoprotein
B100 (ApoB) and C-reactive Protein (CRP). These three biomarkers are indicative of
the presence of cardiac disease and can inform clinical treatment and patient prognosis
and will allow the detection limits of the DFB laser sensor to be explored as BNP, CRP
and ApoB are expressed at low (>100 pg.mL~!) [7], moderate (>0.01 mg.mL~!) [8] and
high (>1 mg.mL~1) [9] levels respectively.

This thesis presents the progress in the development of the DFB laser biosensing system.
Optimisation of the DFB laser structure was performed and the non-specific detection
of refractive index changes at the laser surface was demonstrated through exposure of
the laser to bulk solutions and adsorption of biopolymer layers to the laser surface. Fol-

lowing this, the specific biosensing capability of the laser was shown via the detection
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of a protein, with a limit of detection of 1 pug.mL~!. Reversible biosensing was also
demonstrated, highlighting the potential for the sensor’s use not just in clinical diag-
nostics settings but also in other fields such as drug discovery where the large number
of measurements required make the use of single-use biosensors impracticable. Finally,
functionalisation of the DFB laser with nucleic acid probes is demonstrated, paving the

way towards cardiac biomarker detection.

1.1.1 Thesis aims and outline

The aims of this thesis are:

e Development and optimisation of the organic semiconductor DFB laser for biosens-

ing
e Demonstration of non-specific refractive index sensing

e Demonstration of non-specific detection of the presence of material on the laser

surface
e Demonstration of specific biomolecule detection

e Functionalisation of the laser surface with nucleic acid probes and detection of

nucleic acid target molecules

e Cardiac biomarker detection

As an introduction to Chapter 1, an overview of the benefits of POC testing in CVD,
alongside a summary of the POC technologies used in CVD biomarker testing, is pro-
vided. The remainder of the chapter introduces the operation of DFB lasers and the
motivation for pursuing an all-organic approach to DFB laser biosensing. A litera-
ture review of DFB laser biosensing is also presented here. Chapter 2 explains the
physics of DFB laser sensing and introduces the numerical model used to characterise
the laser sensors. In Chapter 3, the optimisation and characterisation of the organic
DFB lasers for biosensing is described alongside demonstration of non-specific sensing.
Specific biomolecule detection and reversible biosensing results are presented in Chapter
4. Early attempts at nucleic acid detection and future development are the subject of

Chapter 5. Finally, concluding remarks are provided in Chapter 6.
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FIGURE 1.1: Photographs of (a) a Clinitest glucose testing kit (www.tudiabetes.org)
and (b) a modern glucose testing device (www.francoischarron.com).

1.2 Point of care testing in cardiovascular disease

Measurement of the levels of circulating cardiac biomarkers are used extensively in the
assessment of CVD patients. For example, a diagnosis of acute MI in a patient present-
ing chest pain and other symptoms suggestive of a MI can only be established if that
patient also has elevated levels of cardiac troponin I or creatine kinase myocardial band
isoensyme (Ck-MB) [10]. The main advantage of POC testing over the use of the tra-
ditional clinical biochemistry laboratory is the significant reduction in the turnaround
time for results. POC devices are capable of providing results within minutes whereas
sending blood samples to a centralised laboratory and return of results can take up-
wards of an hour [11]. The rapid provision of results facilitated by POC testing speeds
up the decision-making and patient management process which has been shown to have

a positive effect on the patient outcome [5, 6].

There are many different POC devices available for detection of an increasing number of
biomarkers deemed to have diagnostic potential in the CVD setting. Table 1.1 lists some
of the POC tests that have a CE mark and the biomarkers they detect. There are many
other POC devices available, in the US for example, but the aim is to provide an overview
of the capabilities of those commercially available and this subset covers the most estab-
lished devices. There are a number of different transduction methods employed by POC
devices, described in more detail below, but the principle of biomarker detection is essen-
tially very similar. Biomarker detection is achieved through use of an immunoassay. An
immunoassay is a highly sensitive and specific test used to determine the concentration
of an analyte in a solution through the use of capture antibodies [18]. Implementa-

tion of an immunoassay may take a number of different formats but a common method
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POC device Biomarkers Assay Detection Multiplexing
time method capability

i-STAT [12] Troponin I ~10 min. Amperometric No
(Abbot Point of  CK-MB
Care) BNP
Triage MeterPro  Troponin I ~15 min. Fluorescence Yes
[13] (Alere) Myoglobin intensity

CK-MB
Cobas h232 [14] Troponin I 8 - 12 min.  Fluorescence No
(Roche Myoglobin intensity
Diagnostics Ltd.) CK-MB

NT-ProBNP
Decision Point Troponin I ~15 min. Chemiluminometric No"
[15] (Nexus Dx) Myoglobin

CK-MB
RAMP Reader Troponin I ~15 min. Fluorescence No
[16] (Response Myoglobin intensity
Biomedical CK-MB
Corp.) NT-ProBNP
Stratus CS Acute Troponin I 14 min. Fluorescence No
Care Diagnostics  Myoglobin intensity
System [17] CK-MB
(Siemens) NT-ProBNP

TABLE 1.1: Summary of the POC devices for cardiac biomarker detection available in

the UK. “In the UK there are three separate devices for each biomarker, but a multi-

plexed version is available in the US, as shown in Figure 1.6. Fluorescence intensity,

chemiluminometric and amperometric sensing is described in more detail in Sections
1.2.1.1, 1.2.1.2 and 1.2.2.1 respectively.

used is to anchor antibodies, that will bind specifically to the antigen (or biomarker)
of interest, to a solid surface. Upon passing a test solution containing the biomarker
of interest over the immobilised antibodies, the biomarker will bind to the antibody.
Commonly, a second antibody is then washed over the antibody-biomarker conjugate
and binds to the biomarker resulting in an antibody-biomarker-antibody structure. This
kind of immunoassay is known as a sandwich assay and the detection sequence is shown
in Figure 1.2. The second antibody may be labelled with a fluorescent dye or an enzyme
that will induce a colour change in the test solution thereby facilitating a quantitative
measurement of the biomarker concentration through, for example, spectrofluorometry

or spectrophotometry respectively.

As mentioned, immunoassays allow for highly sensitive and specific detection of a range
of biomarkers and enzyme-linked immunosorbant assays (ELISA) are often the gold-
standard for antigen detection in disease diagnosis. Antibodies do however have a num-
ber of limitations which in turn will limit the technologies that rely upon them for

biomarker detection. One of the biggest drawbacks with antibodies is their production.
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FIGURE 1.2: The steps involved in a sandwich immunoassay. A substrate is func-
tionalised with a capture antibody and is exposed to a solution containing the target
biomolecule. Binding of the biomolecule to the capture antibody occurs. A secondary
antibody, labelled with an enzyme, for example, is washed over the substrate and binds
with the biomarker, forming the sandwich structure. A solution containing a substrate
that will be catalysed by the enzyme is added. This results in a reaction which induces
a colour change in the solution which can be detected and indicates the presence of the
biomarker.

Antibodies are proteins produced by cells, therefore production of antibodies relies on
developing cell cultures to produce the antibody of interest. Cell culture assays are
labour intensive and expensive and have the inherent risk of contamination of the cell
line with viral or bacterial agents, which may affect or prevent antibody production.
Furthermore, variations between cell culture batches can result in differences between
the antibodies produced [19]. As is the case for most proteins, antibodies are susceptible
to denaturing when exposed to temperature fluctuations. Therefore, antibodies must be
kept in cold storage and they tend to have a limited shelf-life. These properties therefore
dictate the conditions for the use of the POC tests listed in Table 1.1.

An alternative to antibody based detection is the use of nucleic acid based probes as
depicted in Figure 1.3. The complementary binding between two single stranded oligonu-
cleotides (oligos) is known as hybridisation. During hybridisation, binding occurs be-
tween adenine and thymine (or uracil in the case of RNA) and guanine and cytosine
nucleotides. The formation of hydrogen bonds between complementary bases is very
specific and means that hybridisation will only occur between complementary single
stranded oligos. Single stranded oligos can be used for the detection of circulating
messenger RNA (mRNA), the instructions for production of protein biomarkers. Or
aptamers, folded single stranded oligos that bind molecular targets such as proteins,
can be used. Nucleic acid based probes overcome many of the disadvantages associ-
ated with antibodies whilst maintaining excellent sensitivity and specificity [19]. For
example, aptamers are chemically synthesised in a process that can be automated and

is therefore cost effective relative to antibody production. The production method also
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FI1GURE 1.3: Nucelic acid oligos can be used to detect the complementary oligo. For
example, a surface functionalised with a single stranded oligonucleotides (red ribbons),
as shown on the left, can be exposed to a test sample containing a range of oligos, com-
plementary (blue) and non-complementary (yellow and green), and other biomolecules
(red and blue spheres), shown in the centre. Only complementary oligonucleotides
will hybridise for specific detection, as shown on the right. Oligo hybridisation may
be detected though a variety of means, e.g. via the addition of a fluorophore to the
complementary oligo.

ensures little or no variation from batch to batch. Aptamers are also more thermally
robust [19], therefore storage of POC tests is more flexible and the POC tests could be
used in remote, hot climates, something that would be problematic for current antibody
based POC technologies. Development of new POC devices would benefit from the use
of nucleic acid based detection which would simplify the implementation of POC devices
in the traditional hospital setting but also in other settings, such as a GP surgery, where

there may not be cold storage facilities in place, for example.

The sandwich assay, used by all of the currently available POC devices for CVD, itself
has associated advantages and disadvantages for biomarker detection. The sandwich
assay incorporates two-step detection, the first is the binding between the biomarker
and the target antibody and the second is the binding between the secondary antibody
and the biomarker. This two-stage binding helps to maximise the specificity of the assay.
However, the two-step binding process will take longer than single-step binding and will
result in an increase in the time to obtain results. Each of the POC devices listed
in Table 1.1 take >10 minutes and most >15 minutes to generate their results. This
turnaround time is a significant improvement on the time-scales involved with centralised
testing, as mentioned previously, but a test that could provide results in 2-3 minutes,
whilst maintaining sensitivity and specificity, would provide clinicians with biomarker
levels almost immediately [20]. Furthermore, a device capable of providing results in
2-3 minutes could be used during a General Practice (GP) visit for screening of patients
or for measuring the level of certain biomarkers over a period of time. A test taking
15 minutes would be towards the upper limit or beyond the average time-scale for a

standard GP visit.
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As each of the currently available POC devices for CVD use antibodies for biomarker
detection, the differences between each of the devices is predominantly dependent on
their detection methodologies and implementation. A brief summary of the differences
in operation between each of the POC devices listed in Table 1.1 is given below to

highlight the strengths and weaknesses of each of the technologies.

1.2.1 Optical detection

Optical immunoassays are regarded as the ‘gold standard’ in antigen detection due to
their unrivalled sensitivity [21]. Optical techniques also often do not require any prepa-
ration of the sample (such as the addition of fluorescent markers, etc., to the analyte)
and detection of analytes is ‘label-free’. There are many optical technologies available
for biomarker detection with many being used in clinical biochemistry measurements
[21-23]. Some of the most sensitive techniques utilise surface plasmon resonance (SPR)
or surface enhanced Raman spectroscopy (SERS) and can detect the binding of single
molecules [24-26]. However, these technologies are notoriously difficult to miniaturise
and simplify for POC use. Therefore, only those devices suitable for POC use, as defined

at the start of Chapter 1, are discussed further in the remainder of Section 1.2.

1.2.1.1 Fluorescence intensity

The majority of the commercially available POC devices for cardiac biomarker detection
use fluorescence intensity measurements to quantify the target biomarker concentration
in a blood or serum sample. Each of the fluorescence intensity POC devices listed in
Table 1.1 achieve biomarker quantification through different means although the hard-
ware required for the excitation of the fluorescent dyes, such as a laser diode or light
emitting diode (LED), and a means of light collection such as a photomultiplier tube
(PMT), are broadly similar. Fluorescence based cardiac biomarker detection has been
demonstrated using either a single fluorescence label or pairs of fluorophores for Foérster

resonance energy transfer (FRET) [27].

The Triage Meter® system uses a pair of proprietary fluorophores for a FRET based
measurement. FRET is the non-radiative transfer of excitation energy from a donor
fluorophore to an acceptor fluorophore when the two fluorophores are in close proximity
to one another and the donor emission spectrum overlaps with the acceptor absorption
spectrum. Following excitation of the donor fluorophore, the excitation energy can be
transferred to the excited state of the acceptor fluorophore, leading to fluorescence emis-
sion from the latter. The Triage Meter system uses capture and secondary antibodies

labelled with latex particles containing donor and acceptor fluorophores respectively.
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FIGURE 1.4: A probe antibody labelled with a donor fluorophore (yellow star) is im-
mobilised on a test strip (top left). The blood sample containing the target biomolecule
(black rhombus) is mixed with a secondary antibody containing an acceptor fluorophore
(green star, top left). Addition of the blood sample to the test strip results in the specific
coupling of the biomolecule to the probe antibody. As the donor-acceptor fluorophore
pair are in close proximity to one another, upon excitation of the donor fluorophore,
energy is transferred to the acceptor resulting in fluorescence emission from the accep-
tor. In the presence of the biomarker, fluorescence emission occurs at a wavelength of

760 nm, in the absence of the biomarker, emission is <760 nm.

principle used in the Triage Meter system is shown in Figure 1.4.

The secondary antibody is mixed with the blood sample within the test chip. If the
biomarker to be detected is present, the secondary antibody will bind to the biomarker.
The mixture flows along the test chip to the detection region where the capture anti-
body is immobilised. Upon binding of the biomarker-antibody conjugate to complete
the sandwich assay, the donor fluorophore is excited by a laser diode at 670 nm and
the 760 nm emission from the acceptor fluorophore is collected using a photo-multiplier
tube. The biomarker concentration is determined by comparing the fluorescence emis-

sion intensity to a calibration curve stored in the device. A schematic of the FRET
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The remaining fluorescence intensity based devices use a single fluorescent particle in
their biomarker quantification. The Stratus CS® and RAMP Reader® devices use a
biomarker captive method similar to that of the Triage Meter system. Each test chip has
a detection region where the capture antibody is immobilised. The Stratus CS device
uses Starburst [28, 29] dendrimers to enhance immobilisation of the capture antibody
to a glass substrate. In each system, the blood sample is mixed with the secondary
antibody; secondary antibodies are labelled with either alkaline phosphatase (Stratus
CS) or a fluorescently labelled latex bead (RAMP Reader). The biomarker-antibody
solution is washed over the detection region where the biomarker binds to the capture
antibody. In the Stratus CS system, a substrate solution will also be passed through
the detection region. The reaction of the substrate with the alkaline phosphatase results
in a fluorescent product, the intensity of which corresponds to the concentration of
enzyme labelled antibody, and therefore, the biomarker present. The RAMP Reader
measurement is based on the detection of fluorescence emission upon excitation of the
fluorescently labelled antibody with UV light, the intensity of which is directly related

to the biomarker concentration.

The final device in this category makes use of the high affinity binding between bi-
otin and streptavidin, a coupling reaction widely used in the life-sciences (see Section
4.1)[14]. The capture antibody is labelled with a biotin molecule and the secondary
antibody with a gold nanoparticle. The blood sample is added to the reaction chamber
containing both the capture and secondary antibodies, therefore, in the presence of the
biomarker of interest, the sandwich structure is formed. The reaction mixture is passed
over the detection region which has been labelled with streptavidin. The biotin labelled
antibody will bind with the streptavidin, immobilising the sandwich structure within the
detection region. The gold nanoparticle has strong light absorbing properties, therefore
an inverse intensity measurement can be used to determine the biomarker concentration.

A schematic of biomarker detection is shown in Figure 1.5.

Fluorescence intensity based POC devices for cardiac biomarkers are used throughout
hospitals in the UK [30, 31]. They can provide highly sensitive and specific results for
a range of clinically useful biomarkers in a time scale of approximately 15 minutes. To
date, only the Triage Meter system can provide multiplexed cardiac biomarker assess-
ment. However, the FRET based detection system that allows multiplexing also results
in an increase in device cost, relative to single fluorophore based detection, through the
requirement for filters and an increase in the cost of each assay due to the additional flu-
orophore. However, even the use of a single fluorophore and the other reagents increases

the cost of the assay relative to label free approaches. Also, the methods based on a
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FIGURE 1.5: The capture antibody (red), labelled with a biotin molecule (black sphere),
is mixed with the blood sample and the secondary antibody (blue) which is labelled
with a gold molecule (yellow star). Upon mixing of the antibodies with the biomarker
(black rthombus) in the blood sample, the sandwich antibody structure is formed. This
structure migrates along the test strip to the detection area where there is a surface
functionalised with streptavidin molecules where the biotin labelled sandwich struc-
ture is immobilised. The gold molecule strongly absorbs any incident light therefore
quantification of the biomarker can be achieved by measuring light absorbance.

single fluorophore require the inclusion of wash steps to ensure that any unbound fluo-
rescent material is removed prior to performing the intensity measurement, increasing

assay times.

1.2.1.2 Chemiluminescence

Chemiluminescence immunoassays are one of the most widely researched immunoassays
and are the basis of some of the most simple POC devices, including the home preg-

nancy test [32]. Chemiluminescence is the emission of light or a colour change that is
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induced by a chemical reaction [27]. As described previously, many chemiluminescence

immunoassays operate via a visible colour change.

The Decision Point® POC device for cardiac biomarkers operates and looks somewhat
similar to a home pregnancy test (Figure 1.6). The blood sample is added to a region of
the test strip containing secondary antibodies which bind to particular biomarkers. The
biomarker-antibody solution migrates via capillary action through the test strip to the
detection region which has been labelled with capture antibodies. The coupling of the
biomarker-antibody conjugate to the capture antibody results in a visible colour change
within the detection region, visible as a solid red line when the biomarker concentration

is above a pre-determined cut-off concentration.
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FIGURE 1.6: Photograph of (a) the Decision Point device (www.emsworld.com) and
(b) a home pregnancy test (www.elisa-antibody.com).

The Decision Point cardiac biomarker test is very simple to use and is significantly
more portable than other optical POC devices as it does not require the hardware to
‘read’ the optical output. However, it is not possible to obtain an exact measure of
the biomarker concentration resulting in only semi-quantitative results. There is also
no advantage in terms of the turnaround time for test results. A multiplexed test that
allows simultaneous assessment of a range of cardiac biomarkers has been developed by
the manufacturer of the Decision Point but this has not been CE marked and is therefore

not available in the UK.

1.2.2 Electrochemical detection

Electrochemical immunoassays have been researched extensively, resulting in many POC

devices based on electrical transduction methods being commercialised, one of the best
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known examples being the glucose meter as mentioned previously. Electrochemical im-
munosensors generate an electrical signal upon a specific immunoreaction. There are a
number of different forms the generated electrical signal can take with amperometric,
impediometric and potentiometric signal detection having been demonstrated previ-
ously [33]. Electrochemical based immunosensors have some advantages over optical
based systems. For example, electrochemical detection is generally more amenable to
miniaturisation than optical systems due to the wide availability of microfabricated elec-
trochemical transducers. Of the POC devices listed in Table 1.1, the i-STAT® is the
only quantitative device available in a hand-held format. Electrochemical detection is
also independent of the optical properties of the reaction media, something that may

have to be considered for optical systems.

Of the electrochemical POC devices available for cardiac biomarker assessment, only the
i-STAT is currently available in the UK. The operation of this amperometric device is

briefly summarised below.
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FIGURE 1.7: Photograph of (a) the hand-held i-STAT (poct.co.uk) and (b) a schematic

of current generation for amperometric based detection. Sandwich immunoassay pro-

vides specific coupling of antigen to an antibody functionalised electrode. An enzyme

on the secondary antibody catalyses a redox reaction in a substrate solution, resulting
in the flow of electrons to the electrode.

1.2.2.1 Amperometric

Amperometric sensors measure the current generated due to an electron transfer reaction
(redox) at the surface of an electrode. The i-STAT, like all of the other immunoassay
techniques described, uses a sandwich immunoassay and specifically a two-site ELISA
method for biomarker detection [12]. The working electrode in the i-STAT is a silicon
chip that is functionalised with a capture antibody specific to a particular biomarker. A

second area of the electrode contains an antibody-alkaline phosphatase enzyme conjugate
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specific to a different part of the chosen biomarker. Upon the addition of a blood sample
to the silicon chip, the secondary antibody-enzyme conjugate is dissolved in the sample
allowing the secondary antibody to bind with any biomarker present in the sample. The
biomarker is then captured on the antibody functionalised electrode resulting in the
characteristic sandwich structure. A substrate fluid added to the chip, after a 7 minute
incubation period, results in a redox reaction catalysed by the alkaline phosphatase
enzyme. The exchange of electrons is detected as a change in current at the electrode
and is a measure of the number of bound secondary antibodies and therefore, biomarker

concentration.

1.2.3 Requirements of the ‘ideal’ cardiac biomarker POC device

The adoption of POC testing in CVD has been expedited by the need to diagnose and
treat patients as quickly as possible. Despite many POC devices being commercially
available for the detection of cardiac biomarkers, a POC test with all of the desirable
characteristics e.g. fast, high throughput, high sensitivity and specificity, highly multi-
plexed, etc., is not yet available [20]. CVD is a complex array of diseases and in order
to fully understand an individual’s disease, several different biomarker levels need to
be considered. Therefore, one of the most desirable qualities for a POC device is the
ability to multiplex and provide information simultaneously on a suite of biomarkers.
The majority of devices can only assess single biomarkers. The Triage Meter system is
the exception of those listed in Table 1.1 as this device is multiplexed for the detection of
Troponin I, Myoglobin and CK-MB. These three biomarkers are useful for the diagnosis
of various forms of CVD but only Myoglobin levels increase in the first 1-3 hours after
a cardiac event and the specificity of Myoglobin to cardiac damage is low. Therefore, a
diagnostic test with increased multiplexing capability, to include assays for the detection
of additional biomarkers, such as BNP (the levels of which rise before a cardiac event
[34]), would be beneficial.

A reduction in the cost of biomarker assays would also make POC testing a more at-
tractive option for healthcare providers. Currently, all cardiac POC technologies use
antibody based immunoassays for biomarker detection. As mentioned previously, anti-
body production is inefficient and expensive and the cold storage requirements limit the
use of the technology. Therefore, alternative assay formats utilising nucleic acid based
detection of mRNA or proteins would open up the possibility for cheaper biomarker

tests with wider applications.

Another contributing factor to the cost of current biomarker assays is the cost of reagents

(fluorophores, enzymes, etc.) used to generate the device signal. Although each of the
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technologies listed in Table 1.1 allows “label-free” biomarker detection in the sense that
there is no processing of the blood sample required, labels are instead incorporated
into the immunoassay. Removing the requirement for additional labels altogether would

reduce the cost per test.

Finally, the turnaround time for results (=15 minutes) is a vast improvement on the
time-scales involved with centralised testing. A further reduction in the assay times
would allow diagnosis and treatment decisions to be made in a more timely manner
and may open up the possibility for new settings in which to use POC devices. For
example, if turnaround times were of the order of 2-3 minutes, biomarker screening
and monitoring may take place within a routine GP appointment or paramedics could
perform diagnostic tests and administer treatment en-route to the hospital in emergency

situations.

A novel biosensor that incorporates the qualities mentioned above would be desirable
for the next generation of cardiac POC devices. Such a biosensor is the subject of this

thesis and is introduced in the remainder of this chapter.

1.3 Distributed feedback laser sensors

Organic DFB laser sensors are a type of evanescent wave refractive index sensor. There
are many different kinds of evanescent wave sensors [35-37] but DFB lasers have several
attributes that make them particularly well suited for the development of a label-free
POC biosensor. For example, DFB lasers generate and output, normal to the sensor
surface, their own coherent light for sensing making implementation simple and without
the need for the stringent optical alignment, which is required for some other optical de-
tection platforms [38, 39]. And lasers can also be fabricated through solution processing
and soft material patterning, enabling large scale production [40, 41]. In this section,
the operation and properties of DFB lasers will be described and a review of DFB laser

biosensors in the literature will be presented.

1.3.1 DFB laser operation

DFB lasers do not have the typical laser resonator geometry consisting of a cavity
enclosed by mirrors. Instead, feedback, necessary for laser oscillation, is provided by
the use of a wavelength-scale periodic structure that diffracts the light. Excitation of
the gain material is required for light production. For organic lasers, this is achieved by

optically pumping the gain material. There are various different DFB laser structures
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but the simplest example is that of a slab waveguide with a one-dimensional periodic

grating pattern within the plane of the waveguide, as shown in Figure 1.8.
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F1GURE 1.8: Schematic side-view cross-section illustration of a three layer DFB laser.
The thick and dotted lines within the structure represent the guided 2nd order mode
and feedback from successive periods of the grating respectively.

The laser consists of a three-layer planar waveguide with a thin, high-index gain layer of
thickness, t, and refractive index, n,, deposited on top of a substrate of refractive, ngy,
which has been imprinted with the periodic nanostructure. The third layer represents
the medium in contact with the laser surface and is defined as the superstrate layer with
refractive index, ng,p. Light propagating in the high-index gain layer is scattered by
the grating structure. Scattered light can combine constructively to create a “Bragg-
scattered” wave which will have some new direction. The emission from a DFB laser
is governed by the Bragg equation, Eq. 1.1, where m is an integer that represents the
order of diffraction, A is the wavelength of the light, n. s is the effective refractive index
of the laser mode (which is a function of the refractive indices of each of the waveguide

layers and the gain layer thickness) and A is the grating period.

mAaneffA (1.1)

The direction of out-coupled light is dependent on the order of diffraction of the grating
structure. The majority of DFB lasers used for biosensing applications use a second
order diffraction grating, as counter-propagating modes couple through the second order
of diffraction while the first order couples waves vertically out of the laser structure

as shown in Figure 1.8. The out-coupled laser emission wavelength is the parameter
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of interest in biosensing applications and emission normal to the laser surface enables

simple collection of this light signal. The biosensing principle is explained below.

1.3.2 DFB lasers for biosensing

For biosensing applications, the surface of the DFB laser must be functionalised with
probe molecules that will specifically bind to a particular biomarker (target molecules).
Functionalisation of the laser surface can be achieved via various means (specific exam-
ples are provided in Section 4.2) and the probe molecule may be an antibody, nucleic acid
oligo, etc. Upon functionalisation of the DFB laser surface with an oligo, for example,
the laser will have an emission wavelength of  nm (Figure 1.9). If the laser is exposed
to a test solution, such as a blood sample, that contains the target oligo, hybridisation
of the two complementary oligos occurs. A blood sample will contain a range of other
biomolecules in addition to the target biomarker and this therefore, is why functionali-
sation of the DFB laser surface is necessary. Binding the target biomolecule to the probe
molecule means that the target biomolecules remains immobilised on the laser surface
while all of the other biomolecules are washed off of the surface. The addition of the
target oligo to the laser surface results in a change in the superstrate refractive index
which in turn alters the effective refractive index of the laser mode, causing a change in
the emission wavelength (z + Az nm). The change in the laser emission wavelength (Az
nm) can be attributed to the binding of the target oligo and the magnitude of Az nm
corresponds to the density of the target oligo present on the laser surface. Therefore,
a quantitative measurement of target biomarker concentration in a solution (such as

blood) can be determined.

1.4 DFB laser gain materials

The laser gain medium is the material required for generation and amplification of
photons. A generic laser material with four energy levels can be used to explain the
light amplification process, as shown in Figure 1.10a. An electron in the ground energy
state (Eg) is excited to a higher energy level (E3) by an incident photon (absorption).
This electron falls (non-radiatively) to a lower excited energy level (Ez). The electron
may decay to a lower lying energy level of its own accord, emitting a photon with an
energy equal to the difference between the electrons initial and final states and with
a random direction and phase (spontaneous emission). Or, if the electron interacts
with an electromagnetic wave with a particular wavelength (i.e. Eg-E;), while in the
excited state, it may make the transition to a lower energy level (E;), releasing a photon

with the same phase, frequency and direction as the excitation photon in the process
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FIGURE 1.9: A DFB laser functionalised with a probe molecule, e.g. nucleic acid oligo
(red ribbon), has a emission wavelength of x nm. The DFB laser is exposed to a test
solution containing the complementary oligo (blue ribbon) and other molecules. Only
the complementary target oligo will hybridise with the probe oligo. The addition of
the target oligo to the laser surface results in a change in the refractive index of the
superstrate and the effective refractive index of the laser mode causing the emission
wavelength to change to x+Ax. The shift in wavelength, Ax, can be calculated by
subtracting the emission wavelength of the laser before and after exposure of the laser
to the test solution. The reasons why a positive shift in wavelength is expected are
outlined in Chapter 2.
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FIGURE 1.10: Jablonski diagram illustrating (a) the energy levels and transitions for
a generic four level laser gain material and (b) a typical organic light emitter. Solid,
wavy and dashed lines represent radiative, non-radiative and incident/emitted photons
respectively.

(stimulated emission). The electron then decays non-radiatively back to the ground

state. In order to ensure there is more stimulated emission than absorption there has to

be more electrons in an excited state than in the E; level, i.e. a population inversion.

The four level system allows for a population inversion between the Eo and E; energy

levels where stimulated emission occurs. The choice of gain material is fundamental as

it has an effect on all laser characteristics such as wavelength, lasing threshold, stability,

lifetime, etc.

DFB lasers for biosensing applications have so far been made exclusively from organic

materials; either dyes or conjugated polymers and oligomers (also referred to as organic
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semiconductors). There are important differences between the laser characteristics of
dye based and organic semiconductor lasers, described in more detail below, but the
physics of the stimulated emission process is similar. Organic gain media can be broadly
represented by a four level system where transitions occur between the ground state and
excited singlet state energy levels, shown in Figure 1.10b. Singlet states are so called
because the unpaired electrons of an excited molecule have anti-parallel spins and a spin
quantum number of S=0 and, therefore, a multiplicity of 254+1=0. Non-radiative tran-
sitions correspond to internal conversion between vibrational levels (transition from a
singlet state to a triplet state (electron spins are parallel)) and stimulated emission takes
place between the lowest vibrational level of the first excited state and the vibrational
level of the ground state. Also, all of the organic DFB laser biosensors to date are op-
tically pumped under pulsed rather than continuous wave conditions. Continuous wave
excitation leads to an increase in non-radiative decay from intersystem crossing, for ex-
ample [42]. Pulsed pumping of organic semiconductor DFB lasers is straightforward due
to their relatively low lasing threshold. And, as compact pulsed sources are available,
operating under pulsed conditions will not have a negative effect on the development of

a compact DFB laser sensing system.

1.4.1 Dyes

The first organic DFB laser demonstrated for biosensing applications had a dye-doped
gain material [43]. Dyes are attractive gain materials as they have broad spectra and
can be tuned across the visible spectrum [44]. One important difference between dyes
and semiconductor gain materials is the difference in quantum yield of neat films. When
dye molecules are in close proximity to one another, as happens in the solid state,
radiative emission can be quenched through non-radiative relaxation of excited electrons
[44]. Therefore, dyes tend to be incorporated into a transparent matrix at a volume
percentage of ~10% rather than in the form of a neat films of dye molecules [43, 45].
This has implications for properties such as the laser threshold and refractive index of
the gain material, both important considerations for DFB laser biosensors. There are
a vast number of suitable dye molecules for laser gain media but the ones incorporated
into DFB laser biosensors thus far include Rhodamine 590 [45], Coumarin 503 [43] and
Pyromethene 597 [46], the structures of which are shown in Figure 1.11a, b and c.

1.4.2 Organic semiconductors

Organic semiconductors are conjugated molecules with overlapping molecular orbitals

resulting in their characteristic semiconductor properties. There are different types of
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FIGURE 1.11: Chemical structures of (a) Rhodamine 590, (b) Coumarin 503, (c¢) Py-
romethene 597, (d) BBEHP-PPV, (¢) F8BT and MEH-PPV and (f) T3.
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organic semiconductor used for lasing materials including polymers, conjugated den-
drimers and spiro-compounds [44]. Conjugated polymers have been incorporated into

DFB laser biosensors and their main properties are summarised below.

1.4.2.1 Conjugated polymers

Conjugated polymers are long chain-like molecules connected by alternating single and
double bonds, resulting in electrons being free to move along the molecule [44]. Poly(phenylene
vinylene) (PPV) [47, 48] and polyfluorenes [49] are two classes of conjugated poly-
mer that have been subject to the greatest research. Example of conjugated poly-
mers utilised in DFB laser sensors from the PPV family include poly[2,5-bis(2’,5-
bis(2”-ethylhexyloxy)-phenyl)-p-phenylene vinylene| also known as BBEHP-PPV and
(poly|[(9,9-dioctyl- fluorenyl -2,7-diyl)- co -(1,4-benzo-2,1’,3-thiadiazole)] /(poly(2-methoxy-
5-(2’-ethylhexloxy)-p- phenylene vinylene) (F8BD/MEH-PPV) [50]. These structures
are shown in Figure 1.11d and e respectively. The chemical design of conjugated poly-
mers can be tailored to maximise the luminescence efficiency and chromophore density.
For example, the polymer side chains can be chosen to prevent aggregation between
repeating units, allowing high efficiencies to be maintained even in undiluted, neat films
[44].

1.4.2.2 Macromolecules and oligomers

Oligomers are macromolecules composed of several subunits (rather than a potentially
unlimited chain of molecules in the case of polymers), the oligofluorene arms of the
tris(terfluorenyl)truxene (T3) are (Figure 1.11f) are good examples. Macromolecules
used for laser gain materials often contain a central chromophore surrounded by conju-
gated branches and surface groups [44]. The optical properties of oligomers are similar to
those of conjugated polymers. However, unlike the long chains of conjugated polymers,
conjugated oligomers are discrete monodisperse macromolecules. A DFB laser has been
demonstrated using T3 [51, 52] which is a conjugated oligomer (unbranched side groups).
T3 is the gain material used for the DFB laser biosensor in this work, its specific material
properties are described in Section 3.2.1. The structure of conjugated oligomers presents
an interesting possibility for directly functionalising the oligomer arms with biomolecule

targets which may lead to sensitivity advantages in biosensing applications.
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1.5 Current state-of-the-art in organic DFB laser biosen-

Sors

Organic distributed feedback laser biosensors are a relatively new sensing format. The
first demonstration of an organic DFB laser intended for label-free optical biosensing
applications was in 2008 [43]. The biosensor was based on a one-dimensional, second
order DFB laser with a gain material of Coumarin 503 doped polymethylmethacrylate
(PMMA). The laser had an emission wavelength of around 500 nm when exposed to
air and a threshold pump fluence of 180 pJ.cm~2 (10 ns pump duration). The bulk re-
fractive index sensitivity was reported to be 16.6 nm/refractive index unit (RIU). Bulk
sensitivity is a metric often used to compare the performance of DFB laser sensors and
it is a useful means for comparing lasers with similar resonant wavelengths. However,
it is useful to keep in mind that in biosensing applications, the analyte binding occurs
at the sensor’s surface and therefore the laser sensitivity for surface refractive index
changes is of greater importance. Surface sensing was demonstrated via the detection of
the non-specific adsorption of polyphenylalanine lysine (PPL), a protein based polyelec-
trolyte known to deposit a self-limited monolayer, corresponding to a shift in emission
wavelength of 0.42 nm. The same group quickly followed up with the demonstration of
a biosensor with a vastly improved bulk sensitivity [45]. This laser had a gain layer of
SU-8 doped with Rhodamine 590, resulting in an emission wavelength around 590 nm in
air. Bulk sensitivity was reported to be 99.58 nm/RIU for this device. Two factors can
be attributed to the significant improvement in bulk sensitivity. The first is associated
with the change in the gain material. The Coumarin doped PMMA has a refractive
index of 1.48 and a resonant wavelength of 500 nm whereas Rhodamine doped SU-8 has
a higher refractive index of 1.58 and a resonant wavelength of 590 nm. The sensitivity of
the sensor is defined by the Bragg equation (Eq.1.1). As the Rhodamine dye results in
a longer resonant wavelength the grating pitch is also longer; an increase in the grating
pitch results in an increase in the shift in wavelength for bulk refractive index changes.
However, a greater effect on the reported bulk sensitivity value can be attributed to
the addition of a high index titanium dioxide (TiO2) cladding layer on top of the gain
layer. The presence of the TiOg layer will result in greater confinement of the electric
field towards the TiOg layer, resulting in a greater overlap with the sensing region at
the laser surface. While the additional TiOs layer does provide a marked increase in the
DFB laser sensitivity, this is at the expense of an increase in the laser threshold of the
device. The pump fluence threshold for the DFB laser with 30 nm TiOy layer was 850
pJ.cm™2 (170 pJ.cm~? is the threshold for a Rhodamine laser without the TiOg layer
[41] compared to 180 uJ.cm~2 for the Coumarin based laser). The laser threshold is

an important consideration for the implementation of the technology as POC devices.
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In order for DFB lasers to be miniaturised sufficiently for portable POC devices, a low

lasing threshold is desirable to enable compact laser diode based pumping mechanisms.

Work has been done to optimise the TiO4 layer to maximise detection sensitivities. The
bulk sensitivity of a DFB laser with a gain layer of Pyromethene 597 doped Ormocomp
with a TiOy layer was investigated for a range of TiOs thicknesses [46]. A TiO2 layer
thickness of 20 - 35 nm was found to be optimal for maximising bulk sensitivity, cor-
responding to a bulk sensitivity of 95 nm/RIU. The effect of TiOg thickness on laser
threshold was not investigated, however in another paper the same authors investigated
multilayer DFB lasers and they noted that the lowest lasing threshold occurs for lasers
with a TiOy layer <20 nm [53]. This is because TiO2 layers >20 nm in thickness result
in stronger confinement of the laser mode towards the TiO2 layer, therefore decreasing
the overlap with the gain material, resulting in an increase in the lasing threshold. The
strcture of the TiO9 layer has also been the subject of investigation. A porous nanorod
TiO4 layer was shown to increase DFB laser biosensing capabilities [54]. In this study,
the shift in wavelength for the adsorption of PPL to the laser surface was compared for
a solid 30 nm TiOy layer and a nanorod layer of several thicknesses (22 nm, 30 nm,
67 nm and 90 nm respectively). An enhanced shift in wavelength was observed for all
nanorod thicknesses relative to that of the 30 nm solid TiO2 layer, with the greatest
shift observed for the 90 nm nanorod layer. The porous TiO2 layer increases the surface
area for PPL adsorption, therefore resulting in a maximised shift in emission wavelength
despite the reduction in the TiOg refractive index compared to that of a solid layer (1.82
compared to 2.10). A shift in wavelength approximately twice the magnitude of that for
a solid 30 nm layer was noted for the 22 nm nanorod layer, therefore the use of a TiOq
nanorod layer provides a good method of maximising the layer sensitivity whilst keeping
the TiO9 layer as thin as possible to prevent increasing the lasing threshold. However,
one of the benefits of DFB lasers relative to other optical sensing techniques mentioned
previously is their ease of fabrication. DFB lasers can be fabricated through solution
processing and soft material patterning making them suitable for large scale production.
For example, a horizontal dipping method, compatible with roll-based manufacturing,
has been demonstrated for the fabrication of a uniform Rhodamine DFB laser over a
large surface area [41]. The incorporation of a TiO4 layer, solid or nanorod based, adds

another step to the fabrication process and increases complexity.

Organic semiconductor DFB lasers are a relatively new addition to the DFB laser biosen-
sor family, with the T3 DFB laser presented in this thesis being the first example of an
organic semiconductor based DFB laser biosensor. As mentioned previously, organic
semiconductors are much less prone to quenching than dyes, which makes the use of a
dense solid-state film of ‘neat’ active material for the fabrication of lasers possible. The

greater refractive index of such a neat thin film relative to that of a dye-doped polymer,
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leads to greater confinement of the electric field within the gain layer, a greater overlap
with the detection region at the laser surface and ultimately higher light matter inter-
actions. Therefore, by utilising an organic semiconductor as the gain material rather
than a dye-doped polymer, there is the potential to both match, if not improve upon,
the sensitivity and resolution values and enhance the overall sensor characteristics. As
the gain layer for organic semiconductors takes the form of a solid-state neat film, the
lasing threshold tends to be lower than those of dye-doped lasers [43, 51]. A lower las-
ing threshold makes pumping with compact light sources, such as gallium nitride based
laser diodes, a possibility as has already been demonstrated for organic semiconductor
DFB lasers [55]. Laser diode based pumping will enable the miniaturisation of the DFB
laser sensing system and if off-the-shelf components can be used, such as mass produced
‘Blu-ray’ diodes, it should also enable the technology to be competitively priced. It
is for these reasons the potential of a T3 DFB laser was investigated for biosensing

applications.

This thesis details the development of the first organic semiconductor DFB laser biosen-
sor. Bulk and surface sensing and specific and reversible biomolecule detection results
are presented in sections 3.5, 3.6, 4.4 and 4.5 respectively. Following the development
of the T3 DFB laser biosensor, a second DFB laser biosensor incorporating an organic
semiconductor gain layer has been reported in the literature. This laser has a gain ma-
terial of FSBT/MEH-PPV, an emission wavelength of 630 nm and a lasing threshold of
92 nJ [50]. The laser structure consists of a low index UV-curable polymer imprinted
with a second order diffraction grating pattern and the FSBT/MEH-PPV gain layer,
which is 130 nm thick, directly on top. The bulk sensitivity of the device is said to
be 154 nm/RIU, a significant increase relative to that of a dye-doped laser without the
TiOy cladding layer (16.6 nm/RIU) [43]. As described previously, this will largely be
due to the increase in grating pitch to accommodate the longer resonant wavelength
of the semiconductor gain layer. However, the FSBT/MEH-PPV gain layer also has a
higher refractive index (>1.8) relative to that of a dye-doped gain material (1.5 - 1.6)
which plays a small part in increasing the bulk sensitivity but is much more significant

for surface sensing.

As well as demonstrations of non-specific surface sensing, there have been several demon-
strations of specific biosensing with organic DFB lasers. The first demonstration was
in 2008 with the detection of an antibody (Human IgG) on a Rhodamine laser with a
30 nm TiO9 layer functionalised with a layer of Protein A, a protein that has a binding
site for IgG [45]. The minimum concentration of IgG detected was 3.2 nM which corre-
sponded to a shift in wavelength of ~0.05 nm. In 2012, the same group demonstrated
the detection of TNF-a with a laser functionalised with a TNF-a antibody [38]. This

time the Rhodamine laser had a TiOy thickness of 10 nm and the limit of detection for
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TNF-a was 0.625 pg.mL™!'. At these levels of detection, and assuming the detection
limits for these antigens would be comparable to other antigens, which may not nec-
essarily be the case, these biosensors are within the diagnostic range of only a limited
number of cardiac biomarkers such as C-reactive protein (>3 pug.mL~! indicative of a
high CVD risk). Therefore, an improvement in sensitivity will be required in order to
target those biomarkers present at lower concentrations. Efforts have been directed at
improving detection sensitivities through signal processing methods. Averages of multi-
ple independent measurements and statistical methods have been shown to enable the
detection of wavelength shifts as small as 1.5 pm [56]. However, the detection limit of
the antibody (Rabbit IgG) on a protein A functionalised laser (10 nm TiO2 cladding
layer on a Rhodamine doped SU-8 gain layer) was 34 nM using these methods, which
does not imply a large improvement in sensitivity relative to that of Human IgG de-
tection mentioned previously. However, it should be noted that there is a difference in
TiO thickness which may affect sensitivity. The potential improvements in sensitivity,
through the use of organic semiconductor gain materials, may open up the possibility

for detection of a wider range of cardiac biomarkers.

A well-established biotin-avidin model was used for the demonstration of specific biode-
tection for the organic semiconductor based laser [50]. In this demonstration, a biotiny-
lated hydrogel was covalently attached to the organic semiconductor gain layer for the
detection of a range of avidin concentrations. The limit of detection for avidin was
25 pg.mL~!. This is the first paper published on the FSBT/MEH-PPV based biosen-
sor so one can only assume that work is ongoing to further improve their biosensing

capabilities.

1.6 Summary

There are a number of POC devices for cardiac biomarker detection but the ideal system
(fast, high sensitivity and specificity, highly multiplexed, portable, cost-effective, etc.) is
not currently available. DFB lasers have demonstrated biosensing potential and provide
a means for label-free, highly sensitive optical detection of biomarkers. One of the
stand-out features of DFB lasers, in terms of POC applicability, is their capacity for
multiplexing. The surface area of the active laser can be very small (um - mm) therefore
many DFB lasers can be incorporated into a single substrate, each one functionalised
for the detection of a different biomarker. Current POC sensing is constrained by the
limitations of antibody based detection. A nucleic acid approach would overcome many
of the downsides associated with antibodies, as described, and may open up new areas

for sensor use. It is proposed that an organic semiconductor based DFB laser biosensor
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may be a suitable transducer for a multiplexed, nucleic acid based sensing platform for
the detection of cardiac biomarkers. Therefore, this thesis explores the optimisation of

a T3 based DFB laser for biosensing and its specific biomolecule detection capabilities.
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Chapter 2

Models for DFB laser design and

optimisation

A biosensor consists of two elements, a transducer and a biorecognition component.
The transducer converts a positive biorecognition event into a detectable signal, such
as a shift in laser emission wavelength in the case of a DFB laser biosensor. And the
biorecognition element enables specific biomolecule immobilisation on the transducer for
sensing. This means that the performance of a biosensor depends on the characteristics
of both the transducer and the method used for specific biorecognition of a molecule. For
a DFB laser biosensor, the transducer characteristics are determined by the properties of
the device structure and specific biorecognition is achieved through functionalisation of
the laser surface to enable binding of certain biomolecules. Optimisation of both the DFB
laser device structure and the surface functionalisation must be performed in order to
maximise the sensitivity and specificity of the sensor. In chapters 4 and 5, the methods
used to confer functionality to the laser surface for specific biomolecule detection are
presented and discussed. The aim of this chapter is to explain the theoretical approach
used to model and optimise the structural parameters of the device to achieve maximum

sensing of molecules present on the laser surface.

2.0.1 Motivation for theoretical modelling of device structures

DFB laser biosensors operate via the detection of small refractive index perturbations
at the laser surface, resulting from e.g. the binding of a biomolecule. As described in
the previous chapter, changes to the refractive index of the superstrate, which may be
a bulk solution or an adsorbed layer of molecules, alter the effective refractive index

profile of the laser mode which results in a shift in resonant wavelength. Therefore, the

34



Chapter 2. Models for DFB laser design and optimisation 35

sensitivity of the device to adsorption of any biomolecules, not considering the effect of
biofunctionalisation of the laser surface, is linked to the magnitude of the resonance shift
and the inherent resonance bandwidth, i.e. the laser emission linewidth, which essentially
determines the device resolution (minimum detectable shift in wavelength). In order to
optimise the sensitivity of the device, the magnitude of the resonance shift must be
maximised, e.g. by extending the interaction of the optical wave with the biosensing
region, while simultaneously minimising the resonance linewidth. The interaction of the
optical wave with the biosensing region is linked to the overlap of the laser mode with
this region. The steps taken to minimise the laser emission linewidth are described in
Section 3.3. Increasing the optical wave intensity within the biodetection region can be
achieved through structural changes to the laser, and therefore in designing the device
structure it is important to understand how the physical properties of the device affect
the resonant laser mode and its interaction with the biosensing region. Modelling the
response of the laser to structural changes is an efficient way to optimise the laser and
provide a focus for experimental modifications to the device. Furthermore, a model can
also be used to estimate the response of the laser to biomolecules of varying size/density,

enabling predictions of which biomolecules the laser may be able to detect.

The effective refractive index of DFB laser modes can be determined by solving Maxwell’s
equations as described by a number of numerical models [1-4]. In designing a DFB laser
biosensor, it is inevitable that the device structure will incorporate several layers, as
depicted in Figure 2.1, including the laser gain material, a biorecognition layer of probe
molecules, and a biomolecule layer consisting of analyte and buffer. Therefore, the
model used to describe the T3 DFB lasers is based on a modified waveguide approach
where a thin-film transfer matrix method is used to solve Maxwell’s equations across
the boundaries of the different layers of the laser structure [5]. The model enables the
determination of the transverse profile of the laser mode (and the effective refractive in-
dex), which can be used to determine the interaction of the laser mode with the different
regions of the DFB laser structure. One of the advantages of using the matrix formal-
ism is that the transfer matrix allows electromagnetic fields to be traced throughout a
multilayer stack. The model used in this work is described in Section 2.2. First, the

DFB laser parameters that can be optimised are discussed.

2.1 Device parameters

A schematic of a DFB laser indicating its various parameters was shown in Figure 1.8.

The device parameters that can be modified include:
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Buffer

Analyte /buffer

Probe molecules

Chemical linker layer

T3

Substrate

FIGURE 2.1: Schematic of the layers in a typical T3 DFB laser biosensor. Note that
this Figure is not to scale.

Grating period, A, and modulation depth, §t

Gain layer refractive index, n,

Substrate refractive index, ngyp

Gain layer thickness, t

Altering any of the parameters listed above will have an effect on the laser emission
wavelength and/or the laser threshold. Each of these parameters, and their effect on

biosensing, are discussed in more detail in Section 2.3.

2.2 Details of the model

A multilayer transfer matrix model based on [5] was used for numerical evaluation of the
modes of DFB laser structures. The main points of the model are described here. The
model outputs the effective refractive indices for the TEq laser mode, the expected shift
in wavelength for both bulk and surface refractive index sensing, the mode profile and

the overlap of the laser mode intensity profile with the various layers of a DFB laser.

2.2.1 The wave equation

A plane wave (incident on the DFB laser structure as represented in Figure 2.2, left)
is considered for the derivation of the transfer matrix of the DFB laser structure. The
latter is used to determine the laser mode as explained in Section 2.2.2. The laser gain

layer and any other layers adjacent to the gain layer (with layer layer 1 being the topmost
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Incident wave

FIGURE 2.2: Multilayer stack of N thin films bounded by semi-infinite substrate and

superstrate layers. The incident plane waves (shown on the left) are used to derive the

transfer matrix of the multilayer structure. The laser mode (TEy wave) is guided in

the multilayer structure along the y direction, i.e. has evanescent tails in the substrate

and superstrate. Characteristics of this mode can be calculated from the elements of
the transfer matrix.

layer adjacent to the superstrate and layer N being the T3 layer) are enclosed between
semi-infinite superstrate and substrate layers. The boundaries between layers 1 to N are
numbered 1 to N-1. The direction cosines are given by o = ncosf = (n?> — 2)1/2 and

8 = nsinf as indicated in Figure 2.2, and where 3 is the propagation constant.

T3 DFB lasers fabricated for the experimental work presented in this thesis oscillate on
the fundamental TEg mode and therefore the model is designed to solve for the TEg
mode only, although it can equally be applied to other modes, including TM modes,
due to the interchangeable nature of the components of Maxwell’s equations. The plane
of incidence is the xy plane and the interfaces between the layers of the DFB laser are
parallel to the yz plane. Therefore the only material variation for the stack of layers
occurs in the x direction, as shown in Figure 2.2. For a TE wave, E, and E,, and
therefore H,, are equal to zero, and Maxwell’s equations in a waveguide reduce to the
following six equations where €, u, w and ¢ represent dielectric permittivity, magnetic
permeability, angular frequency and the speed of light respectively, and time dependence

(e~™1) is assumed.

0H, O0H, icw
- =24

o 5 — E.=0 (2.1a)
0H. 0OH,
——==0 2.1b
oy 0z ( )
OH, O0H,
% Os 0 (2.1c)

“Ph, =0 (2.1d)
C
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0F, iwu
——H,=0 2.1
y c (2.1¢)
0E, iwu
—H, =0 2.1f
ox + c Y ( )

H;, H, and E, are functions of x and y only. Therefore, using equations 2.1a, e and f,
H, and H, can be eliminated to provide a wave equation as a function of E, only, Eq.
2.2.

0’E, O°’E, w26,uE _d(lnp) 0E,
2 r T

Ox? * Oy + c dx Ox (2:2)

The solution of the wave equation, Eq. 2.2, can be found by separating the variables
dependent on x and y using a trial solution that is the product of two functions, one
involving z and the other involving y. E.(z,y) = Y (y)U(x) is the trial solution that is
substituted into Eq. 2.2 and results in Eq. 2.3.

1 d*X  w?ep d(np) 1dX 14U

X dz T & dr X dz  Udp

(2.3)

As the left hand side and right hand side of Eq. 2.3 are dependent on x and y respec-
tively, each side of the equation can be set equal to a constant and the solution to the
wave equation therefore takes the form of X (z)e?*(P¥)~=t here k is the wave vector.

Expressions for E., H, and H, are given by:

E, = U(x)e'*ky=b) (2.4a)
H, =V (x)e!kPy=wb (2.4D)
H, = W (z)e*Fy=«1) (2.4¢)

The relationship between the amplitudes of the field components, U (z), V (z) and W (z),
is given by inserting Eq. 2.4a-c into Eq. 2.1a, 2.1e and 2.1f, resulting in Eq. 2.5a-c,

ncosf )

o in non-magnetic media and can be defined

where transverse electric field v (v =

as*y:%.
Y
ko dz

w =y (2.5b)

(2.5a)
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L
- ikya dx

(2.5¢)

At the boundary between two adjacent layers the tangential components of the electric
and magnetic fields must be continuous. The tangential field components U and V
are continuous whereas W, the amplitude of the component normal to the boundary
between the layers, is proportional to U. Therefore, the total field can be specified using

the pair of simultaneous equations for U and V given in Eq. 2.6.

AU ko

—=—V 2.6
i (2.62)
d

% = ikyaU (2.6b)

Elimination between Eq. 2.6a and b gives the second-order linear differential equations
for U and V, Eq. 2.7.

d*U

@ + k?2O[2U = 0 (273)
a2V
5+ k2a?V =0 (2.7b)

2.2.2 The transfer matrix

The solutions to the differential equations involving the field amplitudes U and V can
be conveniently expressed in matrix notation. As the functions U(z) and V(z) each
satisfy a second-order linear differential equation, Eq. 2.7a and b, U and V may each
be expressed as a linear combination of two solutions, say U; and U and V; and Vs.
These solutions must be coupled by the first order differential equations, Eq. 2.5a and
¢, resulting in Eq. 2.8a and b.

du. tka
& =N (2.82)

% = tkyalU;

aU.- ik
w =5 (2.8)

dd% = ikyaUs
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Inspection of Eq. 2.8 suggests that %(U1V2 — UsVy) = 0, which resembles the deter-
minant of a matrix, Eq. 2.9, and implies that the determinant of any two arbitrary

solutions of Eq. 2.8 is a constant.

Uy Wi
Uy Vo

D= (2.9)

If the particular solutions for the four matrix elements are chosen such that Uy = f(x),
Uy = F(x), Vi = g(z) and Vo = G(x) where f(0) = G(0) = 0 and F(0) = ¢g(0) = 1,
then the solutions with U(0) = Uy and V' (0) = Vj may be expressed in matrix notation,
Q = NQg where Q, N and Qg are given by Eq. 2.10.

Uo

Q:
Ty

(2.10)

The determinant of N is a constant and the value of the constant can be found using
IM| = Fg — fG =1 and expressing Up and Vj as functions of U(x) and V(x) such that
Qo = MQ, where M is given by Eq. 2.11.

M| =1 (2.11)

Matrix M relates the field amplitudes U and V' at a position along the x axis, say xj,
to a second position, say z,_1. As the knowledge of U and V is sufficient to describe
the field of a wave propagating through the layers of the DFB laser, the properties
of the layers need only be described by an appropriate unimodular matrix M. The
particular components of matrix M for the stack of N layers between the substrate and
superstrate of the DFB lasers can be found, using Eq. 2.5 and the particular solutions
noted previously, to give matrix M,, in Eq. 2.12 where & is the phase thickness of the

layer and and is given by ®,, = kay(x, — Tp—1).

d Zigind
M, — cos®,, —isin®y (2.12)
—iYpsin®,  cos®,

Each of the N layers of the multilayer stack is described by a matrix resembling Eq.
2.12. The transfer matrix (M) combining all of the N layers is given by the product of

each of the matrices for the respective individual layers, Eq. 2.13.



Chapter 2. Models for DFB laser design and optimisation 41

N (mll m12>
M=]] (2.13)
n=1

ma1  M22

When the propagation constant § is real and the layers of the DFB laser have real
refractive indices, the diagonal elements my; and mgo of the transfer matrix are real and
the off-diagonal elements mio and mo; are imaginary. Eq. 2.13 can generally be used to
determine the reflection and transmission of the structure in the case of waves incident
on the multilayer stack. However, Eq. 2.13 also enables determination of the guided
modes, i.e. the waves that are guided inside the multilayer structure in the y direction.
In the DFB laser model presented here, the lowest order waveguided modes represent
the laser mode (it overlaps the gain region, propagates in the y direction and interacts

with the grating resulting in the feedback required for laser emission).

A wave propagating within the stack of N layers, as depicted in Figure 2.2, is confined
between the substrate and superstrate layers by total internal reflection. For waveguided
fields, the transfer matrix describing the stack of N layers must relate the field at the
boundary between the superstrate and the layer N=1 to the field at the boundary
between the T3 layer and the substrate. Therefore the fields at the stack boundaries

are required to satisfy Eq. 2.14, where the subscripts g,; and g, represent the substrate

Usy Usy,
Pl =M ’ (2.14)
V:sup Vvsub

As the laser modes guided within the DFB laser are bound between the semi-infinite

and superstrate respectively.

substrate and superstrate layers, the field amplitudes decay exponentially along the x
direction, as shown in Figure 2.2, giving rise to the complex evanescent waves in the
superstrate (and the substrate) that are used for sensing. The waves are negative-going
in the substrate and positive-going in the superstrate (radiation condition) such that
U = Usupe(_ikasupx) and U = Uy pelFsub(@=2su)) - regpectively. For waveguided modes

Qsup and gy are imaginary.

Positive and negative travelling waves are distinguished from the total field by use of

the notation U™ and V' and are represented by Eq. 2.15.

<€i>:<i>w <€>:<_17>U (2.15)

Using the notation in Eq. 2.15 and Eq. 2.14, results in Eq. 2.16.
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1 1
( > Usp =M ( ) Usub (2.16)
_/Ysup Ysub

Solving Eq. 2.16 results in the modal-dispersion function (x(f))for bound modes and is

given by Eq. 2.17.

X(ﬁ) = VYsupTil + VsupVsubTT12 + ma1 + YsupMo2 = 0 (217)

Eq. 2.17 can be solved numerically for the propagation constant, 5, which is equivalent
to the effective refractive index of the laser mode in the case of the DFB laser described
in Figure 2.2. Each solution of Eq. 2.17 corresponds to a waveguided mode, with the
highest solution representing the lowest order waveguided mode (shown in Figure 2.3
for multilayer DFB lasers). An overview of the steps involved in the model used to

characterise the DFB lasers is provided in the next section.

2.2.3 The multilayer DFB laser model

The multilayer model was first developed in Mathcad® by Dr N. Laurand with aspects
of it converted into Matlab® by AM. Haughey to reduce computation time.

2.2.3.1 Calculation of the effective refractive index of the TE; mode

Calculation of the effective refractive index of the TEy mode propagating through a stack
of N layers first requires that the matrices describing the properties of the layers, Eq.
2.12, are defined for each of the N layers. The product of these matrices is then used to
produce the dispersion relation, Eq. 2.17. The amplitudes of the fields tangential to the
layer interfaces are continuous across the layer interface and, therefore, the dispersion
relation must be solved to satisfy this boundary condition. To do this, the ‘fminsearch’
function in Matlab was used to find the value of § satisfying Eq. 2.17, starting from
an initial value of 8, chosen to be close to the refractive index of the gain layer. The
calculation of the effective refractive index can be performed for a range of scenarios, e.g.
for detection of a thin layer of material adsorbing to the laser surface. In this case, the
predicted shift in wavelength is calculated by taking the difference between the effective
refractive indices of the laser mode with and without the adsorbed layer and using the
Bragg equation, Eq. 1.1, to convert this into a value for wavelength. Two example plots

of the output from the model for the modal dispersion function are shown in Figure 2.3.
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FIGURE 2.3: The modal dispersion function x(f) versus the propagation constant (

for TE modes. (a) was plotted for a four layer system (T3 layer and three arbitrary

layers) to demonstrate that a thick DFB laser structure supports multiple modes. The

TE( and TE; modes are shown. (b) was plotted for a three layer system (T3 layer, a

thin chemical linker layer and a thin biolayer). This structure supports the TEq mode

only. In each case the lowest order mode corresponds to the TEq laser mode. The layer
parameters are shown on each Figure.

The calculation of the effective refractive index was performed using Matlab and a
summary of the inputs, and typical values in brackets, for the model when calculating

the effective refractive index is provided below:
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e Ny, (1.35)

e Cauchy constants for ngy, (1.52)

® ABragg, (430 nm)

e Grating period, (277 nm)

e Thickness of each of the N layers, (T3~70 nm, variable thicknesses for other layers)
e Index of each of the N layers, (biolayer 1.40, polyelectrolyte layer 1.49)

e Constants for n,, Eq. 2.24, (1.81)

e 3 (initial guess of n.¢s, 1.60)

e 7o, impedance of free space

2.2.3.2 Calculation of the intensity mode profile and overlap with the DFB

laser structure

Once the effective refractive index of the TEy mode is found, the field distribution
throughout the DFB laser structure and the stack of N layers can be traced. To do this,
one of the field amplitudes may be arbitrarily chosen at one point and Eq. 2.18 can

be used to calculate the field amplitudes at other points of the structure relative to the

( Un-1 ) =M, ( Un ) (2.18)
anl Vn

To calculate the mode profile through a stack of N layers the amplitude U was chosen to

initial chosen amplitude.

be 1 at the interface between the substrate and the gain layer. As mentioned previously,
the gain layer is defined as layer N. Therefore, the interface between the topmost layer
and the superstrate is the interface 1. As the variation of the stack of layers is in the
x direction, and to simplify the notation in Mathcad/Matlab, the number of layers was
re-defined as X with the interface between the superstrate and the topmost layer being
set to 0. Therefore, once U, and V,, are known, Eq. 2.18 can be used to determine U

and V at any position along the x axis.

Knowing the amplitudes at each of the layer interfaces, the mode profile, E(z), is
calculated through the DFB laser structure and the X layers using Eq. 2.19 where
U(x) = E(x) for the TE mode.
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FI1GURE 2.4: Laser mode intensity profile for a T3 laser with a 10 nm thick biolayer at
the surface.

E(z) = Upcos[kan(z — )] + Lsin[kan(a: — Zn)] (2.19)
Tn
The resulting mode profile can be plotted against the refractive index of the structure

and stack of layers, as shown in the example in Figure 2.4.

The laser mode field intensity is proportional to the square of the field amplitude and
the contribution to the field for a particular layer can be found using Eq. 2.20. Eq. 2.20
is an example of the calculation of the laser mode intensity overlap for a biomolecule
layer on the laser surface, that extends from x=0 to x=10 nm, where I'y;, is the overlap

with the biomolecule layer.

010 \E(x)\zdx

_ 2.20
SIS B (@) da (220

bio

2.2.4 Model for biomolecule binding

Biosensing with the DFB laser involves functionalising the laser surface with probe
molecules that will specifically bind to particular target biomolecules. The multilayer
slab waveguide model described in Section 2.2.3 can be extended to take into account
the effective refractive indices of the laser mode for biolayers of differing densities, i.e.
representing the difference in the number of target biomolecules on the laser surface af-
ter exposure to biomolecule solutions of varying concentrations. The coupling reaction
between a probe and target biomolecule follows a Langmuir relationship with the num-

ber of bound target biomolecules increasing linearly with increasing numbers of target
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biomolecules in the vicinity of the functionalised surface until saturation of the probe
binding sites, with target molecules, occurs. The biolayer formed is a combination of
the target biomolecule and buffer and therefore, the refractive index of the biolayer is
a function of the index of the biomolecule and the buffer. The relationship between
the biomolecule concentration and the biolayer refractive index is given by Eq. 2.21
where €1, €2 and €, are the dielectric permitivity of the buffer, biomolecule and biolayer
average respectively and p represents the fraction of bound target biomolecules and is

unity when the biolayer consists only of biomolecules [6].

€1 — €av €2 — €qu
1-— + =0 2.21
( p> €1 + 2¢€4p pGQ + 2€40 ( )

The value of p is related to the concentration of the target biomolecule solution via Eq.
2.22, where z is the concentration of the biomolecule solution, B represents saturation of
the available binding sites and is set equal to 1 and K is the dissociation constant which
is the number of target biomolecules bound to half of the available probe molecules, i.e.
when an equilibrium between the available binding sites plus target biomolecules and

biomolecule bound binding sites is equal.

p(x) =B (2.22)

To incorporate the dependence of the refractive index of the biolayer on the biomolecule
concentration into the multilayer waveguide model, the refractive index of the biolayer,
Npio(p) was calculated by solving Eq. 2.21 for the value of €4, and then substituting
the solution, €(p), into Eq. 2.23. The effective refractive index, which was therefore a
function of p, was calculated as described in Section 2.2.3. The value of the effective
refractive index of the laser mode, for a biolayer with varying ratios of biomolecule to

buffer, was then determined for specific values of biomolecule concentration.

Npio(P) = V €(p) (2.23)

2.3 Effect of optimisation of device parameters on biosens-

ing performance

The various parameters of a DFB laser device were highlighted previously (Figure 2.1).
Several of these parameters are dependent on the choice of gain material. For example,

for optimised laser performance (e.g. low threshold operation), the grating period is set
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by the Bragg relation (Eq. 1.1) where A is the wavelength of maximum gain, A is the
grating period and n.y is the effective refractive index of the laser mode. On first glance
at Eq. 1.1 it is apparent that operating at a longer wavelength, and therefore a higher
grating period, will result in a greater shift in wavelength for changes to the effective
refractive index of the laser mode. And, as discussed in Section 1.5, in the case of bulk
sensing this is true. Figure 2.5 shows theoretical wavelength shift values, using the model
detailed in Section 2.2, for bulk (ng,;,=1.35) and surface (10-nm layer, ng,;,=1.49) sensing
for an optimised DFB laser with the following parameters: A=430 nm, A=277 nm,
Ngup 1.5, ng ~1.8 and t=75 nm. These parameters for an optimised T3 DFB laser were
also used for calculation of the data in Figures 2.6 and 2.7. In the case of bulk sensing,
the shift in wavelength is calculated from the difference in emission wavelength when the
laser is exposed to a bulk solution and with the laser exposed to air. For surface sensing,
the example of a 10 nm biolayer is given. The shift in wavelength is therefore calculated
by subtracting the wavelength of laser emission without an additional 10 nm biolayer
from the emission wavelength with the 10 nm biolayer. The difference in bulk sensing
between a laser operating at a wavelength of 430 nm (the T3 wavelength value) and 600
nm (wavelength close to that of typical dye-doped DFB laser sensors) is 0.9 nm (34%
increase). However, the same enhancement effect is not observed in the case of surface
sensing, as shown in Figure 2.5. For detection of a 10-nm ‘biolayer’ on the laser surface,
the difference in the magnitude of the shift in wavelength between lasers operating at 430
nm and 600 nm is only 0.07 nm (13% increase), and for a thinner biolayer this difference
would be even smaller. As mentioned previously, in order to maximise the sensitivity of
a DFB laser for biosensing, the intensity of the laser mode within the biodetection region
must be maximised. A previous study investigating different configurations of photonic
crystal biosensors found that the intensity of the optical wave within a biodetection
region of 25 nm for an operating wavelength of 375 nm was almost double that of a
similar device operating at a wavelength of 780 nm [7]. Therefore, any gain in the
magnitude of the shift in wavelength achieved via operating at a longer wavelength
was offset by the reduction in the overlap of the laser mode within the biodetection
region for surface sensing. When the overlap of the laser mode with the biodetection
region is modelled for a T3 laser and a hypothetical ‘T3-like’ laser with same refractive
index characteristics but at a longer wavelength of 590 nm (grating period of 384 nm)
with a 10 nm biolayer (n=1.49), the overlap of the biodetection region for the T3 laser
was 3% whereas the overlap of the 590 nm T3 laser was <1%. Therefore, throughout
optimisation of the T3 DFB lasers for biosensing, the grating period was fixed at 277
nm. The grating modulation depth was also fixed (50 nm) and its effect on device
sensitivity was not considered during the modelling process. As the modulation depth
can influence aspects such as the laser threshold, this may be a parameter that warrants

further investigation in the future [8].



Chapter 2. Models for DFB laser design and optimisation 48

4.5

- =—Bulk sensing

IS

= =Surface sensing

E
£ 3.5
< 3
&
22.5 H
[J]
g8 2 -
3
£15 -
=)
G
e 1
» o
05 —==—~"=~"~=~-~"=°~
0 1
430 530 630 730

Wavelength (nm)

FIGURE 2.5: Surface (n=1.49) and bulk (n=1.35) sensing predictions as a function of
laser wavelength.

2.3.1 Gain layer refractive index

As the gain layer refractive index is a property of the gain material there is little room
to modify this parameter and the refractive index of the T3 layer was therefore ‘fixed’
during modelling. However, the magnitude of the refractive index of the T3 material is
not a constant and varies with respect to the laser wavelength due to dispersion effects.
The influence of dispersion on the T3 refractive index was taken into consideration
during modelling of the lasers. The refractive index of dispersion for T3 has previously
been published [9] and is described by equation 2.24 where A and B are constants given
by 1.7385 and 9.511x10% nm respectively.

(negfh)
Na(Nefs) = A+ 2Be 151467 (2.24)

When modelling the response of dye-doped laser sensors, dispersion relationships were
not available and therefore the refractive index was simply defined by the values in the

literature.

2.3.2 Substrate refractive index

The transverse intensity profile of the DFB laser mode is governed by the refractive
indices of the constituent layers. The laser mode is drawn towards higher index layers

and, therefore, a low index substrate (preferably close to the index of the superstrate)
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FIGURE 2.6: Surface (n=1.49) and bulk (n=1.35) sensing predictions as a function of
substrate index.

is desirable in order to maximise the laser mode overlap with the biodetection region
at the laser surface. Previous research has shown this to be the case theoretically and

experimentally [7].

The material used as the substrate for T3 lasers was Norland 65, a photocurable optical
epoxy that has a refractive index of ~1.5 at a wavelength of 430 nm [10]. This material
is very easy to work with and is cured using UV illumination in a very short time period
(<1 minute). There are other optical epoxies available with a lower refractive index
(indices of 1.3 are widely available) but these materials will only cure when they are
protected from exposure to air, i.e. curing must take place in an inert atmosphere, such
as nitrogen [10]. This requirement increases the complexity of DFB laser fabrication
and therefore low index materials were not used in the experimental optimisation of the

T3 laser sensors.

Figure 2.6 shows the theoretical effect of reducing the refractive index of the substrate
from 1.55 to 1.2 on bulk and surface sensing. The difference in the magnitude of the
shift in wavelength for bulk sensing (n=1.35) between a substrate index of 1.5 and 1.3 is
0.48 nm (11% increase) which is only a modest difference in comparison to the effect of
changing the grating period, for example. The same difference in substrate index results
in a 0.05 nm (7% increase) change in the wavelength shift for surface sensing of a 10 nm
biolayer (n=1.49). Therefore, the potential improvement in the sensitivity of surface
sensing did not justify the added complexity of working with a lower index substrate

material. Although small, a wavelength shift of 0.05 nm may be significant in terms of
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FIGURE 2.7: Surface (n=1.49) and bulk (n=1.35) sensing predictions as a function of
gain layer thickness.

biosensing, and therefore reducing the substrate index of the T3 lasers to better match

that of the superstrate index may be something worth investigating in future.

The refractive index of the substrate was therefore a fixed parameter when modelling
the T3 lasers. The effect of dispersion on the refractive index of the substrate was
taken into consideration using Cauchy’s equation (Eq. 2.25), as supplied by Norland
Products, where A, B and C are the constants 1.50631, 5435.62 nm? and 2.77798x10”
nm* respectively. When modelling other devices, such as dye-doped lasers, the stated
literature values for the substrate indices were used, these values did not represent any

dispersion effects.

B C

Nsub(NeffA) = A+ (nesrA)? * (e A)*

(2.25)

2.3.3 Gain layer thickness

The thickness of the region between the laser substrate and superstrate influences the
effective refractive index of the laser mode and, subsequently, the laser wavelength and
sensitivity. Therefore, it is necessary to optimise the thickness of the T3 gain layer
in order to achieve the maximum shift in wavelength for changes to the superstrate
index. A minimum gain layer thickness (expected to be in the region of 50-60 nm) is

required in order to support the laser mode, but beyond this minimum ‘cut-off’ thickness
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a thinner gain layer results in a greater shift in emission wavelength per unit change to

the superstrate refractive index.

Figure 2.7 shows how the thickness of the T3 layer affects bulk and surface sensing. It
is obvious from the bulk sensing results that there is a maximum shift in wavelength
around a thickness of 70 nm, but there is also a maximum shift in wavelength occurring
for a T3 thickness of 75 nm in the surface sensing plot. The thickness of the T3 layer
can be easily controlled during fabrication of the lasers and this was therefore explored
experimentally and is described in Section 3.3.1. During modelling of the T3 lasers, the
thickness of the gain layer can be defined to represent the experimental thickness of the

lasers or it can be varied in order to maximise the theoretical sensitivity of the laser.

During modelling, the overall effect of the grating depth on the laser modes is neglected
and the thickness of the gain layer is an ‘average’ thickness to take into account of the
modulation depth of the grating. The model is shown to accurately predict experimental

data.

2.4 Validation of the model

The modelling techniques described in this chapter have been validated through com-
parison of the predicted model outputs with experimental data. One of the outputs
from the multilayer DFB laser model is the effective refractive index of the TEy mode
for a given laser structure. As the effective refractive index is coupled to the emission
wavelength of a DFB laser via the Bragg equation, Eq. 1.1, the simplest method for
testing the accuracy of the model is to compare the emission wavelength values pre-
dicted by the model to those observed through experiment. The effective refractive
indices of the laser mode, as mentioned in Chapter 1, is a function of the DFB laser
structure. Therefore, modification of the gain layer thickness has a marked effect on
the emission wavelength of the laser, and the shift in wavelength resulting from bulk
or surface sensing, as discussed in Section 2.1.3. Experimental optimisation of the gain
layer thickness for maximising bulk and surface sensing, discussed further in Section
3.3.1, was performed and the observed shift in wavelength upon exposure of the laser to
water is plotted alongside the operational wavelength of the laser when exposed to air,
i.e. air is the superstrate layer, in Figure 2.8. These predicted values from the model

are also included in Figure 2.8.

Multiple wavelength and shift measurements (i.e. the difference between emission wave-
lengths with the laser superstrate being air and water) were recorded, at different po-

sitions on the laser surface, for each of the lasers fabricated to have a different gain
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layer thickness. The experimental data in Figure 2.8 represents mean values + standard
deviations. Lasers fabricated with a thicker gain layer have higher effective refractive
indices as a higher proportion of the laser mode intensity profile exists within the gain
layer, resulting in a longer operational wavelength. Figure 2.8 demonstrates agreement
between the experimental and modelled data with the only data point being far from
the predicted value resulting from the laser with the thickest gain layer. The gain layer
thickness is controlled via the spin coating speed used to deposit the laser material,
discussed further in Section 3.1, and therefore slower spin coating speeds result in a
thicker layer. Variation in layer thickness can be greater for lasers fabricated at slower
spin coating speeds due to the additional effect of evaporation of the gain layer solvent
which has a bigger influence at slower spin coating speeds. Overall, the agreement be-
tween the theoretical and experimental values indicated that the model could be used to
predict the expected shift in wavelength upon exposure of the laser to a bulk solution.
Modelled surface sensing was also performed, for which results presented in Section 3.5,

with predicted results shown to demonstrate good agreement with experimental data.

The accuracy of the predicted overlap values can be inferred from the experimental data.
For example, the laser threshold, which is discussed in Section 3.3, was observed to be
twice the value with the laser exposed to air as it was when immersed in water. This
can be explained as the laser mode intensity profile being raised closer to the DFB laser
surface when immersed in water due to the effect of the increased superstrate index of
water, relative to that of air, on the effective refractive index of the laser mode. This

in turn results in an increase of the overlap of the laser mode with the gain layer when
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the laser is immersed in water and, therefore, a higher modal gain. When the overlap
of the laser mode was modelled for a laser exposed to air and water, as shown in Figure
2.9, the overlap was predicted to be 31% in water and 23% in air, which is consistent
with the theoretical explanation and the experimental threshold measurements. Further
comparisons between the predicted overlap of the laser mode with the various layers of
the DFB laser structures are presented throughout this thesis. The correlation between
the theoretical description of the lasers and the experimental results suggests that the

model can be used to describe the interaction of the laser mode with the DFB laser

structure.
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FIGURE 2.9: Laser mode intensity profile for (a) a T3 laser exposed to air and (b)
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The values predicted by the multilayer DFB laser model modified to consider the effect of
biomolecule binding to the laser surface were also compared to experimental data. Good
agreement between the modelled and experimental data was observed indicating that
the model can be used to predict binding events at the laser surface if the dissociation
constant is known for the probe and target molecule interaction. This may be useful for
future development of the laser sensor for predicting the expected sensing response to

biomarker detection.

2.5 Summary

In this chapter, a theoretical description of the model of the DFB lasers was provided.
The model is used to predict the effective refractive index of the TE( laser mode, and
therefore the shift of emission wavelength in sensing events, the mode profile and the
overlap of the laser mode with the various layers. A modification to the multilayer DFB
model in order to incorporate the Langmuir behaviour of the probe-target biomolecule
interaction was also described. The predicted values for each of the models were shown
to correlate well with experimental data indicating that the theoretical models can be
used to predict how structural changes to the DFB lasers will affect the response of the
lasers to sensing applications and can therefore be used to help optimise the structure

for maximum biosensing sensitivity.

The models are used to relate the experimental results back to the theory governing
DFB lasers throughout the reminder of this thesis and to make predictions about the
biosensing potential of the T3 DFB lasers.
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Chapter 3

Laser characterisation and

non-specific sensing

The previous chapter provided an explanation of the numerical model used to assess the
response of DFB laser sensors for refractive index sensing and gave a general overview
of how changes to the device structure affect surface and bulk sensing. This chapter
introduces the experimental optimisation and testing of the DFB laser sensors. In Sec-
tions 3.1 - 3.3, the fabrication, characterisation and optimisation, including comparison
to the theoretical model, are described. The second part concentrates on demonstration
of refractive index sensing. In Section 3.4, bulk refractive index sensing (detecting re-
fractive index changes in solutions used to immerse the laser) experimental results are
given. And surface sensing results - the detection of the addition of molecules to the
laser surface - are provided in Section 3.5. Experimental results are also compared to

predicted values from the model.

3.1 The sensing concept

As described in Chapters 1 and 2, the concept of sensing with DFB lasers is very simple.
The wavelength of emission from the laser changes based on variations of the refractive
index of the superstrate, e.g. biomolecules binding to the laser surface will induce a
shift in the emission wavelength. Many optical sensing technologies are based on the
detection of small refractive index changes [1-4]. These technologies are typically very
high resolution, with some capable of single molecule detection [2], and also tend to have
a high Q-factor. Q-factor is defined as the ratio of resonance linewidth and wavelength,
in the case of DFB lasers. Ideally, both the shift in wavelength and the resolution will

be maximised to obtain high sensitivity. Many of the current sensing technologies with
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FIGURE 3.1: Emission spectrum of a T3 laser above and below the laser threshold.

high Q-factors generally achieve their higher resolution at the expense of sensitivity,
i.e. a reduction in the magnitude of the shift in wavelength per refractive index unit.
DFB lasers are ‘active cavity’ sensors that enable both high sensitivity and resolution
through stimulated emission, resulting in narrow resonances for single mode emission
[5], as shown in Figure 3.1 of the emission spectrum of a T3 laser above and below the
lasing threshold. Although DFB lasers have a Q-factor that is generally lower than that
of a micro-resonator, for example, this is compensated by the fact that spectrally narrow
laser emission leads to high resolution and small changes in refractive index result in
large shift in the emission wavelength, relative to the wavelength shifts observed for some
passive optical sensors [2]. A table of Q-factor and sensitivity (wavelength shift/RIU) is
provided in Section 3.5.2 for various refractive index biosensors to allow a comparison

between the different technologies.

3.2 Laser fabrication

One of the key advantages of organic DFB lasers for sensing applications is their ease of
fabrication. Lasers are fabricated entirely through soft material patterning of the sub-
strate and solution processing of the gain layer, processes that are scalable for industrial
production [6, 7]. The properties of the organic semiconductor material, oligofluorene
truxene, used as the gain material for the DFB lasers presented in Section 1.4 are de-

scribed in more detail here.
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3.2.1 Oligofluorene truxene

Oligofluorene truxenes are star-shaped macromolecules. The structure for T3 shown
previously in Figure 1.11f is reproduced in Figure 3.2a. Star-shaped oligomers have
been of great interest over the past 20 years, especially for optoelectronic applications
such as light emitting diodes [8]. Monodisperse star-shaped oligomers have high pho-
toluminescence quantum yields in both solution (0.83) and the solid-state (0.60) and
form low loss waveguiding films when deposited from solution [6-8], both of which are
ideal properties for a laser gain material. The molecule itself consists of a truxene core
with three arms of repeat fluorene units. In this case, the number of fluorene units per
arm is three, hence the term “T3” used to reference the material. T3 macromolecules
are efficiently excited with light in the 350 - 390 nm range and emit in the 420 - 450
nm range (3.2b). T3 has a refractive index of ~1.81 at 430 nm which is higher than
that of typical dye-doped polymer gain materials (=1.5). A high index is beneficial for
refractive index sensing applications and a T3 DFB laser demonstrates improved surface

sensing capabilities relative to that of a dye-doped DFB laser (Section 5.2).

3.2.2 Laser fabrication

A DFB laser structure identical to those used in the experimental work was shown in
Figure 1.8. The laser fabrication process is depicted in Figure 3.3. The diffraction grat-
ing within the substrate layer was obtained by replicating a silica master grating into
Norland 65 optical epoxy (Norland Products Inc). The master grating had a period
and modulation depth of 276 nm and 50 nm, respectively, and is shown in Figure 3.4a.
Norland 65 is a curable epoxy, this means that it contains chemical groups that are
initiated by exposure to a source of energy. In this case the material is photocurable so
upon exposure to UV radiation, the thermosetting material produces a stable, highly
cross-linked polymer. For grating fabrication, the epoxy was drop-coated onto the mas-

ter grating surface and a 15x15 mm?

commercially available acetate sheet of 0.1-mm
thickness was placed on top of the epoxy which was subsequently photocured with a
UV lamp (exposure dose 2230 J.cm ™2, spectrum centred at 370 nm) for 50 s. Care must
be taken when adding the acetate sheet to the epoxy drop in order to not produce a
substrate containing bubbles, which may affect the spectral quality of the laser emission.
After curing, the grating-imprinted epoxy was peeled from the master grating, cut to
size if required, and cured under the UV lamp for a further 60 minutes. A photograph

of an epoxy imprinted grating is shown in Figure 3.4b.

The T3 oligomer solution was prepared by adding T3 to toluene (Fisher Scientific) at a

concentration of 20 mg.mL~!. The solution was vortexed briefly to ensure the T3 was
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FIGURE 3.2: (a) Chemical structure of T3 and (b) absorbance and photoluminescence
spectra of T3.

completely dissolved. Prior to spin coating, the substrate was taped to a piece of glass
to provide a solid support for the substrate and to ensure that it was held flat for spin
coating. 20 uplL of solution was spin-coated on the surface of the grating imprinted epoxy
at 3.2 krpm for 90 s. The Norland 65 supplier states that toluene does not degrade
or have any negative effect on the cured epoxy structure, e.g. it does not cause the
grating to swell [9]. This standardised fabrication process results in single mode (TE)
DFB laser structures for >95% of devices. Spin coating of the T3 layer is not feasible
for large scale production of laser devices. ‘Horizontal dipping’ is a process that has
been used to fabricate similar laser structures over a relatively large surface area [7]
and could replace the spin-coating step described here. In addition, room-temperature
nanoimprint lithography could provide a method of patterning the T3 layer directly with
a grating structure and simplifying the fabrication further [10, 11].
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the silica master grating and (2) cured for 50 s under the UV lamp. (3) The grating

imprinted substrate is peeled from the master grating and (4) post cured before spin
coating the T3 gain layer. (5) The DFB laser is ready for use.
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FIGURE 3.4: (a) SEM of silica master grating and (b) photograph of a grating imprinted
substrate prior to the addition of the T3 layer.

3.3 Optical set-up

Over the course of the experimental work, the optical set-up evolved to meet the need
to use ever smaller solution volumes as the materials used for sensing became more

expensive. The three main experimental set-ups are described here.

For non-specific experimental sensing work a large (dimensions 55x24x56 mm, 25 mL)
cuvette, purchased from Starna, was used to house the laser and allow for immersion of
the laser in solutions, as shown in Figure 3.5a. The DFB laser was taped to an inner

face of the cuvette using Kapton polyimide film (Agar Scientific) so that the T3 surface
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(b)

FIGURE 3.5: Photographs of (a) the large cuvette and (b) the demountable cuvette.

was exposed to the solvent within the cuvette. Measurements of the emission from the
DFB laser were performed by photopumping the DFB laser through the cuvette, with a
Photonic Solutions frequency-tripled, Q switched Nd:YAG laser with 355 nm wavelength
pulses (5 ns pulse duration and linewidth of 12 pm) at 10 Hz repetition rate. The large
cuvette was held in place with a custom made mount, at an angle of approximately 45°
to the surface normal. An angle of 45° was chosen purely to simplify the collection of
the laser emission and to negate the need for filters to cut the pump. The energy of the
pump was controlled using a quarter-waveplate followed by a polariser and a neutral
density filter wheel (Figure 3.6). A dichroic mirror was used to filter any remaining
green (frequency-doubled, 532 nm) components out of the laser emission. The laser was
pumped through the substrate to avoid the added complications of pumping through the
solution in the cuvette. For the same reason, emission from the DFB laser was collected
through the substrate. Outcoupled emission was collected via a 50-pm-core optical fibre,
positioned normal to the cuvette surface at a distance of ~20 mm, as shown in Figure
3.6. The other end of the fibre was directly plugged into a grating-coupled (10 pm slit)
Avantes (AvaSpec 2048) CCD spectrometer channel covering 420 - 653 nm with spectral

resolution of 0.06 nm.

3.3.1 Surface and specific sensing - demountable cuvette

For demonstration of detection of analytes at the sensor surface, a cuvette with a smaller
volume (/1.5 mL) was used, see Figure 3.5b. The cuvette was custom made by Comar
Optics to have an internal width (or pathlength) of 5 mm to accommodate the “height”
of the DFB lasers (~1 mm). The outer length and width of the cuvette were 45 and
12.5 mm respectively. When the grating imprinted substrates were fabricated, the size
of the substrate was determined by the dimensions of the master grating, which was

roughly 10 mm square, as the epoxy spread over the area of the master grating. As
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FIGURE 3.6: Schematic of the optical set-up. The pump is attenuated before being
focused by a 125 mm focal length lens through the cuvette onto the laser substrate.

the inner dimensions of the demountable cuvette were <10 mm, the lasers had to be
trimmed to size along two parallel sides. This was done by cutting the substrate prior to
post-curing with scissors. The grating itself is situated within the centre of the substrate
and has a surface area of ~25 mm?, therefore, it is possible to trim the substrate without
disrupting the grating structure. The width of the cuvette meant that tape could not
be used to fix the laser in place. Instead, the grating imprinted substrate was fixed to
the flat face of the demountable cuvette, prior to spin coating the T3 gain layer, with
Norland 65 and cured for 2 minutes. The T3 was then spin coated in the usual way but
without the need to fix the substrate to a glass support. The optical set-up using the
demountable cuvette was the same as that shown in Figure 3.6, with a modified holder
made to accommodate the smaller cuvette and hold the two pieces of the cuvette firmly

together.

3.3.2 Specific sensing - 24 well microtiter plate

F1GURE 3.7: Photograph of T3 lasers taped within the 24 well mictotiter plate.

As specific biosensing developed to include more expensive biomolecules, such as nucleic

acids probes, the experimental solution volumes had to be decreased further. To achieve
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this, the experimental set-up was modified to facilitate the use of a 24 well microtiter
plate (Figure 3.7). The diameter of the wells (16 mm) was large enough to allow trimmed
lasers to be taped to the bottom of the well but also reduced the required solution volume
to just over 300 pL.. When lasers were housed in the microtiter plate, they were trimmed
so that there was a border of ~1 mm around the central grating structure before spin
coating the T3 layer as described in Section 3.1.2. As the surface area of the lasers were
smaller than those described in Section 3.1.2 the volume of T3 solution added during
spin coating was reduced from 20 pL to 15 pL. This had no effect on the thickness of

the T3 layer (confirmed by no change in emission wavelength).
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F1cURE 3.8: Optical set-up when using the microtiter plate. A dichroic beam-splitter

is used to divert the pump through a 125 mm lens onto the bottom of the plate. DFB

laser emission is collected after passing the beam-splitter by a 50-pum-core optical fibre.
(a) Schematic and (b) photograph.

In order to incorporate the microtiter plate into the optical set-up, the set-up shown in
Figure 3.6 had to be modified. A schematic and a photograph of the modified set-up
are shown in Figure 3.8. The optics used for attenuation of the pump beam remained
unchanged from the previous set-up so are not shown. DFB lasers were pumped through
the plate and epoxy, normal to the laser plane (Figure 3.8). A dichroic beam-splitter,
positioned at 45° to the incoming pump beam, was used to direct the pump through a
lens and onto the laser within the plate, and to cut any of the pump beam when collect-
ing emission from the DFB laser with the same optical fibre/spectrometer mentioned

previously.
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A custom plate holder was made which allowed the plate to be moved to position the
pump spot at a particular location within the laser. This was later modified to allow
accurate x-y translation of the plate to allow for movement and relocation of the plate

to a specified location.

3.4 Optical characterisation

The pump spot was focused onto the grating using a 125 mm focal length lens to have a
minimum focal area of 4x10~2 mm?. Reducing the focal area from 60x10~2 mm? (with
a 50 cm focal length lens) to 4x10~2 mm? reduced the DFB laser emission linewidth
from 0.20 nm to below the resolution of the spectrometer (0.13 nm), as shown in figures
3.9a, b and c. It is expected that the reduction in pump spot size helps to minimise
the number of lateral modes that can oscillate and are known to affect the linewidth
[12]. The central wavelength and linewidth for each of the spectra shown in Figure 3.9,
and indeed all spectra presented in this thesis, were obtained using a Matlab function,
‘peakdecomposition’, which fits a Gaussian lineshape to the experimental data [13]. The
goal of the peakdecomposition function is to minimise the residual function (essentially
the difference between the Gaussian function and the data) and, therefore, a plot of
the residual of the fit is also produced with each fitted spectra. As the linewidth of
laser emission was at, or below, the resolution of the spectrometer, spectra were fitted
using only two or three data points above the noise. The limited number of data points
used for fitting may lead to fitting error, however, fitting the data was considered to
provide the best estimate of the central wavelength and linewidth within the spectrom-
eter limitations [7]. The resolution of the spectrometer used can be improved upon.
For example, compact spectrometers with a resolution of 0.02 nm within the spectral
range of the T3 lasers are available. Furthermore, the footprint of such spectrometers
is small (dimensions of 15x10x5 cm?) making them a suitable off-the-shelf option for

incorporation into a compact, portable sensing system.

3.4.1 Gain layer thickness optimisation

As mentioned in Section 2.1, the device parameters that can be modified to optimise
the sensing performance of the DFB laser are the substrate refractive index, the grating
pitch and the thickness of the T3 layer. The capacity to vary the substrate index is
limited by the photocurable optical epoxies available and their properties. Generally,
low index epoxies (n<1.4) require that curing is performed in an inert atmosphere, as
mentioned in Section 2.1.2, and therefore this parameter was not considered as part of

the experimental work. The grating pitch is also constrained by the T3 wavelength and
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FIGURE 3.9: Demonstration of the reduction in laser emission linewidth to below the

resolution of the spectrometer by reducing the pump spot area. A 500 mm, 250 mm

and 125 mm focal length lens was used to focus the pump spot in (a), (b) and (c),
respectively.
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the available master gratings, therefore this parameter was fixed for the experimental
work. Optimisation of the gain layer thickness was shown to have a marked effect on
the bulk sensitivity of the DFB laser and a relatively large (£0.16 nm) influence on
the sensitivity of surface sensing, see Figure 2.7. As the thickness of the gain layer
could be easily controlled by modifying the spin coating speed of T3 deposition, an
experimental study of the effect of gain layer thickness was performed in order to obtain
single transverse mode operation and maximise the shift in wavelength per unit change
in superstrate refractive index. Experimental data was also compared to predicted values

from the model.

The spin coating speeds used to deposit the T3 gain layer ranged from 0.5 to 3.5 krpm.
The emission wavelength of these lasers was previously plotted against the shift in wave-
length upon immersion in water (Figure 2.8). These results demonstrated that a thinner
gain layer resulted in a greater shift in wavelength upon immersion of the laser in water.
A minimum gain layer thickness (expected to be in the region of 50 - 60 nm) is required
in order to support the laser mode but beyond this minimum “cut-off”, maximum sen-

sitivity is achieved.

The shift in wavelength versus truxene thickness/emission wavelength in air was mod-
elled and is plotted alongside the experimental data in Figure 3.10. The largest shift
in wavelength upon exposure of the laser to DI water occurred for the lasers with the
shortest emission wavelengths which corresponded to lasers with a thinner truxene layer.
This can be explained by considering the effect of the gain layer thickness on the overall
effective refractive index and position of the laser mode within the device. The effective
refractive index of a DF'B laser is dependent on the refractive indices of ngyp, ng and ngy,
and the thickness of the gain layer. A thick (>100 nm), high index gain layer will lead to
a large overlap of the laser mode with the gain layer, which is useful for minimising the
laser threshold, but at the expense of a reduction in overlap with the superstrate, and
therefore, a reduction in the overall bulk sensitivity. Incidentally, the model predicted
that the largest overlap of the TEy mode with the superstrate occurs for a gain layer
thickness of 76 nm (13.2 % when the superstrate is water), resulting in the maximum
shift in wavelength observed for a T3 layer of this thickness. The theoretical wavelength
versus shift in wavelength plot replicated the experimental data. The model predicted
a maximum shift of 3.30 nm for a refractive index change corresponding to the air to
water transition, as shown in the plateau region of the plot in Figure 3.10. The model
also predicts that this maximum response to refractive index changes occurs for a T3

layer thickness of around 65 - 75 nm.



Chapter 3. Laser characterisation and mon-specific sensing 69

Emission wavelength in air (nm)

—g 425.00 430.00 435.00 440.00 445.00
(= I
%’ 3.40 o ----Modelled data

] b A S

2 3.20 / LA ¢ Experimental data

] H o o

2 o800

© ! . e

S 280 - ",’ ..

ot 1 .

= 260

7] ! ‘\\

g 240

c ;
2 220

()]

>

§ 2.00 ‘ .

50 70 90 110 130 150

Truxene thickness (nm)

F1GURE 3.10: The shift in wavelength and emission wavelength in air for lasers fab-
ricated with a range of truxene thicknesses is plotted. Theoretical thickness, emission
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3.4.2 Measurement of T3 gain layer thickness

The thickness of the T3 gain layer was measured experimentally using atomic force
microscopy (AFM) in order to compare to the predicted optimal thickness provided by
the model. Lasers spin coated at a speed of 3.2 krpm consistently provided the maximum
shift in wavelength when immersed in water compared to other speeds. Therefore, the

thickness of the T3 layer produced at this speed was measured alongside layers expected

to be thicker.

To measure the T3 thickness, T3 (20 uL) was spin coated onto a 100 mm? glass coverslip
at three different speeds, 1, 2 and 3.2 krpm. A score was made through the T3 layer
with the pointed tip of a pair of tweezers the length of the coverslip. Very little pressure
was applied in order to ensure that the glass substrate was not scratched. The AFM tip
was positioned to the left of the “scratch” and was scanned across the void to the other
side. An example profile of a T3 layer is shown in Figure 3.11. It should be noted that
the surface area of the glass had to be representative of the surface area of the grating; if
the surface area of the glass was larger than that of a typical grating, as was the case in
Figure 3.11 (coverslip area was 625 mm?, spin coating speed of 2 krpm) a thinner gain
layer resulted. Using the 100 mm? glass, six profiles across the scratch were recorded
at different positions along the length of the scratch. The height of the flat T3 surface,

either side of the scratch, was noted and the average values are provided in Table 3.1.
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FIGURE 3.11: AFM measurement of T3 thickness.

Spin speed (krpm) Average T3 thickness (nm)
1 174411

2 83+11

3.2 71£9

TABLE 3.1: AFM thickness measurements of the T3 spin coated onto glass.

It is expected that the thickness of the T3 layer may be slightly different when spin
coated onto the substrate due to the grating features and the different properties of the
surface. However, the model predicts that a DFB laser with a gain layer thickness of
70 nm will have an emission wavelength of 431.62 nm in air and demonstrate a shift of
3.30 nm when immersed in water, which agrees well with experimental (mean wavelength
of 430.7440.77 nm and a mean shift of 3.334£0.07 nm in water) values. A gain layer
thickness of 70 nm is within the range resulting in the maximum shift in wavelength for
the index change from air to water and, therefore, all subsequent lasers were fabricated

to have a gain layer of this thickness.

3.4.3 Laser threshold

Optimisation of the DFB laser threshold was not one of the aims of this work and
therefore threshold measurements were not made routinely. However, the threshold was
measured for a number of lasers and is expected to be representative of all laser sensors

fabricated. A brief explanation of the threshold measurement is provided here.

DFB laser are known to have a “soft threshold”. This means that when pumped close

to the threshold for optical gain there is a graded increase in the laser emission intensity
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rather than a well defined sharp threshold [13]. The soft threshold is an effect of the
contribution of amplified spontaneous emission to the emission intensity when below the
laser threshold. The laser threshold can be determined by recording the laser intensity
(Liaser) corresponding to a range of pump energies (E,) until saturation of the intensity
occurs (Isq¢). These experimental parameters can be inserted into Eq. 3.1 to obtain
the pump threshold for optical gain (Ey,). In Eq. 3.1, & is a dimensionless parameter
that accounts for the coupling of spontaneous emission into the laser mode [13]. A
higher value of x accounts for greater coupling of unsaturated stimulated emission which
decreases the contrast between the emission intensity below and above laser threshold,
hence the soft threshold. Eq. 3.1 was fitted to the threshold measurement data using a
Matlab function, ‘softthreshold’, which treats I,; as a linear parameter while minimising

the other parameters [13]. An example of a threshold fit is given in Figure 3.12.
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Ficure 3.12: Example threshold measurement for a typical T3 laser. A threshold

of 60 pJ.cm™? is observed when the laser is exposed to air. The fit parameters were:

£=8.14x10"12, I,,;=4.11x10% counts, E,=<0.05 pJ, resulting in a E;,=5 nJ (a second

ND filter was used for this measurement to halve the pump intensity, but this is not
accounted for in the fitted data).

T3 DFB lasers typically have a threshold fluence of approximately 60 pJ.cm~2 (energy
of 2.5 nJ) when the superstrate is air. The laser threshold decreases with increasing
superstrate refractive index and is approximately 30 pJ.cm™2 when immersed in DI
water. The decrease in threshold can be attributed to the increased superstrate index
drawing the laser mode closer to the device surface, resulting in a greater overlap with

the gain region and therefore a higher modal gain. The overlap of the laser mode with
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gain layer was modelled with air and water as the superstrate and predicted an overlap
of 23 % and 31 % in air and water, respectively, which corroborates the experimental

results.

The DFB laser threshold is an important consideration for the miniaturisation of the
technology and use as a POC device. The threshold fluence in water corresponds to a
power density of the order of 6 kW.cm™2. Therefore it is expected that optical pumping
may be achieved with a “Blu-ray” gallium nitride laser diode, assuming the gain material
absorption can be matched to the diode wavelength, as has already been demonstrated
for other organic lasers [14]. There is also scope for LED pumping if the threshold can
be reduced further [15].

3.4.4 Properties of laser emission

F1GURE 3.13: Photograph of the emission from a T3 DFB laser. Coherent laser emis-

sion is observed in the central section of the fan shaped beam with diffracted amplified

spontaneous emission accounting for the four extended beams extending from the cen-
tral region.

When pumped above threshold, the DFB laser demonstrates fan-shaped emission as
shown in Figure 3.13. With a gain layer thickness of 70 nm, all lasers tend to oscillate
on the fundamental TEy mode, i.e. the laser mode is polarised parallel to the grating,
with a wavelength around 430 nm when exposed to air and with a linewidth below
the resolution of the spectrometer (Figure 3.9a). The spectral linewidth of the laser
remains narrow, even after functionalisation of the laser surface with other molecules
(Figure 3.9b), where a laser has been functionalised with a monolayer of polyelectrolyte
and biotin and subsequently used for avidin sensing. This is important for sensing

applications as the sensor will have to be functionalised with molecules in order to
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specifically detect target biomarkers, and the sensitivity of the device is dependent on

the linewidth of the laser emission.
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FIGURE 3.14: (a) T3 laser emission in air, before and after immersion in water and

glycerol solutions, and solution. The wavelength and linewidth remains constant over

the time of the bulk sensing experiment with glycerol. (b) The linewidth also remains
narrow after functionalisation of the laser with polyelectrolyte, biotin and avidin.

Investigation of the operational laser lifetime was not within the remit of this work but it
is an important consideration for the performance of DFB lasers as sensors. The lifetime
of T3 DFB lasers identical to those found in this thesis have previously been reported
[16]. Lifetime measurements indicated that when submerged in water and pumped with
a fluence ~250 times that of the threshold fluence, lasers remained operational beyond

exposure to 10,000 pulses corresponding to a period of time >15 minutes. During sensing
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measurements, the laser is pumped for approximately 5 s per measurement and therefore,
at the pulse fluence mentioned, this would allow for >200 measurements to be made at
one particular location on the laser. In reality, lasers are pumped at a far lower fluence,
closer to that of the laser threshold, and therefore the estimate of 200 measurements
is greatly underestimated. Although there is a slight decrease in emission intensity
with prolonged pumping, the emission wavelength does not change. For example, the
emission wavelength for a laser exposed to air, and then a number of different glycerol
solutions (described further in Section 3.4) before a final measurement in air, is shown
to remain constant despite 16 measurements being made in the interim (Figure 3.14a).
Wavelength stability, along with linewidth stability, is paramount if the laser is to be

used for sensing applications.

3.5 Bulk refractive index sensing

Differentiation of solutions with different refractive indices was the method chosen to
investigate the bulk sensing potential of the T3 DFB lasers and to provide a means of
comparison to other DFB laser sensors for biosensing applications. The solution used
for the experimental work was glycerol and this solution was chosen for reasons now
discussed. The T3 gain layer is deposited via a toluene/T3 solution, therefore solvents
miscible to toluene can affect this layer. For example, when a T3 laser was immersed
in methanol, there was a blueshift in the emission wavelength rather than the expected

redshift due to the increased refractive index (/1.33) relative to that of air (Figure 3.15).
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FIGURE 3.15: Laser emission from a T3 DFB laser exposed to air, water and methanol,
respectively.
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It is expected that the methanol solvates the T3 layer, resulting in a decrease in the gain
layer thickness and the corresponding blueshift in wavelength. Figure 3.15 also shows
that the single mode peak decomposes into a broad multi-peaked spectrum in methanol
solution with the peaks indicating significant variations in the gain layer thickness over
the surface area of the pump spot. Therefore, only solutions that do not affect the T3
gain layer could be used to demonstrate bulk refractive index sensing. Glycerol was also
shown to not “stick” to the laser surface. Therefore, no glycerol deposits built up on
the laser between measurements which would have affected subsequent bulk measure-
ments. A similar experiment was also performed using polyethylene glycol (PEG) but
the refractive indices of the PEG solutions are not known as precisely as the glycerol

solutions and the results are broadly similar (data not shown).

3.5.1 Experimental methods

Glycerol solutions of varying concentrations, and therefore of differing refractive indices,
were created by serially diluting 60% (v/v) glycerol in DI water down to a 5% solution.
A T3 laser was taped into the large cuvette as per the previous set-up (Figure 3.6). A set
of air-water-air emission spectra were recorded before adding the 5% glycerol solution
to the cuvette and recording the spectra. The 5% glycerol solution was removed and the
emission wavelength returned to the ‘air’ wavelength before the next glycerol solution
was added to the cuvette. This process was repeated for all glycerol concentrations
and the emission wavelength returned to the air wavelength upon solution removal each
time, indicating no glycerol residue remaining on the laser surface. The measurements
were repeated for excitation at different positions within the DFB laser sensor and for

a number of different lasers.

3.5.2 Bulk sensing results

The redshift in wavelength across all of the glycerol solutions in Figure 3.16a is ap-
proximately linear and corresponds to a bulk refractive index sensitivity of 22 nm/RIU
when the refractive indices of 5% and 60% glycerol are assumed to be 1.35 and 1.43,
respectively [17]. The mean shift in wavelength, and associated standard deviation, are
plotted in Figure 3.16b alongside the values predicted by the model for each glycerol
solution. Wavelength shift data was collected from several positions on one laser and
from several different lasers. Due to the nature of the laser fabrication, there can be
small variations in the gain layer thickness at different positions within one laser, and
therefore between lasers. These small changes in gain layer thickness affect the mag-

nitude of the shift in wavelength upon immersion of the laser in glycerol solution (as
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shown for water in Figure 3.10), i.e. resulting in differences in the magnitude of the
shift produced per unit change in refractive index. In order to minimise the effect on
small variations in gain layer thickness on the shift in wavelength due to bulk refractive
index changes, the emission wavelength of the laser exposed to water was subtracted
from wavelengths recorded with the laser immersed in glycerol. Therefore, the values
shown in Figure 3.16b are the difference in the wavelength for the laser immersed in
each of the glycerol solutions minus the emission wavelength of the laser immersed in
water. The predicted wavelength shift values closely match the experimental values for

each of the different solutions, providing further validation of the theoretical model.

The bulk sensitivity values for dye-doped lasers were previously noted in Section 1.5
to be ~17 nm/RIU for a Coumarin based laser (wavelength of ~500 nm) and ~100
nm/RIU for a Rhodamine laser (wavelength of ~590 nm) capped with a high index
TiOs layer. The improvement in performance of the T3 laser relative to that of the
Coumarin laser is predominantly due to the higher refractive index of the T3 gain layer.
A higher index gain layer causes the laser mode to reside higher in the device structure,
i.e. greater overlap with the gain layer, which also results in a greater overlap with
the superstrate and hence greater sensitivity. Furthermore, the bulk sensitivity of the
Coumarin based laser is ‘enhanced’ relative to the T3 laser due to the longer emission
wavelength, as mentioned in Section 1.5. A fairer comparison between the two lasers is
to take the ratio of the shift in wavelength (A\) per RIU to the emission wavelength
(A\). The ratio is 3.4% for a Coumarin laser and 5.1% for a T3 laser, further indicating
the improves sensitivity of the T3 laser relative to that of a dye-doped laser without a
TiO4 cladding layer. The addition of a TiOq layer atop a T3 laser is expected to result
in an improvement in the bulk sensitivity. However, as the surface sensing capabilities
of the laser are more indicative of the usefulness of the laser as a biosensor, only the
effect of an additional TiO4 layer for surface sensing was modelled. This is discussed in

more detail in Chapter 5.

Table 3.2 provides sensitivity and Q-factor details of several refractive index biosensor
technologies. As mentioned previously, both high sensitivity and resolution are desirable
properties for a biosensor, therefore, ideally both the Q-factor and sensitivity will be
maximised. As shown in Table 3.2, technologies with a high resolution tend to have
a lower sensitivity. Omne of the benefits of DFB laser biosensors is the possibility for
relatively high resolution through narrow linewidth laser emission and a high sensitivity

to bulk refractive index changes, coupled with ease of fabrication and implementation.
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FIGURE 3.16: (a) Redshift in lasing wavelength with increasing glycerol concentration.

(b) Comparison of experimental and theoretical shift for increasing glycerol concen-

tration. Error bars indicate the standard deviation between the shift in wavelength

observed for each glycerol concentration for different positions within a single laser
sensor and between different laser sensors.

3.6 Surface sensing

The ability of the laser to detect the presence of analytes bound to the sensor surface is
more representative of the laser’s performance as a biosensor. In biosensing applications,

a probe molecule will traditionally be bound to the sensor surface and will be used to
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Technology Q-factor Wavelength shift /RIU (nm)
DFB laser (T3) 3580 99
DFB laser (Dye-doped [5]) 10000 100
SPR [18] 40 13000
Ring resonator [19] 12000 140
Microsphere [19] 10000000 20

TABLE 3.2: Q-factor and sensitivity values for a range of refractive index biosensor
technologies.

specifically capture the biomarker of interest for detection (Section 1.5). As this is the
intended application of the T3 laser sensor, it is necessary to demonstrate firstly, that the
presence of an analyte at the laser surface can be detected and secondly, that specific
biomolecule detection is possible. Specific biomolecule detection is the topic of the
next chapter. For surface sensing, the non-specific adsorption of polyelectrolyte layers
to the laser surface were measured. Polyelectrolytes are charged polymers that have
been well characterised and are known to form a self-limiting nanolayer when deposited
from solution. The properties of the solution, such as the salt concentration, can be
used to control the thickness of the deposited nanolayer [20]. When alternately charged
polyelectolytes are used, it is possible to build a stack of layers on a substrate, as shown in
Figure 3.17. Generally, the initial layers of such a stack will be thinner than subsequent
layers, with a plateau thickness being reached around the sixth anionic/cationic layer.
The polyelectrolytes used in the following experiments are expected to have a refractive
indices of 1.49 and a thickness of 4-5 nm [20].

| Alternating cationic/
*| anionic polyelectrolyte
layers

T3

Substrate

FI1GURE 3.17: Schematic representing the build-up of polyelectrolyte layers on the laser
surface.

3.6.1 Experimental methods

The polyelectrolytes used for the investigation into surface sensing were Poly(ethylen-

eimine) (PEI), Poly(allylamine hydrochloride) (PAH) and Poly(sodium 4-styrenesulfonate)
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(PSS), chemical structures, as shown in Figure 3.18. Solutions of anionic PSS (My,
= 70,000) and cationic PAH (My = 58,000) and branched-PEI (My, = 60,000) were
prepared without further purification in 0.9 M pH 7 NaCl (all Sigma Aldrich) to a con-
centration of 5 mg.mL~'. The demountable cuvette was used for these experiments.
Emission spectra in air, water and NaCl were recorded before adding the PEI solution
to the cuvette. The solution was left in the cuvette for 10 minutes and spectra were
recorded every 30 s. The PEI solution was removed and the cuvette and laser sensor
were washed twice with NaCl solution. Five sets of PSS-PAH layers were then formed
on the laser surface following the same protocol as for the PEI adsorption with two NaCl
washes between each new layer. Figure 3.19a shows the wavelength shift relative to the

shift due to NaCl solution for each of the polyelectrolyte layers with time.
NH,  HN-NH2

H
H,N N\/\N/\/N\/\N/\/N NH,

H n
*\[h,
HNT NNk,

n
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FIGURE 3.18: Chemical structures of (a) PEI, (b) PAH, and (c) PSS, respectively.

PEI is a relatively toxic polyelectrolyte, but it was initially included as the protocol
used was taken from the literature [21]. As both PEI and PAH are positively charged, it
was expected that the PEI layer may be replaced with an initial PAH layer. Therefore,
the experiment was repeated excluding PEI. Also, as the emission wavelength remains
relatively constant during the 10 minute incubation in solution, the incubation time was

reduced to five minutes for each solution, with spectra recorded every 30 s.

3.6.2 Surface sensing results

The adsorption of nano-layers on the laser was performed in order to investigate the
capability of detecting the non-specific adsorption of molecules at the laser surface. The
results shown in Figure 3.19 demonstrate that the T3 sensor is indeed sensitive enough
to detect the addition of each adsorbed nano-layer. In both Figure 3.19a and b, the
addition of each polyelectrolyte layer is resolved. The polyelectrolytes are expected to
deposit nano-layers with a thickness of 4-5 nm (with slightly thinner layers for the initial
six layers). Therefore, Figure 3.19 shows that the laser is sensitive to adsorption of nano-
layers relatively far from the sensor surface, as the effective sensing area extends to >40
nm in Figure 3.19a and >70 nm in Figure 3.19b. Retained sensitivity at some distance

from the immediate vicinity of the laser surface will be useful when functionalised layers
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are constructed on the laser surface in order to facilitate specific adsorption/binding

events.
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FIGURE 3.19: Adsorption of alternatively charged polyelectrolyte layers (a) with and
(b) without an initial PEI layer.

The mean shift in wavelength values are re-plotted in Figure 3.20 against the thickness
of the polyelectrolyte stack, alongside predicted shift values produced by the theoretical
model for a given polyelectrolyte layer thickness. In the model, the refractive index of

each layer and the superstrate (NaCl solution) was set to 1.49 and 1.35, respectively.
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In order to compare the experimental and theoretical values, the thickness of the poly-
electrolyte layers has to be defined. In Figure 3.20a, the experimental data is plotted
with an assumed constant layer thickness of 5 nm (blue x) and with the layer thickness
assumed to vary for the initial six layers before an equilibrium of 5 nm is reached (black
+), as suggested by previous polyelectrolyte studies [20]. The general trend of the mod-
elled data in Figure 3.20a corresponds with both sets of assumptions, but better fits the
data when the initial six layers are assumed to be less than 5 nm. Figure 3.20b shows
the mean wavelength shift for each of the polyelectrolyte layers, without the initial PEI

layer, and the predicted values from the model.
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FiGURE 3.20: Comparison of experimental and modelled data for the adsorption of
polyelectrolytes (a) with and (b) without an initial PEI layer.
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3.6.2.1 Surface sensing resolution

Using the surface sensing data it is possible to estimate the thickness of the thinnest
detectable nano-layer with a T3 DFB laser. To do this it is necessary to first define the
resolution or the minimum detectable change in refractive index. The resolution of the
sensor is characterised by the inherent noise of the sensor. To measure the noise the
laser, multiple measurements of the emission spectra can be recorded in a steady state i.e.
when there is no intentional change of refractive index occurring at the sensor surface.
The noise is defined as the standard deviation, o, of all of the recorded measurements.
A signal is commonly defined to be detectable if it has a magnitude at or above 30 [22].
The minimum detectable shift in emission wavelength for the T3 lasers has been found

to be 0.06 nm, which is limited by the resolution of the spectrometer being used.

In Figure 3.20b the polyelectrolyte stack thickness is ~70 nm. There is the potential to
detect additional layers beyond this thickness as the magnitude of the shift in wavelength
for the final layer added was 0.18 nm, three times that of the minimum detectable shift.
Figure 3.20b shows that after the initial six adsorbed polyelectrolyte layers, the shift in
wavelength is roughly linear. Within the refractive index range of 1.3 - 1.5, which is
expected to encompass the indices for biosensing, the shift in wavelength is expected to
be linear with respect to index. The shift in wavelength for layers 7 to 18 are re-plotted
in Figure 3.21 and fitted with a straight line. The slope of the wavelength shift per nm
of adsorbed material is 3.8 %. This suggests that the T3 laser can detect thicknesss
of adsorbed material from the nm scale up to several tens of nm. Furthermore, a shift
of 0.06 nm, the resolution limit, corresponds to a nanolayer thickness of ~2 nm. This
analysis can be extrapolated to suggest which biomarkers the T3 laser may be able to
detect. For example, a ‘size’ of 2 nm equates to proteins with a molecular weight of ~5
kDa [23]. Assuming the protein to be detected formed a complete homogeneous layer
over the laser surface, the laser has the potential to detect biomarkers of this size. Many
cardiac biomarkers are relatively large (>20 kDa), such as CRP and Troponin I, and
therefore with its current sensitivity and resolution the DFB laser may be able to detect
these biomarkers [24, 25]. BNP, a biomarker identified to be of great use in predicting
a cardiac event as mentioned previously, has a molecular weight of 3.5 kDa, just under
the current estimated limit of detection [26]. However, there is the potential to improve
the resolution and sensitivity of the T3 sensing platform through improvements in the
instrumentation, such as the spectrometer, and in the DFB laser structure, such as

inclusion of the high index TiO4 cladding layer.
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FIGURE 3.21: Shift in laser wavelength versus adsorbed nanolayer thickness.
3.7 Summary

In this chapter, the potential of organic semiconductor DFB lasers for refractive index
sensing has been demonstrated. The fabrication of the T3 lasers is achieved entirely
through solution processing and soft material patterning and it has been suggested
how the fabrication process may be modified to enable commercial scale production.
The lasers have also been shown to have excellent stability and a threshold that puts
pumping with miniaturised sources, such as laser diodes, within reach. The optimisation
of the gain layer thickness to maximise the shift in emission wavelength per unit change
in refractive index was demonstrated experimentally and theoretically and the sensing

capability of such lasers was presented.

T3 lasers have a bulk sensitivity of 22 nm/RIU and a A/ ratio of 5.1% which improves
upon the 17 nm/RIU (3.4%) achieved with the equivalent dye-doped DFB laser sensor.
The non-specific surface sensing potential of the T3 laser was also demonstrated and
experimental results were shown to correlate well with values predicted by the theoretical
model presented in Chapter 2. The layer-by-layer deposition of polyelectrolytes not
only provides a demonstration of surface sensing but also provides a means for further
functionalisation of the laser surface with probes to enable specific biomolecule detection

- the ultimate aim of this thesis.



References

Jiri Homola, Sinclair S. Yee, and Gnter Gauglitz. Surface plasmon resonance sensors: review. Sen-
sors and Actuators B: Chemical, 54(12):3 — 15, 1999. ISSN 0925-4005. doi: 10.1016/S0925-4005(98)
00321-9. URL http://www.sciencedirect.com/science/article/pii/S0925400598003219.

Martin Baaske and Frank Vollmer. Optical resonator biosensors: Molecular diagnostic and nanopar-
ticle detection on an integrated platform. ChemPhysChem, 13(2):427-436, 2012. ISSN 1439-7641.
doi: 10.1002/cphc.201100757. URL http://dx.doi.org/10.1002/cphc.201100757.

Martin Kristensen, Asger Kriiger, Nathaniel Groothoff, Jaime Garcia-Rupérez, Veronica Tocca-
fondo, Javier Garcia-Castell6, Maria Jose Ba nuls, Sergio Peransi-Llopis, and Angel Maquieira.
Photonic crystal biosensor chip for label-free detection of bacteria. In Optical Sensors, page SWB1.
Optical Society of America, 2011. URL http://www.opticsinfobase.org/abstract.cfm?URI=
Sensors-2011-SWB1.

Steven M. Shamah and Brian T. Cunningham. Label-free cell-based assays using photonic crystal
optical biosensors. Analyst, 136:1090-1102, 2011. doi: 10.1039/COAN00899K. URL http://dx.
doi.org/10.1039/COANOO899K.

Yafang Tan, Chun Ge, A. Chu, Meng Lu, W. Goldshlag, Cheng Sheng Huang, A. Pokhriyal,
S. George, and B.T. Cunningham. Plastic-based distributed feedback laser biosensors in microplate
format. Sensors Journal, IEEE, 12(5):1174 —-1180, 2012. ISSN 1530-437X. doi: 10.1109/JSEN.
2011.2163933.

Benoit Guilhabert, Nicolas Laurand, Johannes Herrnsdorf, Yujie Chen, Allan R Mackintosh,
Alexander L Kanibolotsky, Erdan Gu, Peter J Skabara, R A Pethrick, and Martin D Daw-
son. Amplified spontaneous emission in free-standing membranes incorporating star-shaped
monodisperse p-conjugated truxene oligomers. Journal of Optics, 12(3):035503, 2010. URL
http://stacks.iop.org/2040-8986/12/i=3/a=035503.

Chun Ge, Meng Lu, Xun Jian, Yafang Tan, and Brian T. Cunningham. Large-area organic dis-
tributed feedback laser fabricated by nanoreplica molding and horizontal dipping. Optics Ezxpress,
18(12):12980-12991, 2010. doi: 10.1364/0E.18.012980. URL http://www.opticsexpress.org/
abstract.cfm?URI=0e-18-12-12980.

Alexander L. Kanibolotsky, Rory Berridge, Peter J. Skabara, Igor F. Perepichka, Donal
D. C. Bradley, and Mattijs Koeberg. Synthesis and properties of monodisperse oligofluorene-
functionalized truxenes - highly fluorescent star-shaped architectures. Journal of the American
Chemical Society, 126(42):13695-13702, 2004. doi: 10.1021/ja039228n. URL http://pubs.acs.
org/doi/abs/10.1021/3ja039228n. PMID: 15493927.

84


http://www.sciencedirect.com/science/article/pii/S0925400598003219
http://dx.doi.org/10.1002/cphc.201100757
http://www.opticsinfobase.org/abstract.cfm?URI=Sensors-2011-SWB1
http://www.opticsinfobase.org/abstract.cfm?URI=Sensors-2011-SWB1
http://dx.doi.org/10.1039/C0AN00899K
http://dx.doi.org/10.1039/C0AN00899K
http://stacks.iop.org/2040-8986/12/i=3/a=035503
http://www.opticsexpress.org/abstract.cfm?URI=oe-18-12-12980
http://www.opticsexpress.org/abstract.cfm?URI=oe-18-12-12980
http://pubs.acs.org/doi/abs/10.1021/ja039228n
http://pubs.acs.org/doi/abs/10.1021/ja039228n

Chapter 3. Laser characterisation and mon-specific sensing 85

[9]

(10]

(1]

(12]

(15]

(18]

21]

March 2013. URL https://www.norlandprod.com/techrpts/chemresit.html.

Dario Pisignano, Luana Persano, Paolo Visconti, Roberto Cingolani, Giuseppe Gigli, Giovanna
Barbarella, and Laura Favaretto. Oligomer-based organic distributed feedback lasers by room-
temperature nanoimprint lithography. Applied Physics Letters, 83(13):2545-2547, 2003. doi: 10.
1063/1.1613362. URL http://link.aip.org/link/?APL/83/2545/1.

Elisa Mele, Andrea Camposeo, Ripalta Stabile, Pompilio Del Carro, Francesca Di Benedetto, Luana
Persano, Roberto Cingolani, and Dario Pisignano. Polymeric distributed feedback lasers by room-
temperature nanoimprint lithography. Applied Physics Letters, 89(13):131109, 2006. doi: 10.1063/
1.2357116. URL http://link.aip.org/link/?APL/89/131109/1.

S. Riechel, U. Lemmer, J. Feldmann, T. Benstem, W. Kowalsky, U. Scherf, A. Gombert, and V. Wit-
twer. Laser modes in organic solid-state distributed feedback lasers. Applied Physics B: Lasers and
Optics, 71:897-900, 2000. ISSN 0946-2171. URL http://dx.doi.org/10.1007/s003400000467.
10.1007/s003400000467.

Johannes Herrnsdorf. Organic Lasers and Nanostructured Organic Films for Hybrid Integration.
PhD thesis, University of Strathclyde, Glasgow, Nov. 2012.

T. Riedl, T. Rabe, H.-H. Johannes, W. Kowalsky, J. Wang, T. Weimann, P. Hinze, B. Nehls,
T. Farrell, and U. Scherf. Tunable organic thin-film laser pumped by an inorganic violet diode laser.
Applied Physics Letters, 88(24):241116 —241116-3, 2006. ISSN 0003-6951. doi: 10.1063/1.2211947.

Y. Yang, G. A. Turnbull, and I. D. W. Samuel. Hybrid optoelectronics: A polymer laser pumped by
a nitride light-emitting diode. Applied Physics Letters, 92(16):163306, 2008. doi: 10.1063/1.2912433.
URL http://link.aip.org/link/7APL/92/163306/1.

C. Foucher, B. Guilhabert, A. L. Kanibolotsky, P. J. Skabara, N. Laurand, and M. D. Dawson.
Optical materials express, 3(5):584-597, 2013. ISSN 2159-3930.

J.R. Krivacic and D.W. Urry. Ultraviolet and visible refractive indices of spectroquality solvents:
Ii. aqueous solutions of polyhydroxy solutes. Analytical Biochemistry, 43(1):240 — 246, 1971. ISSN
0003-2697. doi: 10.1016/0003-2697(71)90129-1. URL http://www.sciencedirect.com/science/
article/pii/0003269771901291.

Zongfu Yu and Shanhui Fan. Extraordinarily high spectral sensitivity in refractive index sensors
using multiple optical modes. Opt. Ezpress, 19(11):10029-10040, May 2011. doi: 10.1364/OE.19.
010029. URL http://www.opticsexpress.org/abstract.cfm?URI=oe-19-11-10029.

Xudong Fan, Tan M. White, Siyka 1. Shopova, Hongying Zhu, Jonathan D. Suter, and Yuze Sun.
Sensitive optical biosensors for unlabeled targets: A review. Analytica Chimica Acta, 620(12):
8 — 26, 2008. ISSN 0003-2670. doi: http://dx.doi.org/10.1016/j.aca.2008.05.022. URL http:
//www.sciencedirect.com/science/article/pii/S0003267008009343.

G. Ladam, P. Schaad, J. C. Voegel, P. Schaaf, G. Decher, and F. Cuisinier. In situ determination of
the structural properties of initially deposited polyelectrolyte multilayers. Langmuir, 16(3):1249—
1255, 2000. doi: 10.1021/1a990650k. URL http://pubs.acs.org/doi/abs/10.1021/1a990650k.

M. Lu, S. S. Choi, U. Irfan, and B. T. Cunningham. Plastic distributed feedback laser biosensor.
Applied Physics Letters, 93(11):111113 —111113-3, 2008. ISSN 0003-6951. doi: 10.1063/1.2987484.


https://www.norlandprod.com/techrpts/chemresit.html
http://link.aip.org/link/?APL/83/2545/1
http://link.aip.org/link/?APL/89/131109/1
http://dx.doi.org/10.1007/s003400000467
http://link.aip.org/link/?APL/92/163306/1
http://www.sciencedirect.com/science/article/pii/0003269771901291
http://www.sciencedirect.com/science/article/pii/0003269771901291
http://www.opticsexpress.org/abstract.cfm?URI=oe-19-11-10029
http://www.sciencedirect.com/science/article/pii/S0003267008009343
http://www.sciencedirect.com/science/article/pii/S0003267008009343
http://pubs.acs.org/doi/abs/10.1021/la990650k

Chapter 3. Laser characterisation and mon-specific sensing 86

(22]

23]

(24]

(25]

(26]

B.T. Cunningham. Label-free optical biosensors: An introduction. pages 1-28. Cambridge Univer-
sity Press, 2009.

Harold P. Erickson. Size and shape of protein molecules at the nanometer level determined by
sedimentation, gel filtration, and electron microscopy. Biological Procedures Online, 11, 2009. URL
http://www.springerprotocols.com/Abstract/doi/10.1007/s12575-009-9008-x.

Irving Kushner and Jo Anne Somerville. Estimation of the molecular size of c-reactive protein
and cx-reactive protein in serum. Biochimica et Biophysica Acta (BBA) - Protein Structure, 207
(1):105 — 114, 1970. ISSN 0005-2795. doi: http://dx.doi.org/10.1016,/0005-2795(70)90140-6. URL
http://wuw.sciencedirect.com/science/article/pii/0005279570901406.

Alan H.B. Wu. Cardiac troponin: Friend of the cardiac physician, foe to the cardiac patient?
Circulation, 114(16):1673-1675, 2006. doi: 10.1161/CIRCULATIONAHA.106.652123. URL http:
//circ.ahajournals.org/content/114/16/1673.short.

Karina R. Seferian, Natalia N. Tamm, Alexander G. Semenov, Kadriya S. Mukharyamova, Anas-
tasya A. Tolstaya, Ekaterina V. Koshkina, Andrei N. Kara, Mihail I. Krasnoselsky, Fred S.
Apple, Tatiana V. Esakova, Vladimir L. Filatov, and Alexey G. Katrukha. The brain natri-
uretic peptide (bnp) precursor is the major immunoreactive form of bnp in patients with heart
failure.  Clinical Chemistry, 53(5):866-873, 2007. doi: 10.1373/clinchem.2006.076141. URL
http://wuw.clinchem.org/content/53/5/866.abstract.


http://www.springerprotocols.com/Abstract/doi/10.1007/s12575-009-9008-x
http://www.sciencedirect.com/science/article/pii/0005279570901406
http://circ.ahajournals.org/content/114/16/1673.short
http://circ.ahajournals.org/content/114/16/1673.short
http://www.clinchem.org/content/53/5/866.abstract

Chapter 4

Specific and reversible

biomolecule detection

Chapter 3 demonstrated the bulk and surface sensing capability of the laser through
detecting changes in the refractive indices of bulk solution and the adsorption of material
onto the laser surface. In the case of surface sensing, the transduction event was the
addition of a thin polyelectrolyte layer to the laser surface resulting in a change in the
emission wavelength. Although it was possible to say conclusively that there had been
an addition of material to the laser surface, taken to be the polyelectrolyte layer, it
was not possible to identify what the material was simply from the shift in wavelength
(Section 3.5). For example, a similar shift in wavelength may be observed for a layer
of protein or polymer. In order to use the DFB laser for biosensing applications, the
surface of the sensor must have the ability to selectively immobilise certain biomolecules
to the surface, whilst at the same time preventing the non-specific attachment of other
materials and molecules that may also produce a shift in wavelength and contribute to
background noise and false positive results. The sensor surface must be functionalised
with a probe molecule that will bind exclusively to the CVD biomarker of interest. The
probe may also be designed to simultaneously prevent the non-specific attachment of
other blood components to the sensor surface or a secondary process may be used to

block the surface to non-specific adsorption, as shown in Figure 4.1.

In this chapter, we aim to demonstrate the specific biosensing potential of the T3 DFB
laser. There are many different strategies available for the functionalisation of the sensor
surface with one molecule for the detection of another. The method chosen to confer
specific biomolecule attachment at the laser surface will depend on a number of consid-
erations such as: the nature of the target biomolecule (e.g. oligonucleotides, protein,

etc.), the properties of the probe molecule and the feasibility for attachment of linker

87



Chapter 4. Specific and reversible biomolecule detection 88

O Other
‘O ‘ Q Q ‘ Q molecules
Q 9 O Blocking
Q
o ‘O 9 5 molecule
Target
‘ ‘ . ‘ molecule
Probe
Surface . molecule

FIGURE 4.1: A surface functionalised with a probe molecule can specifically bind a

chosen target molecule. Other molecules or chemistries can be used to block the surface

to adsorption of other molecules that may be present alongside the target molecule,
preventing any non-specific adsorption and false positive results.

molecules which may be required to tether the probe to the surface whilst maintaining
specificity and affinity for the target molecule, the effect of orientation on the sensi-
tivity and selectivity of the probe molecule, etc. [1]. The method chosen to facilitate
biomolecule detection at the laser surface is crucial to the performance of the laser as
a biosensor as it will ultimately determine the sensitivity of the device, i.e. the mini-
mum detectable concentration of a biomarker which therefore dictates the biomarkers
that can be detected within a clinically useful range. Section 1.2 highlighted that there
are a number of advantages in a nucleic acid based approach to biosensing relative to
that of an antibody based approach. These include ease of synthesis and less stringent
storage requirements [2]. It was therefore our intention to demonstrate functionalisa-
tion of the DFB laser surface with nucleic acid probes for the specific detection of three
CVD biomarkers. However, prior to focusing on this challenge, proof-of-principle spe-
cific biomolecule detection with a model system provides a means of identifying the best
functionalisation approach for the T3 surface. The model system used was the biotin-
avidin interaction [3], which is widely used in life science and biotechnology applications

and is discussed in more detail here.

The aims of this chapter are, firstly, to demonstrate the specific detection of avidin via
a biotin functionalised surface. Biotinylation of the DFB laser can be achieved through
a number of means, therefore the method resulting in the best sensitivity and specificity
results must be identified. Secondly, we aim to demonstrate the reversible nature of
avidin sensing. And thirdly, we aim to investigate the potential interference of blood

components. Albumin is a protein present in large quantities in the blood, that is known
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to readily adsorb non-specifically to surfaces. Therefore, the non-specific adsorption of

albumin on the T3 surface was investigated, as well as its effect on specific avidin sensing.

4.1 The biotin-streptavidin interaction

FIGURE 4.2: (a) Chemical structure of biotin. (b) Ribbon diagram of avidin, from [4].

The biotin-avidin system is the interaction between avidin, a protein found in the egg-
whites of birds, reptiles and amphibians with biotin, a small molecule (My 244.3 Da)
found in minute quantities in all living cells and is also known as vitamin H [3]. The
relevant structures are shown in Figure 4.2. A similar protein, streptavidin, derived
from the bacterium Streptomyces avidinii, can be used as an alternative to avidin.
The interaction between avidin and biotin is thought to represent a natural defence
mechanism, arising from the fact that biotinylated enzymes are required for the growth
of bacteria and by binding with avidin, the biotinylated enzyme is inactivated, therefore
inhibiting the growth of the bacteria [5]. The avidin-biotin interaction is the strongest
known non-covalent interaction, with a binding affinity of 107 M and also displays a
number of other useful characteristics for biosensing applications. For example, the high
affinity ensures that once the avidin-biotin interaction has taken place, the conjugation
is very difficult to break and is not disturbed by extremes in pH, temperature, organic
solvents and other denaturing agents [6]. Both avidin and streptavidin are exceptionally
stable molecules and their capacity for binding biotin is maintained even after being
subjected to harsh reaction conditions [6]. There are many similarities between avidin
and streptavidin. Both are composed of four subunits that will each bind a single biotin
molecule and their affinity for biotin is the same. However, there are some important
differences between the two (Table 4.1) [5], which has implications for the development
of a surface sensing assay. The most pronounced difference between the two is that at a
pH of ~7.5 avidin is positively charged whereas streptavidin is neutral. These differences

in isoelectric point (pl), i.e. the pH at which a particular molecule or surface carries no
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net electrical charge, can have an effect on the non-specific adsorption potential which
may be beneficial if a negatively charged surface is to be functionalised with avidin or

detrimental if non-specific adsorption is to be keep to a minimum.

Avidin Streptavidin
Molecular weight 67000 kDa 53000 kDa
Isoelectric point (plI) 10 - 10.5 6.8-7.5
Biotin affinity 107 M 1071 M
Non-specific binding High Low
No. biotin binding sites 4 4
Avidin specificity Low High

TABLE 4.1: Comparison of avidin and streptavidin properties [5].

The properties of the biotin binding proteins, noted in Table 4.1, make the system suit-
able for a range of applications including detection, purification and retrieval assays
[7-9]. For detection assays, the intended use with the DFB laser, the avidin-biotin in-
teraction can be used in a number of different ways. One example was presented in
Section 1.2.1.1 when describing the Cobas POC device. In this example, a streptavidin
functionalised surface was used to immobilise a biotinylated antibody to a detection
region where an antigen measurement could take place, as depicted in Figure 1.5. For
the purposes of proof-of-principle specific biomolecule detection with the T3 laser, either
molecule, biotin or avidin, could be the probe/target. When the experimental work was
initiated the intention was to immobilise biotin on the laser surface for the detection of
streptavidin as it was assumed that detection of a large molecule binding to a smaller
molecule may be more straight-forward than vice versa. Functionalisation of the laser
surface with biotin can be achieved using a number of different methods. These meth-
ods predominantly fall under two broad categories: physical adsorption and covalent

attachment.

4.2 Methods of surface functionalisation

Surface functionalisation with probe molecules can be achieved using physical adsorp-
tion, covalent immobilisation and entrapment in a support material such as a polymer
matrix [1], as depicted in Figure 4.3. When choosing the immobilisation technique
to use in a biosensing assay, the key consideration is to balance the sensitivity, speci-
ficity and the availability of the binding site to the target biomolecule and to prevent
any structural changes, or denaturing, of the probe which may by detrimental for the
binding reaction with the target biomolecule. Specific biosensing using a wide range

of surface functionalisation strategies has been demonstrated in commercially available
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FIGURE 4.3: (a) The options available for immobilisation of biomolecules on a surface:
adsorption, (b) covalent attachment and (c) entrapment in a matrix.

systems, producing sensing platforms with excellent sensitivity and specificity [10-12].
However, functionalisation of an organic semiconductor based DFB laser for biosensing
has never been demonstrated. In this work, both physical adsorption and covalent im-
mobilisation methods were considered. These methods are discussed in more detail for
functionalisation of the DFB laser surface with biotin (via a biotinylated bovine serum
albumin (BSA) protein) or avidin, but can be equally applied to other probe types such

as antibodies and oligonucleotides.

4.2.1 Physical adsorption

Physical adsorption of a molecule to a surface arises due to forces between the molecule
and the surface. The main driving forces for protein attachment are the interactions
between hydrophobic regions of the protein and the surface and electrostatic interac-
tions [1]. A typical protein will have numerous different properties over its surface area;
there will likely be hydrophobic regions and other areas with a positive and/or negative
charge, as depicted in Figure 4.4. For hydrophobic interactions, hydrophobic regions of
the protein surface will interact with hydrophobic areas on the surface due to the thermo-
dynamic driving force to reduce the net hydrophobic surface area of the protein-surface
system exposed to the solvent [13]. Generally, a hydrophobic surface will adsorb proteins
more strongly than a neutrally charged hydrophilic surface and will therefore result in a
greater number of adsorbed molecules [13, 14]. Greater adsorption of molecules may be
a benefit or a hindrance. Improvements in sensitivity may be achieved through adsorp-
tion of more of the target proteins although this may be offset by reduced specificity if

the adsorption of other proteins is also increased.

Electrostatic interaction between charged groups on the protein surface and charged
regions of the surface also leads to adsorption. The electrostatic properties of the protein
and the surface are functions of the solvent pH and the ionic strength and, therefore,

electrostatic interactions can be minimised or encouraged by tuning the properties of
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FIGURE 4.4: Surface properties of a typical protein and its interaction with a surface.

the solvent. For example, if it is desirable to minimise electrostatic attractions, the
solvent pH can be matched to the isoelectric point of the protein and the ionic strength
of the solvent can be increased to help mask charged groups [1]. Protein adsorption
also depends on the concentration of protein in solution and the time the solution is in
contact with the surface. At low concentration, there may not be sufficient molecules
on the surface in a set time period for adsorption to occur. Also, for proteins that do
adsorb at low concentrations, the extra space available to the protein molecules may
encourage them to maximise the number of binding interactions and this can make the
probability of the protein undergoing conformational changes greater [1, 15]. On the
other hand, a high concentration means that adsorbed proteins will be surrounded by
other proteins. This reduces the space available to maximise surface interactions and
therefore decreases the likeliness of conformational changes occurring, but also reduces
the strength of the interaction between the protein and the surface, making desorption

of the protein more likely [15].

Physical adsorption of a biomolecule to a surface will often involve a combination of
both hydrophobic and electrostatic interactions. The T3 laser surface is neutral and
hydrophobic and has been shown to non-specifically adsorb proteins such as BSA and
lambda DNA. Therefore, non-specific adsorption of either biotinylated BSA or avidin

was a viable option for functionalisation of the laser surface (Section 4.3).

Non-specific functionalisation of a surface with biomolecules can be a simple and effi-
cient process. If there are no intermediate steps required for preparation of the surface,
the surface can simply be incubated in the protein solution for a set period of time.
This can reduce the overall time and reagents required for a biodetection assay. In
some cases, the thickness of the protein layer can be controlled via the solvent condi-
tions as was mentioned for the polyelectrolyte layers in Section 3.5 [16, 17]. However,
the random nature of the protein adsorption can lead to potential drawbacks for this
method of functionalisation. Loss of a biomolecules specific binding capacity for a target

biomolecule is the greatest disadvantage of non-specific adsorption. This can occur due
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to conformational changes and/or due to the orientation of the molecule at the surface
[1], which can lead to availability of the binding site being inhibited as illustrated in
Figure 4.3a. Reproducible results can also be difficult to achieve with a non-specific ad-
sorption approach due to the variability in adsorption from assay to assay. Furthermore,
adsorption to a surface is also reversible which may mean that surface functionalisation
may not withstand the wash steps required in most biosensing assays [1]. It is this lack
of control over the orientation of the molecule, resulting in compromised availability of
the binding site, and the reversible nature of surface functionalisation that spurred re-
search into alternative methods of more permanent surface functionalisation protocols,

specifically, the covalent attachment of biomolecules to a surface.

4.2.2 Covalent attachment

Covalent attachment of biomolecules to a surface can be achieved using functional groups
present on the surface that will form covalent bonds with the biomolecule, either directly
or indirectly via a linker molecule or vice versa. Chemists have identified and devised
a number of strategies for biofunctionalisation of surfaces and these will be discussed in

more detail in the following sections.

Unlike non-specific adsorption, functionalisation of a surface using covalent binding is
not a random process. The density and orientation of the biomolecule can be con-
trolled through the solution conditions and the design of the linker groups on the sur-
face/biomolecule that will take part in covalent binding [1]. This control allows the
surface functionalisation to take place in a reproducible way. Control of the density of
the biomolecule layer on the surface is necessary as a balance must be achieved between
the maximum number of available biomolecule binding sites and the prevention of any
steric hindrance reducing the functionality of those binding sites [1, 18]. Also, if the
position of functional groups on the biomolecule are known, or designed, it is possible to
ensure that the binding site is available to the target biomolecule, which is not possible
with non-specific adsorption. Another advantage of covalent attachment is the strength
of the binding between the biomolecule and the surface. As the bond is strong, wash-
ing will not result in removal of bound molecules from the surface. This can lead to a
reduction in background noise as a more aggressive wash protocol can be implemented

to remove any unbound or non-specifically bound material from the surface [19].

The disadvantages of covalent attachment are greatly outweighed by the many advan-
tages. An increase in the number of surface functionalisation steps and more reagents is
an acceptable compromise if the resulting biodetection assay shows better reproducibil-

ity and stability. The main disadvantage is the time it can take to find, and optimise,
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FIGURE 4.5: A number of chemical groups can form bonds with amino groups including

aldehyde, activated ester, epoxide, imidoester and isothiocyanate groups. The red

sphere represents any biomolecule that can be functionalised with the various amino
reactive groups.

the binding chemistry for a particular application. This requires detailed knowledge of
chemical interactions and, in our experience, a degree of trial and error. However, there
are a number of standard protocols and commercially available linker products that can
help simplify this process. Three of the most widely used chemical interactions used for

covalent binding are described below.

4.2.2.1 Amine functionalisation

Many surface functionalisation strategies for covalent attachment of biomolecules rely
on the use of primary amino groups (-NHjy) [20]. There are ample amine-base cou-
pling chemistries available, many of which are suitable for use in aqueous conditions
which is the preferred environment for many biomolecules. Most proteins have lysine
residues which have amino groups on their surface. These can be used to cross-link
them to a surface [1]. Figure 4.5 highlights several of the amine coupling options avail-
able for biomolecule (red sphere) surface functionalisation. Only activated ester-amine
(N-hydroxysuccinimidyl (NHS)-amine) coupling was used for the experimental work pre-
sented in this chapter therefore, an overview of the mechanisms involved in this method

is provided below.

4.2.2.1.1 Activated ester bioconjugation

NHS esters, are reactive groups formed by carbodiimide-activation or carboxylate molecules

[1, 21, 22]. Many biomolecules can be purchased pre-functionalised with an NHS-ester
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SCHEME 4.1: Schematic representing the amine coupling of biotin functionalised with
an activated ester group to the laser surface.

group or NHS-ester cross-linkers are widely available. NHS-ester groups react with pri-
mary amines in aqueous solutions within a pH range of 7-9, to produce stable amide
bonds, N-hydroxysuccinimide (NHS) is released as a by-product [1]. The reaction is
represented by the schematic in Scheme 4.1. The formation of amide bonds is quick
(~30 minutes) and can be performed at room temperature. The water solubility of the
NHS-ester can also be improved with the addition of a sulfonate (-SO3) group on the
NHS ring [23]. This addition has no effect on the reaction chemistry, as sulfo-NHS is
released as the reaction by-product. These properties, and the fact that the reaction
can be performed under physiological conditions, make this method of amine coupling a
good option for immobilisation of biomolecules on a surface and there are many exam-
ples of this approach being used for the surface functionalisation of biosensors [24-26].
In this work, NHS-biotin was used to functionalise the DFB laser surface for the specific

detection of avidin, described in more detail in Section 4.4.2.

4.2.2.2 Sulfhydryl functionalisation

Covalent coupling of biomolecules using thiol (-SH) groups is a method used for the
surface functionalisation of many biosensors [1, 27, 28]. Thiol coupling can be a good
alternative for surface functionalisation when the use of amine groups is not appropriate.
For example, many proteins will contain several amine groups on their surface and
therefore it can be difficult to control the orientation of a protein when immobilising it on
the surfave via an amine reactive linker. As proteins contain fewer thiol groups, linking
the molecule to the surface via thiol groups can provide a better option for controlling

the orientation of the immobilised protein. Thiol groups are very reactive to a number of
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any biomolecule that can be functionalised with the various amino reactive groups.

other chemical groups, as highlighted in Figure 4.6, and can produce very stable bonds
in aqueous solutions. Due to the high reactivity of thiol groups, these groups are often
protected [29], and a de-protection step is therefore required before thiol coupling can
take place. One of the simplest methods of thiol based immobilisation is to react a thiol
group on a biomolecule directly with a thiol functionalised surface via the formation
of a disulfide bond. However, if the surface does not contain thiol groups, as was the
case for the T3 laser surface, other cross-linker chemistries are available for secondary
functionalisation of the surface. For example, amine-sulthydryl and amine-pyridylthiol
cross-linkers can be used to immobilise a biomolecule to an amine functionalised surface
via a thiol group on the molecule. These are only two possibilities for thiol coupling,
and others are shown in Figure 4.6, but as these were the linker chemistries used for the

experimental work presented in Chapter 5, they are described in more detail here.

4.2.2.2.1 Maleimide-activated bioconjugation

A maleimide group will react with sulfhydryl or amine groups depending on the pH of
the solvent [30]. Within a pH range of 6.5-7.5, maleimide will react selectively with
sulfhydryl groups to form an irreversible, and therefore very stable, thioether linkage.
At a pH of >8.5, the maleimide may couple with amine groups, however, at this pH
the maleimide group is prone to hydrolysis which will render it inactive. Therefore, the

methods discussed in Section 4.2.2.1 are preferable for amine coupling.

There are maleimide-amine cross-linkers readily available for the attachment of bio-
molecules with sulfhydryl groups to an amine functionalised surface, an example of this

reaction is shown in Scheme 4.2. In the experimental work presented in Chapter 5, an
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SCHEME 4.2: Schematic representing the NHS-maleimide linker used to couple thiol

labelled DNA (ribbon) to an amine functionalised surface. The NHS-maleimide linker is

first used to functionalise the laser surface with maleimide groups via an NHS reaction

with the amine groups on the surface. Thiol modified oligo can then be coupled to the
maleimide.

attempt was made to couple a thiol-modified oligonucleotide to the T3 DFB laser surface.
Bioconjugation via maleimide/amine groups can take place in aqueous solutions at room
temperature and a pH of around 7.5, ideal conditions for nucleic acid probes. The main
drawbacks with maleimide functionalisation is the instability of maleimide in solution
over time and, more generally, the need to de-protect thiol groups prior to maleimide
activation. These factors lead to the requirement that only fresh maleimide solutions
be used for cross-linking applications. Furthermore, additional steps are required to de-
protect any thiol modified biomolecules and to remove any de-protection agents, which
themselves can react with the maleimide group, prior to the reaction (although this
step is required for all sulfhydryl reactions involving protected thiol groups and is not

exclusive to the maleimide reaction).

4.2.2.2.2 Pyridyl disulfide bioconjugation

An alternative to the maleimide functional group for thiol reactions is the pyridyldithio
group [1, 31]. The pyridyldithio group will also react with sulfhydryl groups via the
formation of a disulfide bond (Scheme 4.3). Like the maleimide reaction, this reaction
can also take place in aqueous solutions with a pH in the range of 7-8. The main dif-
ferentiation between the sulfhydryl reactions with maleimide and pyridyldithio groups
is that the maleimide reaction is irreversible whereas the disulfide bond formed via the
pyridyldithio reaction can be cleaved, providing the potential for reversible surface func-
tionalisation [31]. Pyridyldithio cross-linkers are commercially available and can be used

to bioconjugate thiol modified biomolecules to an amine functionalised surface. As with
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SCHEME 4.3: Schematic representing the NHS-pyridyldithiol linker used to couple thiol

labelled DNA (ribbon) to an amine functionalised surface. The NHS-pyridyldithiol

linker is first used to functionalise the laser surface with pyridyldithiol groups via an

NHS reaction with the amine groups on the surface. Thiol modified oligo can then be
coupled to the pyridyldithiol.

maleimide groups, the pyridyldithio group is unstable in solution and therefore cannot
be stored, requiring that fresh solutions be made for each reaction. A pyridyldithio-NHS
corsslinker was used for experimental work investigating functionalisation of the laser

surface with a thiol modified biomolecule, details are provided in Chapter 5.

4.2.2.3 Bioorthogonal bioconjugation

‘Bioorthogonal conjugation’ is a term used to describe a reaction that proceeds un-
der physiological conditions and takes place between two components that are non-
interacting (orthogonal) to the functionality of a biological system [32]. The coupling
chemistries mentioned so far, e.g. amine-activated ester, thiol-maleimide, etc., cannot be
considered to represent bioorthogonal reactions as competing chemical groups present
on proteins, nucleic acids and other biomolecules would interfere with the reaction [32].
One class of reactions that are bioorthogonal are ‘click’ reactions. ‘Click Chemistry’ is a
term that was introduced at the turn of the 21st century to describe reactions that are
simple to perform, can be carried out in water based solvents, are efficient (high yield),
create easily removed by-products and are very specific [33]. There are many examples
of the use of click chemistry for attachment of oligonucleotide probes to surfaces in the

literature and it is a widely used method due to the properties cited above [34-36].
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SCHEME 4.4: Schematic representing the NHS-BCN and azide-polyT surface function-

alisation reaction. The amine functionalised surface is exposed to alkyne-NHS in the

first instance to immobilise the alkyne on the laser surface. Azide modified polyT (rib-

bon) is then added to the surface via the ‘click’ reaction between the alkyne and azide,
resulting in immobilisation of the polyT oligo on the laser surface.

4.2.2.3.1 The azide-alkyne click reaction

The reaction between azide and alkyne groups satisfies the requirements of both bioortho-
nanality and click reactions. Historically, the azide-alkyne reaction was catalysed by cop-
per(I) [37], but as copper was toxic to many biological systems an alternative method
involving the use of cyclooctynes was developed [38]. This was known as ‘copper-free’
click chemistry. A wide variety of cyclooctyne reagents, including bifunctional linker
molecules, can be purchased for click reactions. And azide modified oligos can be com-
mercially sourced or synthesised in house relatively simply. In this work, a bifunctional
linker molecule containing a cyclooctyne and an NHS group at either end was used to
selectively couple azide modified DNA to the laser surface, as represented in Scheme 4.4.

The experimental methods and results are described in detail in Section 5.1.2.

The remainder of this chapter focuses on the experimental results obtained to demon-
strate the specific biosensing capabilities of the T3 DFB laser sensor. First, an overview
of our initial attempt at surface functionalisation via the non-specific adsorption of bi-
otinylated BSA (bioBSA) and subsequent detection of streptavidin is provided. Follow-
ing that, the methods used to covalently link biotin to the sensor surface are described
and presented alongside specific albumin sensing results. The final two sections provide
details on a demonstration of the multi-use potential of the sensor and an investigation

into the effect of non-specific adsorption of albumin on specific biomolecule detection.
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4.3 Initial attempts at surface functionalisation
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FIGURE 4.7: Non-specific adsorption of BSA to the T3 laser surface. Adsorption of

BSA is shown to occur at a concentration of 1 ug.mL but not at a lower concentration

of 0.01 pg.mL as the laser wavelength returns to the air wavelength upon removal of
the BSA solution.

As mentioned in Section 4.1, the the interaction between biotin and avidin/streptavidin
was chosen as a model system to show specific biosensing with the T3 DFB laser. As
BSA was known to bind non-specifically to the laser surface (Figure 4.7) initial surface
functionalisation attempts focused on immobilising bioBSA (BSA conjugated to a biotin
molecule) to the laser surface for the specific detection of streptavidin. This is a method

that has been widely reported as a means of functionalising a surface with biotin [39, 40].

Functionalisation of the laser with bioBSA was performed by immersing the laser,
fixed within the demountable cuvette as described in Section 3.2, in a bioBSA solu-
tion (25 pg.mL in 10 mM PBS) for two minutes. This resulted in a shift in wavelength
of 0.16 nm upon the removal of the bioBSA and PBS wash solutions, i.e. with the laser
exposed to air. For the same measurement but with the laser immersed in PBS, the
relative shift in wavelength due to bioBSA adsorption was 0.11 nm (Figure 4.8a). When
these measurements were made, it was assumed that the best method of recording the
shift in wavelength would be upon removal of all test and wash solutions. However, it
soon became apparent that upon the addition of biomolecules to the laser surface, the
hydrophobicity of the laser surface was diminished and the wetting of the surface caused
interference with biosensing results recorded in air. Therefore, the shift due to bioBSA
adsorption to the laser surface recorded in solution is expected to provide a more accu-
rate measurement relative to that recorded in air. Functionalisation of the laser surface

with bioBSA resulted in variable solution measurement of the shift in wavelength due
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to bioBSA molecule adsorption (0.27+0.24 nm over four measurements). Even when
the variable nature of non-specific adsorption is taken into consideration, this level of
variability seemed extreme. Perhaps not surprisingly, streptavidin sensing results for
bioBSA functionalised lasers also showed a high degree of variability, although these
measurements were also compounded by the fact that the wavelength shift measure-
ments were recorded with the laser exposed to air rather than solution, therefore surface
wetting was also a factor. For streptavidin sensing, a range of streptavidin solutions (1
- 100000 ng.mL~!) were prepared in 10 mM PBS. The laser was exposed to each strep-
tavidin solution in turn for ~1 minute, starting with the 1 ng.mL~" solution, with PBS
wash steps between each of the different concentrations. An example of streptavidin

sensing results are shown in Figure 4.8b.

The results in Figure 4.8b suggest that there is no detectable streptavidin binding to
the biotinylated laser surface for the lowest four streptavidin concentrations, which span
three orders of magnitude. The final streptavidin solution tested, with a concentration
of 0.1 mg.mL ™!, results in a shift in wavelength of 3.28 nm relative to the wavelength in
air post bioBSA functionalisation. The magnitude of this shift is predominantly an effect
of surface wetting which makes it impossible to determine the shift due to streptavidin

binding to the laser surface without additional solution measurements.

When this work was performed it was concluded that biotin-streptavidin coupling was
not being detected towards the lower end of the concentration range. This was surprising
considering the affinity between biotin and streptavidin, as mentioned previously, and
the size of the streptavidin molecules (dimensions of ~5x5x4 nm [41]). It was thought
that the non-specific adsorption of bioBSA resulted in a relatively low number of biotin
molecules on the surface, perhaps in a non-homogeneous fashion, and/or a low avail-
ability of the biotin molecules on the laser surface for streptavidin coupling as has been
reported [42]. In hindsight, it is likely that the measurements being recorded in air,
rather than in solution, may have been a major factor in the lack of sensing results as a
small degree of surface wetting may have masked the effect of any streptavidin binding,
resulting in the ‘constant’ shift in wavelength noted for the lowest streptavidin concen-
trations measured, as in Figure 4.8b. However, it is apparent that the variability of the
bioBSA adsorption, which was measured in solution as well as in air, did not provide a
good basis for further reproducible sensing measurements. Therefore, covalent attach-
ment of biotin to the laser surface was performed which improved the reproducibility of

biotin functionalisation, and subsequent detection of avidin.
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a bioBSA functionalised laser. The data is fitted with Eq. 4.1, discussed in Section
4.4.2.

4.4 Specific avidin detection

The T3 laser gain layer was said in the previous section to be hydrophobic and that
there was no net surface charge. The T3 surface also contains no functional groups that
would enable covalent attachment of biotin, as shown in the chemical structure of T3

in Figure 3.2a. Therefore, in order to covalently immobilise biotin to the surface, the
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FIGURE 4.9: Schematic of polyelectrolyte and biotin functionalisation of the DFB laser
for specific detection of avidin.

T3 surface must first be functionalised with chemical groups appropriate for reacting
with the complementary covalent linker. As the non-specific surface sensing results, see
Section 3.5, demonstrated the successful and stable adsorption of polyelectrolyte to the
sensor surface, adsorption of a polyelectrolyte layer was the method chosen to provide
surface functional groups for the covalent coupling of biotin, as represented in Figure
4.9.

PEI, the polyelectrolyte used previously, contains branched amine functional groups
as shown in Figure 4.10a, therefore, amine coupling was the surface chemistry used
for biotin functionalisation of the surface. As well as PEI, a second polyelectrolyte,
polyphenylalanine lysine (PPL), was also tested in order to determine the polyelectrolyte
layer resulting in the most effective biotin functionalisation, measured via the lowest de-
tectable avidin concentration. PPL contains an aromatic group and it was hypothesised
that the aromatic phenylalanine group on the PPL may participate in non-covalent 7-7
interactions with the aromatic groups within the arms of the T3 molecule, resulting in
a more homogeneous polyelectrolyte layer in comparison to the adsorption of PEI. To
test this hypothesis, poly-l-lysine (PL) was also used to provide amine functionality to
the laser surface and the avidin sensing results from layers functionalised with each of

the three polyelectrolytes were compared.

4.4.1 Experimental methods

The polyelectrolytes used to provide the amine functionality to the DFB laser surface
were PPL (Myy 20000 - 50000), PL (My, 30000 - 70000) and PEI (My, 750000)(Sigma
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Aldrich), the chemical structures of which are shown in Figure 4.10. The demountable
cuvette was used for this experimental work, therefore, and lasers were fabricated as

described in Section 3.1.

Polyelectrolyte functionalised surfaces were achieved using similar protocols reported in
the literature [43, 44]. PEI was prepared in 0.9 M sodium chloride (NaCl) to a concen-
tration of 5 mg.mL~!. The laser sensor was washed with 0.9 M NaCl before immersing
the laser in PEI solution for 10 minutes. After removal of the PEI solution, the sensor
was washed with NaCl and then 10 mM pH 7.4 PBS. The emission wavelength from the
sensor, whilst immersed in PBS, was recorded. Water soluble biotin functionalised with
an amine reactive NHS group (sulfosuccinimidobiotin, NHS-biotin), structure shown in
Figure 4.10d, was dissolved in 10 mM PBS to a concentration of 0.2 mg.mL~! (0.82
mM), was added to the cuvette for 20 minutes, which was considered sufficient time
for amine coupling to take place. The emission wavelength was recorded upon adding
and prior to removal of the biotin solution. The NHS-biotin solution was removed and
the cuvette and laser was washed with PBS before recording the emission wavelength
in PBS. A dilution series of Avidin (1-500000 ng.mL~! (14.9 pM - 7.50 uM)) in 10 mM
PBS was used to determine the limit of detection of the T3 biosensor. The biotin con-
centration was chosen to be in excess of the highest avidin concentration to ensure the
availability of sufficient biotin binding sites. The emission wavelength was recorded upon
immersion of the sensor in avidin solution and after 20 minutes, just prior to removal

of the solution. The sensor was washed with PBS and the final emission wavelength
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recorded in PBS. This process was repeated, with a different laser sensor, for each of

the avidin concentrations.

This general protocol was used for the fabrication of the T3 lasers with PPL or PL in
place of PEI. PPL and PL solutions were at a concentration of 1 mg.mL~! in 10 mM

PBS and therefore NaCl washes and measurements were replaced by PBS.

All polyelectrolyte adsorption, biotin functionalisation and avidin binding measurements
were performed with the laser immersed in PBS solution after a wash step with PBS
to remove any unbound molecules that may be present on the laser surface. Wave-
length shift measurements for the addition of molecules to the surface were obtained by
subtracting the emission wavelength recorded in PBS prior to immersion in the solu-
tion containing the biomolecules to be deposited, from the emission wavelength in PBS
post immersion. This relative shift in wavelength is caused by the change in the effec-
tive refractive index of the laser mode due to the presence of biomolecules on the laser

surface.

4.4.2 Specific avidin detection results
4.4.2.1 PEI functionalisation

Branched PEI was previously used as the base monolayer for stacking of alternately
charged polyelectrolytes and was therefore the initial polyelectrolyte chosen to inves-
tigate biotin functionalisation [45]. The primary amine groups of PEI enabled facile
functionalisation with the activated ester of NHS-biotin. A number of DFB laser sensors
were functionalised with PEI and biotin and the average relative shift in emission wave-
length (with the non-functionalised laser as reference), attributed to biotin covalently
linked to the sensor surface, was 0.17+0.07 nm. Each of these sensors were subsequently
exposed to an avidin solution over a range of concentrations. The relative shifts in emis-
sion wavelength after exposure to each avidin concentration are shown in Figure 4.11.
Avidin coupling follows Langmuir adsorption as described previously in Section 2.2.4 and
Figure 4.11 depicts a typical sigmoidal concentration curve, representing an increasing
response to increasing avidin concentrations until all of the available biotin binding sites
are saturated. The binding of avidin to the biotinylated surface is not simply an adsorp-
tion reaction, therefore, to consider the binding affinity ([A]+ [B] é =[AB], where A,
B, K, and K, represent avidin, biotin, association constant and cllii(ésociation constant
respectively) between the surface bound biotin and the avidin in solution, Eq. 4.1, was

used to fit the specific binding data [46].
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Eq. 4.1 is often used to describe enzyme kinetics where a substrate binds irreversibly to
an enzyme in solution [46] but it can also be used to describe protein binding reactions
such as the biotin-avidin interaction, where y is the relative shift in wavelength corre-
sponding to avidin binding to sensor surface, Bj,q; represents the maximum relative
shift in wavelength, which is directly proportional to the maximum binding capacity of
the biotin functionalised sensor, x is the avidin concentration and K is the dissocia-
tion constant that represents the avidin concentration for which the number of avidin
molecules bound to the sensor surface results in a shift of B,,q./2. Since the avidin-
biotin interaction does not involve a catalytic step, the calculation of the association
and dissociation constant follows a Langmuir relationship, described in Section 2.2.4.
The avidin limit of detection for a PEI-biotin functionalised DFB laser sensor was =5
pg.mL~! with a dissociation constant of 2.0~7 M, the R-squared value for the fit to the
data was 0.83.

In order to test the specificity of avidin detection, an avidin binding assay was performed
on a DFB laser sensor functionalised with PEI alone. As PEI is cationic, it was expected
that positively charged avidin would not non-specifically adsorb to the PEI layer as it
should be repelled by electrostatic forces. A 100 pug.mL~' avidin solution, chosen as it
results in a maximum shift in wavelength for a biotin coated sensor, produced a negative
shift in wavelength (-0.12 nm). This relatively large negative shift is presumably due
to the extra immersion of the laser sensor in various solutions which may remove more
unbound PEI than the standard single wash. The negative shift in wavelength indicates
that avidin does not bind to the surface of a PEI coated laser in the absence of subsequent
biotin functionalisation, therefore avidin binding to a PEI-biotin functionalised sensor

is specific.

4.4.2.2 PPL functionalisation

As mentioned previously, PPL was investigated as an alternative polyelectrolyte layer to
PEI as it contains an aromatic phenylalanine group which was hypothesised to improve
the coverage of the laser surface with polyelectrolyte, and therefore improve biotin cou-
pling and increase the number of biotin binding sites. Aromatic rings, such as those in
phenylalanine and T3, are known to demonstrate a type of intermolecular attraction to

one another, often referred to a w-stacking or 7-7 interactions

Replacing the initial PEI base layer with PPL resulted in an average relative shift in
emission wavelength, due to biotin binding to the PPL coated surface, of 0.2840.09 nm.
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FIGURE 4.12: Specific avidin detection with PPL providing amine functionality for
biotin coupling.

Figure 4.12 shows the relative shift in wavelength for each avidin concentration for PPL-
biotin functionalised sensors. There was an improvement in the fit to the data, relative
to the fit of data for a PEI-biotin coated sensor, with an R-squared value of 0.98. The
avidin limit of detection for a PPL-biotin functionalised laser sensor was ~1 pg.mL™!,
which is almost five times lower than the avidin limit of detection for a laser sensor with

PEI as the initial monolayer and the corresponding dissociation constant was 3.678 M.
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The specificity of avidin binding was investigated by immersing a PPL functionalised
laser in a 25 pg.mL~! avidin solution. This concentration was at the saturation point of
avidin detection for a PPL-biotin functionalised sensor. As for the PEI control, there was
a negative (-0.17 nm) shift in emission wavelength upon removal of the avidin solution,

indicative of specific binding to the biotin-functionalised monolayer.

4.4.2.3 PL functionalisation

In order to test the hypothesis that the order of magnitude improvement in the limit
of detection of avidin when PPL was used in place of PEI was due to the w-stacking
of the phenyl substituents of the phenylalanine groups on the T3 surface, PPL was
replaced with PL. The relative shift in emission wavelength for biotin binding at the
surface of a PL functionalised sensor was significantly lower than that for a PEI and
PPL functionalised sensor, at 0.074+0.07 nm. In addition, there was a significant increase
in the variability of the shift in wavelength produced by biotin binding. The variability
in biotin binding may be because the initial PL layer may not be a confluent, uniform
monolayer for each sensor, therefore reducing the density of available amine binding
sites which in turn results in a marked increase in variability from sensor to sensor. The
avidin detection data for a PL-biotin functionalised sensor is shown in Figure 4.13 where
the avidin limit of detection was ~50 pg.mL~!, an order of magnitude higher than the
avidin limit of detection when the sensor was functionalised with PEI and two orders of
magnitude higher than when PPL was used. The associated dissociation constant was
6.977 M. The data also produced a poor fit to Eq. 4.1, with an R-squared value of 0.80,

and a decrease in the dynamic range for avidin detection.

4.4.2.4 Comparison of the effect of adsorption on specific avidin sensing

Functionalisation of the sensor with PPL resulted in the lowest avidin limit of detection;
the results are summarised in Table 4.2. A base layer of PEI resulted in an order of
magnitude increase in avidin limit of detection, relative to that of PPL, at 1 pg.mL~!
and a limit of detection of 50 ug.mL~! when PL was used. The differences in the limit
of detection values correlate with the relative shift in emission wavelength attributed
to biotin coupling. A redshift in emission wavelength is a result of an increase in the
effective refractive index of the sensor, as described in Eq. 1.1. Therefore, the area
density of biotin molecules bound to the sensor surface correlates to the magnitude
of the relative shift in wavelength detected, i.e. higher levels of biotin coupling result
in a greater redshift in emission wavelength. The greatest relative shift in emission

wavelength for biotin coupling, 0.2840.09 nm, was observed when PPL was used as the
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FI1GURE 4.13: Specific avidin detection with PL providing amine functionality for biotin
coupling.

base polyelectrolyte layer and the smallest shift, 0.07£0.07 nm, was observed when PL
was used. Therefore, it is reasonable to infer that the sensor surface is functionalised
with the greatest number of biotin molecules when PPL is used as the polyelectrolyte

base layer.

Polyelectrolyte Relative shift in wavelength Avidin limit of detection Dissociation const.

for biotin coupling (nm) (ng.mL~1) (M)
PEI 0.1740.07 5 2.077
PPL 0.2840.09 1 3.678
PL 0.0740.07 50 6.9°7

TABLE 4.2: Relative shift in wavelength due to biotin coupling to sensors functionalised
with PEI, PPL or PL, the corresponding avidin limit of detection for each of those
sensors and the dissociation constants extracted from the fit to the data (Eq. 4.1).

4.4.2.5 Comparison of T3 DFB laser specific biosensing with dye-doped
DFB lasers

The aim of T3 DFB laser sensor surface functionalisation is to develop a sensor that
can be used for the specific detection of biomolecules, such as cardiac biomarkers. In
Chapter 1, an overview of the specific sensing capabilities of dye-doped DFB lasers
was provided. To recapitulate, specific biomolecule detection has been demonstrated
with Rhodamine based DFB lasers. TNF-a and Human IgG antibody detection was
reported with detection limits of 0.6 pg.mL~! and ~0.5 pg.mL~! respectively [49, 50].

It is difficult to make a direct comparison between avidin detection and TNFa/IgG
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detection due to the differences in the nature of the binding assays, such as binding
affinity, etc., but the avidin detection limit of 1 ug.mL is of a similar magnitude to the
detection limits for the dye-doped lasers. It should be noted that the Rhodamine based
lasers incorporate a TiO2 cladding layer on top of the dye gain layer, which serves to
increase the overlap of the laser mode with the biomolecule sensing region and therefore
improves the sensitivity of those lasers relative to lasers without the TiO2 cladding layer.
When a T3 DFB laser is modelled with a similar TiOs layer, the limit of detection for
specific avidin binding decreases by over half, suggesting that there may be some benefit
in the inclusion of a similar cladding layer atop the T3 gain layer surface. This is

discussed further in Chapter 5.

4.4.2.6 Avidin sensing results predicted by the theoretical model

In order to determine how well the experimental specific sensing results align with what
is predicted theoretically, the sensing results for PPL-biotin functionalised lasers were
compared to modelled values using the modified multilayer slab waveguide model (Chap-
ter 2). The avidin sensing data presented in previous sections were fitted using Eq. 4.1
which describes the biotin-avidin interaction and corresponds to Langmuir adsorption.
By assuming a Langmuir relationship for avidin binding to the biotinylated laser, the
refractive index of the avidin layer can be modelled by solving Eq. 4.2, Eq. 4.3 and
Eq. 4.4 (reproductions of Eq. 2.21, Eq. 2.22 and Eq. 2.23 respectively) as described in
Chapter 2, where €1, €2 and €4, are the dielectric permitivity of the buffer, biomolecule
and biolayer average, p represents the fraction of bound target biomolecules and is de-
pendent on the avidin concentration, x, and B represents saturation of the available

binding sites and is set equal to 1.

€1 — €qu €2 — €qu
1-— + =0 4.2
( P) €1 + 2¢€4y peg + 2€40 (4.2)

p(x) = B (4.3)

Mwio(p) = V/€(p) (4.4)

The model inputs are the refractive indices and thickness of the T3, PPL and biotin
layers, the refractive indices of the avidin molecules and the PBS buffer, and the avidin
concentration. By solving Eq. 4.2 for each avidin concentration, the refractive index of

the avidin layer (composed of avidin molecules and buffer) can be determined and used
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FIGURE 4.14: Experimental and modelled data for the specific detection of avidin on
a PPL-biotin functionalised T3 laser.

to calculate the magnitude of the shift in wavelength resulting from the presence of the
avidin layer. Figure 4.14 shows the experimental avidin sensing data from Figure 4.12,

plotted alongside the expected theoretical data produced by the model.

As Figure 4.14 shows, the modelled data closely follows the experimental data. The
fit to the data provides a dissociation constant of 3.6x10~® M which is lower than that
provided by the model at 4.5x10~® M, demonstrating excellent agreement between the
modelled and experimental data. Modelling the response of the laser to biomolecule
binding will be very useful in the future development of the DFB laser biosensor as it
provides an indication of the magnitude of the shift expected for an array of different
biomolecules. The effect of modifications to the laser structure on biosensing can also
be probed using the model and is discussed for the inclusion of a TiO2 cladding layer

on the T3 surface in Section 5.2.

4.5 Reversible avidin detection - multi-use sensor?

In medical applications, biosensors tend to be single-use, disposable devices. For those
cardiac biosensing devices described in Chapter 1, the biosensor element that comes
into contact with the test solution is disposable. There are obvious reasons why this is
the case in terms of maintaining the sterility of the test strip and the simplicity for the
end user. However, there are occasions where a re-usable biosensor may be beneficial.
For example, a re-usable sensor will be an attractive sensing platform in applications
where large numbers of measurements (hundreds or thousands) are required in order to

generate statistically significant data sets, such as in environmental monitoring and food
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safety [51, 52|, where the costs involved in using a single-use sensor may be prohibitive.

Therefore, the multi-use potential of the T3 DFB laser was investigated.

The interaction between avidin and biotin is one of the strongest known non-covalent
interactions and only harsh reaction conditions, such as extremes of pH and temperature,
will result in the release of a biotin bound avidin molecule. Therefore, under physiological
reaction conditions, avidin binding is essentially irreversible. However, an analogue
to biotin exists that binds less tightly to avidin. This analogue is desthiobiotin, the
structure of which is shown in Figure 4.15 [53]. Desthiobiotin has a binding affinity to
avidin of 10 M~! (biotin is 10> M~!). Therefore, as a desthiobiotin bound avidin
molecule will have a stronger attraction to biotin, it was expected that avidin would
be released from a desthiobiotin functionalised surface when in the presence of biotin
[54]. To test this hypothesis, desthiobiotin was used in place of biotin to functionalise
the laser surface and specific avidin sensing was performed. The reversible nature of
avidin sensing was probed by exposing a desthiobiotin-avidin surface to biotin and the

re-usability of the DFB laser was investigated.

4.5.1 Experimental methods

T3 DFB lasers were functionalised with PPL and desthiobiotin as described in Section
4.4.1 for a PPL functionalised sensor. To prepare the NHS-desthiobiotin solution, NHS-
desthiobiotin was dissolved in dimethyl sulfoxide (DMSO); this is necessary as NHS-
desthiobiotin is not water soluble. DMSO was tested with the T3 lasers and was shown
to have no effect, up to a concentration of 10%, on the T3 surface, which was initially a
concern given the response of the laser upon exposure to methanol. NHS-desthiobiotin,
in DMSO, was added to 10 mM PBS to a concentration of 0.2 mg.mL~!, with a final
DMSO concentration of 2% v/v.

10 mM PBS solution was used for all wash steps prior to and following immersion of the
sensor in avidin/biotin. The relative shift in emission wavelength for the demonstration
of reversible avidin sensing and for determining the avidin limit of detection was obtained

as described in Section 4.4.1.
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FIGURE 4.16: (a) Repeated avidin sensing and regeneration of the surface, via exposure
to biotin, and (b) specific avidin detection with a PPL-desthiobiotin functionalised laser.

4.5.2 Reversible sensing results

As the lowest avidin limit of detection was achieved for a laser functionalised with an
initial layer of PPL, PPL was the polyelectrolyte used to investigate the capacity of re-
versible binding of desthiobiotin-avidin binding using the T3 DFB lasers. Figure 4.16a
shows the reversibility of avidin coupling to desthiobiotin. Relative shifts in wavelength
of 0.08, 0.09 and 0.09 nm were observed after each exposure to avidin solution (10

pg.mL~1), respectively. Upon removal of avidin solution and a PBS wash, the sensor
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was immersed in a biotin solution (0.2 mg.mL~!) where the associated relative shifts in
wavelength after exposure to the biotin solutions were -0.05, -0.06 and -0.13 nm, respec-
tively. Figure 4.16a clearly shows that most of the avidin bound to the desthiobiotin
functionalised sensor was removed after immersion in the biotin solution and that avidin
binding to the desthiobiotin layer was reproducible. When biotin was used in place of
desthiobiotin, the addition of biotin after avidin binding resulted in no change in the
emission wavelength from the sensor, indicating that there was no removal of avidin

from the sensor and no detectable biotin binding.

As the binding affinity between a desthiobiotin functionalised surface and avidin is lower
than that of a biotin functionalised surface, it was expected that the limit of detection
for avidin binding would be higher. To test this hypothesis, the avidin detection assay
was also performed using a PPL-desthiobiotin functionalised sensor. Figure 4.16b shows
the relative shift in wavelength for each avidin concentration for PPL-desthiobiotin func-
tionalised sensors. The average relative shift in wavelength due to desthiobiotin binding
to the PPL surface was 0.14+0.08 nm. The data in Figure 4.16b was fitted to the
Eq. 4.1 and an R-squared value of 0.94 was observed. The limit of detection for a
PPL-desthiobiotin functionalised sensor was 2.5 pg.mL~!, between that of a PEI-biotin
and PPL-biotin functionalised sensor and the dissociation constant was 1.8~7 M. There-
fore, specific and reversible avidin detection can be achieved through the replacement of
biotin with desthiobiotin for the functionalisation of the laser sensor. Also, not surpris-
ingly, due to the reduced affinity between desthiobiotin and avidin, the avidin limit of

detection was lower than that of a PPL-biotin functionalised laser.

4.6 Non-specific adsorption investigation

The difference between the surface sensing results presented in Chapter 3 and the avidin
sensing results in this chapter is the specificity of the reaction between the laser surface
and the avidin molecules. Adsorption of all molecules to the laser surface will result in
a shift of the laser emission wavelength. Therefore binding of all molecules except the
target must be prevented to minimise false positive binding results. To investigate the
specificity of avidin detection with the PPL-biotin functionalised laser, binding assays
were preformed in the presence of BSA. Albumin is a protein found at concentrations
within the range of 3.5-5 mg.mL ™! [55] in healthy individuals, and therefore it has the

potential to interfere with specific biomarker detection in serological solutions.

To determine the effect of non-specific adsorption to the laser surface, PPL and PPL-

biotin functionalised lasers were exposed to different concentrations of BSA solutions.



Chapter 4. Specific and reversible biomolecule detection 115

The effect of BSA on avidin sensing was also investigated by performing a competi-
tion assay with BSA solutions spiked with a known concentration of avidin in order to

compare avidin detection with and without the presence of BSA.

4.6.1 Experimental methods

The non-specific adsorption of BSA to a PPL and PPL-biotin functionalised sensor was
investigated for four BSA concentrations (1, 10, 500 and 50000 pg.mL~1). BSA solutions
were prepared in 10 mM PBS. Sensors were coated with PPL as previously described in
Section 4.4.1. The emission wavelength with the sensor immersed in PBS was recorded.
A BSA solution was then added to the cuvette and the emission wavelength recorded.
After 20 minutes, the emission wavelength was recorded again before removing the BSA
solution from the cuvette. The sensor was washed with PBS before a final emission
wavelength was noted with the sensor immersed in PBS. This was repeated for each
BSA concentration, with a new sensor for each measurement, and was performed in
triplicate for each BSA concentration. The procedure was also repeated for a PPL-

biotin functionalised sensor.

Competition assays using BSA and avidin were performed with a PPL-biotin function-
alised laser sensor. A range of BSA concentrations (1 - 50000 pg.mL~1), containing
2.5 pug.mL~! avidin, were prepared in 10 mM PBS. The relative shift in wavelength due

to BSA and/or avidin was determined in the same way as described for BSA.

4.6.2 Non-specific adsorption interference results

Figure 4.17a shows the mean response of the T3 sensor, functionalised with either PPL or
PPL-biotin, after exposure to BSA solutions of varying concentrations. BSA has a pl of
4.7 and is thus negatively charged at pH 7.4. As a result, a significant redshift in emission
wavelength was attributed to non-specific adsorption of BSA to the positively charged
surface of a PPL coated laser. There was a reduction in the shift in wavelength across
all BSA concentrations for PPL-biotin functionalised lasers, presumably as consequence
of the biotin layer masking the positive charge of the underlying PPL layer. We assume
that this suppresses the electrostatic attraction between the positively charged PPL and
negative BSA, which in turn suppresses the non-specific adsorption of BSA to the sensor

surface [56].

The effect of non-specific adsorption of BSA on specific avidin sensing with PPL-biotin
functionalised sensor was investigated by performing a competition assay with BSA solu-

tions. No increase in emission wavelength as a function of increasing BSA concentration
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was observed. The average shift in emission wavelength was 0.0940.04 nm. These val-
ues correspond to the relative shifts in emission wavelengths observed for detection of
2.5 ug.mL~! avidin with a PPL-biotin functionalised laser in the absence of BSA (Figure
4.12). It was therefore concluded that the presence of BSA did not affect the specific
detection of avidin even at concentrations comparable to those found in serological sam-
ples, and that there was no detectable non-specific adsorption of BSA in the presence
of avidin at a concentration of 2.5 ug.mL~!. This is an important observation in down-
stream optimisation of the specificity of the DFB laser sensor for specific biosensing

applications.

4.7 Summary

The specific biosensing potential of the T3 based laser biosensors was established through
the use of the biotin-avidin interaction system. Three polyelectrolytes were investigated
in order to verify which provided the maximum surface coverage with biotin molecules
and when PPL was used, a minimum avidin concentration of 1 pug.mL~! could be de-
tected. Avidin detection with the biotinylated laser surface was shown to be specific
and was not affected by the presence of albumin, an encouraging result since albumin is
found in abundance in blood. The avidin detection limit is comparable to the detection
limits for other DFB lasers used for biosensing and there is the potential to improve the

sensitivity of the T3 laser further through modifications to the laser structure.

Finally, the first demonstration of reversible biosensing with a DFB laser was exhibited
through replacement of biotin with desthiobiotin for reversible avidin coupling. A re-
usable sensor can be beneficial in a variety of industries, therefore indicating the potential

of the T3 laser sensor for applications out-with clinical diagnostics.



References

Vincent Dugas, Abdelhamid Elaissari, and Yves Chevalier. Surface sensitization techniques and
recognition receptors immobilization on biosensors and microarrays. In Mohammed Zourob,
editor, Recognition Receptors in Biosensors, pages 47—-134. Springer New York, 2010. ISBN
978-1-4419-0918-3.  doi: 10.1007/978-1-4419-0919-0.2. URL http://dx.doi.org/10.1007/
978-1-4419-0919-0_2

Anthony D Keefe, Supriya Pai, and Andrew Ellington. Aptamers as therapeutics. Nature Reviews
Drug Discovery, 9(7):537-550, 2010.

N. Michael Green. volume 29 of Advances in Protein Chemistry, pages 85 — 133. Academic Press,
1975. doi: http://dx.doi.org/10.1016/S0065-3233(08)60411-8. URL http://www.sciencedirect.
com/science/article/pii/S0065323308604118.

Jenni Leppiniemi, Juha A. E. Mtt, Henrik Hammaren, Mikko Soikkeli, Mikko Laitaoja, Janne
Jnis, Markku S. Kulomaa, and Vesa P. Hytnen. Bifunctional avidin with covalently modifiable
ligand binding site. PLoS ONE, 6(1):e16576, 01 2011. doi: 10.1371/journal.pone.0016576. URL
http://dx.doi.org/10.1371%2Fjournal.pone.0016576.

E P Diamandis and T K Christopoulos. The biotin-(strept)avidin system: principles and applica-
tions in biotechnology. Clinical Chemistry, 37(5):625-36, 1991. URL http://www.clinchem.org/
content/37/5/625.abstract.

Eleftherios P. Diamandis and Robert C. Morton. Time-resolved fluorescence using a europium
chelate of 4,7-bis-(chlorosulfopheny1)-1,10-phenanthroline-2,9-dicarboxylic acid (bcpda): Labeling
procedures and applications in immunoassays. Journal of Immunological Methods, 112(1):43 —
52, 1988. ISSN 0022-1759. doi: http://dx.doi.org/10.1016/0022-1759(88)90031-2. URL http:
//wuw.sciencedirect.com/science/article/pii/0022175988900312.

E.A. Gould, A. Buckley, and N. Cammack. Use of the biotin-streptavidin interaction to improve
flavivirus detection by immunofluorescence and {ELISA} tests. Journal of Virological Methods, 11
(1):41 — 48, 1985. ISSN 0166-0934. doi: http://dx.doi.org/10.1016/0166-0934(85)90123-5. URL
http://www.sciencedirect.com/science/article/pii/0166093485901235.

Mark N. Bobrow, Thomas D. Harris, Krista J. Shaughnessy, and Gerald J. Litt. Catalyzed re-
porter deposition, a novel method of signal amplification application to immunoassays. Jour-
nal of Immunological Methods, 125(12):279 — 285, 1989. ISSN 0022-1759. doi: http://dx.
doi.org/10.1016/0022-1759(89)90104-X. URL http://www.sciencedirect.com/science/article/
pii/002217598990104X.

118


http://dx.doi.org/10.1007/978-1-4419-0919-0_2
http://dx.doi.org/10.1007/978-1-4419-0919-0_2
http://www.sciencedirect.com/science/article/pii/S0065323308604118
http://www.sciencedirect.com/science/article/pii/S0065323308604118
http://dx.doi.org/10.1371%2Fjournal.pone.0016576
http://www.clinchem.org/content/37/5/625.abstract
http://www.clinchem.org/content/37/5/625.abstract
http://www.sciencedirect.com/science/article/pii/0022175988900312
http://www.sciencedirect.com/science/article/pii/0022175988900312
http://www.sciencedirect.com/science/article/pii/0166093485901235
http://www.sciencedirect.com/science/article/pii/002217598990104X
http://www.sciencedirect.com/science/article/pii/002217598990104X

Chapter 4. Specific and reversible biomolecule detection 119

[9]

(10]

(12]

(14]

(15]

(16]

K Hofmann, S W Wood, C C Brinton, J A Montibeller, and F M Finn. Iminobiotin affinity columns
and their application to retrieval of streptavidin. Proceedings of the National Academy of Sciences,
77(8):4666-4668, 1980. URL http://www.pnas.org/content/77/8/4666.abstract.

Mengsu Yang, Hellas C. M. Yau, and Hing Leung Chan. Adsorption kinetics and ligand-binding
properties of thiol-modified double-stranded dna on a gold surface. Langmuir, 14(21):6121-6129,
1998. doi: 10.1021/1a980577i. URL http://pubs.acs.org/doi/abs/10.1021/1a9805771.

Edy Wijaya, Cdric Lenaerts, Sophie Maricot, Juriy Hastanin, Serge Habraken, Jean-Pierre Vilcot,
Rabah Boukherroub, and Sabine Szunerits. Surface plasmon resonance-based biosensors: From
the development of different {SPR} structures to novel surface functionalization strategies. Cur-
rent Opinion in Solid State and Materials Science, 15(5):208 — 224, 2011. ISSN 1359-0286. doi:
http://dx.doi.org/10.1016/j.cossms.2011.05.001. URL http://www.sciencedirect.com/science/
article/pii/S1359028611000325.

Liviu Nicu and Thierry Lechl. Biosensors and tools for surface functionalization from the macro-
to the nanoscale: The way forward. Journal of Applied Physics, 104(11):111101, 2008. doi: http://
dx.doi.org/10.1063/1.2973147. URL http://scitation.aip.org/content/aip/journal/jap/104/
11/10.1063/1.2973147.

Christian F. Wertz and Maria M. Santore. Effect of surface hydrophobicity on adsorption and
relaxation kinetics of albumin and fibrinogen: single-species and competitive behavior. Langmuir,
17(10):3006-3016, 2001. doi: 10.1021/1a0017781. URL http://pubs.acs.org/doi/abs/10.1021/
1a0017781.

Martin Malmsten. Formation of adsorbed protein layers. Journal of Colloid and Interface Science,
207(2):186 — 199, 1998. ISSN 0021-9797. doi: http://dx.doi.org/10.1006/jcis.1998.5763. URL
http://www.sciencedirect.com/science/article/pii/S0021979798957630.

Thorsten Fischer and Henry Hess. Materials chemistry challenges in the design of hybrid bionan-
odevices: supporting protein function within artificial environments. J. Mater. Chem., 17:943-951,
2007. doi: 10.1039/B615278C. URL http://dx.doi.org/10.1039/B615278C.

Johannes Schmitt, Torsten Gruenewald, Gero Decher, Peter S. Pershan, Kristian Kjaer, and Math-
ias Loesche. Internal structure of layer-by-layer adsorbed polyelectrolyte films: a neutron and
x-ray reflectivity study. Macromolecules, 26(25):7058-7063, 1993. doi: 10.1021/ma00077a052. URL
http://pubs.acs.org/doi/abs/10.1021/ma00077a052.

Mathias Lsche, Johannes Schmitt, Gero Decher, Wim G. Bouwman, and Kristian Kjaer. Detailed
structure of molecularly thin polyelectrolyte multilayer films on solid substrates as revealed by
neutron reflectometry. Macromolecules, 31(25):8893-8906, 1998. doi: 10.1021/ma980910p. URL
http://pubs.acs.org/doi/abs/10.1021/ma980910p.

Thomas Schiestel, Herwig Brunner, and Gnter E.M. Tovar. Controlled surface functionalization of
silica nanospheres by covalent conjugation reactions and preparation of high density streptavidin
nanoparticles. Journal of Nanoscience and Nanotechnology, 4(5):504-511, 2004-05-01T00:00:00.
doi: doi:10.1166/jnn.2004.079. URL http://www.ingentaconnect.com/content/asp/jnn/2004/
00000004/00000005/art00006.

Christophe Blaszykowski, Sonia Sheikh, and Michael Thompson. Surface chemistry to minimize
fouling from blood-based fluids. Chem. Soc. Rev., 41:5599-5612, 2012. doi: 10.1039/C2CS35170F.
URL http://dx.doi.org/10.1039/C2CS35170F.


http://www.pnas.org/content/77/8/4666.abstract
http://pubs.acs.org/doi/abs/10.1021/la980577i
http://www.sciencedirect.com/science/article/pii/S1359028611000325
http://www.sciencedirect.com/science/article/pii/S1359028611000325
http://scitation.aip.org/content/aip/journal/jap/104/11/10.1063/1.2973147
http://scitation.aip.org/content/aip/journal/jap/104/11/10.1063/1.2973147
http://pubs.acs.org/doi/abs/10.1021/la0017781
http://pubs.acs.org/doi/abs/10.1021/la0017781
http://www.sciencedirect.com/science/article/pii/S0021979798957630
http://dx.doi.org/10.1039/B615278C
http://pubs.acs.org/doi/abs/10.1021/ma00077a052
http://pubs.acs.org/doi/abs/10.1021/ma980910p
http://www.ingentaconnect.com/content/asp/jnn/2004/00000004/00000005/art00006
http://www.ingentaconnect.com/content/asp/jnn/2004/00000004/00000005/art00006
http://dx.doi.org/10.1039/C2CS35170F

Chapter 4. Specific and reversible biomolecule detection 120

(20]

21]

23]

(24]

27]

(28]

Debasis Samanta and Amitabha Sarkar. Immobilization of bio-macromolecules on self-assembled
monolayers: methods and sensor applications. Chem. Soc. Rev., 40:2567-2592, 2011. doi: 10.1039/
COCS00056F. URL http://dx.doi.org/10.1039/COCSO0056F.

Nikin Patel, Martyn C. Davies, Mark Hartshorne, Richard J. Heaton, Clive J. Roberts, Saul J. B.
Tendler, and Philip M. Williams. Immobilization of protein molecules onto homogeneous and
mixed carboxylate-terminated self-assembled monolayers. Langmuir, 13(24):6485-6490, 1997. doi:
10.1021/1a970933h. URL http://pubs.acs.org/doi/abs/10.1021/1a970933h.

Pedro Cuatrecasas and Indu Parikh.  Adsorbents for affinity chromatography. use of n-
hydroxysuccinimide esters of agarose. Biochemistry, 11(12):2291-2299, 1972. doi: 10.1021/
bi00762a013. URL http://pubs.acs.org/doi/abs/10.1021/bi00762a013.

James V. Staros. N-hydroxysulfosuccinimide active esters: bis(n-hydroxysulfosuccinimide) esters
of two dicarboxylic acids are hydrophilic, membrane-impermeant, protein cross-linkers. Biochem-
istry, 21(17):3950-3955, 1982. doi: 10.1021/bi00260a008. URL http://pubs.acs.org/doi/abs/
10.1021/bi00260a008.

Brian Cunningham, Bo Lin, Jean Qiu, Peter Li, Jane Pepper, and Brenda Hugh. A plas-
tic colorimetric resonant optical biosensor for multiparallel detection of label-free biochemical
interactions.  Sensors and Actuators B: Chemical, 85(3):219 — 226, 2002. ISSN 0925-4005.
doi: http://dx.doi.org/10.1016/50925-4005(02)00111-9. URL http://www.sciencedirect.com/
science/article/pii/S0925400502001119.

V. Dumont, A.-C. Huet, I. Traynor, C. Elliott, and P. Delahaut. A surface plasmon resonance
biosensor assay for the simultaneous determination of thiamphenicol, florefenicol, florefenicol amine
and chloramphenicol residues in shrimps. Analytica Chimica Acta, 567(2):179 — 183, 2006. ISSN
0003-2670. doi: http://dx.doi.org/10.1016/j.aca.2006.03.028. URL http://www.sciencedirect.
com/science/article/pii/S0003267006005587.

Manihar Situmorang, J.Justin Gooding, D.Brynn Hibbert, and Donald Barnett. Electrodeposited
polytyramine as an immobilisation matrix for enzyme biosensors. Biosensors and Bioelectronics, 13
(9):953 — 962, 1998. ISSN 0956-5663. doi: http://dx.doi.org/10.1016,/S0956-5663(98)00033-5. URL
http://wuw.sciencedirect.com/science/article/pii/S0956566398000335.

Sami Ameur, Claude Martelet, Nicole Jaffrezic-Renault, and Jean-Marc Chovelon. Sensitive immun-
odetection through impedance measurements onto gold functionalized electrodes. Applied Biochem-
istry and Biotechnology, 89(2-3):161-170, 2000. ISSN 0273-2289. doi: 10.1385/ABAB:89:2-3:161.
URL http://dx.doi.org/10.1385/ABABY,3A897,3A2-3%3A161.

Benjamin T. Houseman, Ellen S. Gawalt, and Milan Mrksich. Maleimide-functionalized self-
assembled monolayers for the preparation of peptide and carbohydrate biochips. Langmuir, 19
(5):1522-1531, 2003. doi: 10.1021/1a0262304. URL http://pubs.acs.org/doi/abs/10.1021/
1a0262304.

J. Jefferson Smith, David W. Conrad, Matthew J. Cuneo, and Homme W. Hellinga. Orthogonal
site-specific protein modification by engineering reversible thiol protection mechanisms. Protein
Science, 14(1):64-73, 2005. ISSN 1469-896X. doi: 10.1110/ps.04965405. URL http://dx.doi.
org/10.1110/ps . 04965405.

G. Mattson, E. Conklin, S. Desai, G. Nielander, M.D. Savage, and S. Morgensen. A practical
approach to crosslinking. Molecular Biology Reports, 17(3):167-183, 1993. ISSN 0301-4851. doi:
10.1007/BF00986726. URL http://dx.doi.org/10.1007/BF00986726.


http://dx.doi.org/10.1039/C0CS00056F
http://pubs.acs.org/doi/abs/10.1021/la970933h
http://pubs.acs.org/doi/abs/10.1021/bi00762a013
http://pubs.acs.org/doi/abs/10.1021/bi00260a008
http://pubs.acs.org/doi/abs/10.1021/bi00260a008
http://www.sciencedirect.com/science/article/pii/S0925400502001119
http://www.sciencedirect.com/science/article/pii/S0925400502001119
http://www.sciencedirect.com/science/article/pii/S0003267006005587
http://www.sciencedirect.com/science/article/pii/S0003267006005587
http://www.sciencedirect.com/science/article/pii/S0956566398000335
http://dx.doi.org/10.1385/ABAB%3A89%3A2-3%3A161
http://pubs.acs.org/doi/abs/10.1021/la0262304
http://pubs.acs.org/doi/abs/10.1021/la0262304
http://dx.doi.org/10.1110/ps.04965405
http://dx.doi.org/10.1110/ps.04965405
http://dx.doi.org/10.1007/BF00986726

Chapter 4. Specific and reversible biomolecule detection 121

(31]

32]

35]

37]

(40]

J Carlsson, H Drevin, and R Axn. Protein thiolation and reversible protein-protein conjugation.
n-succinimidyl 3-(2-pyridyldithio)propionate, a new heterobifunctional reagent. Biochem. J., 173
(3):723-737, 1978. URL http://www.biochemj.org/bj/173/bj1730723.htm.

JeremyM. Baskin and CarolynR. Bertozzi. Bioorthogonal click chemistry: Covalent labeling in
living systems. QSAR Combinatorial Science, 26(11-12):1211-1219, 2007. ISSN 1611-0218. doi:
10.1002/gsar.200740086. URL http://dx.doi.org/10.1002/gsar.200740086.

Hartmuth C. Kolb, M. G. Finn, and K. Barry Sharpless. Click chemistry: Diverse chemical function
from a few good reactions. Angewandte Chemie International Edition, 40(11):2004-2021, 2001.
ISSN 1521-3773. doi: 10.1002/1521-3773(20010601)40:11(2004::AID- ANIE2004)3.0.CO;2-5. URL
http://dx.doi.org/10.1002/1521-3773(20010601)40:11<2004: : AID-ANIE2004>3.0.C0;2-5.

Neal K. Devaraj, Gregory P. Miller, Wataru Ebina, Boyko Kakaradov, James P. Collman, Eric T.
Kool, and Christopher E. D. Chidsey. Chemoselective covalent coupling of oligonucleotide probes
to self-assembled monolayers. Journal of the American Chemical Society, 127(24):8600-8601, 2005.
doi: 10.1021/ja051462]1. URL http://pubs.acs.org/doi/abs/10.1021/ja0514621.

Dorota I. Rozkiewicz, Johannes Gierlich, Glenn A. Burley, Katrin Gutsmiedl, Thomas Carell,
Bart Jan Ravoo, and David N. Reinhoudt. Transfer printing of dna by click chemistry. Chem-
BioChem, 8(16):1997-2002, 2007. ISSN 1439-7633. doi: 10.1002/cbic.200700402. URL http:
//dx.doi.org/10.1002/cbic.200700402.

Lu Chen, Hernn R. Rengifo, Cristian Grigoras, Xiaoxu Li, Zengmin Li, Jingyue Ju, and Jef-
frey T. Koberstein. Spin-on end-functional diblock copolymers for quantitative dna immobi-
lization.  Biomacromolecules, 9(9):2345-2352, 2008. doi: 10.1021/bm800258g. URL http:
//pubs.acs.org/doi/abs/10.1021/bm800258g.

Vsevolod V. Rostovtsev, Luke G. Green, Valery V. Fokin, and K. Barry Sharpless. A step-
wise huisgen cycloaddition process: Copper(i)-catalyzed regioselective ligation of azides and ter-
minal alkynes. Angewandte Chemie, 114(14):2708-2711, 2002. ISSN 1521-3757. doi: 10.
1002/1521-3757(20020715)114:14(2708:: AID-ANGE2708)3.0.CO;2-0. URL http://dx.doi.org/
10.1002/1521-3757(20020715) 114 :14<2708: : AID-ANGE2708>3.0.C0;2-0.

EllenM. Sletten and CarolynR. Bertozzi. Bioorthogonal chemistry: Fishing for selectivity in a sea of
functionality. Angewandte Chemie International Edition, 48(38):6974-6998, 2009. ISSN 1521-3773.
doi: 10.1002/anie.200900942. URL http://dx.doi.org/10.1002/anie.200900942.

F. Vollmer, D. Braun, A. Libchaber, M. Khoshsima, I. Teraoka, and S. Arnold. Protein detection
by optical shift of a resonant microcavity. Applied Physics Letters, 80(21):4057 —4059, may 2002.
ISSN 0003-6951. doi: 10.1063/1.1482797.

Jrg Wiedenmann, Sergey Ivanchenko, Franz Oswald, Florian Schmitt, Carlheinz Rcker, Anya Salih,
Klaus-Dieter Spindler, and G. Ulrich Nienhaus. FEosfp, a fluorescent marker protein with uv-
inducible green-to-red fluorescence conversion. Proceedings of the National Academy of Sciences
of the United States of America, 101(45):15905-15910, 2004. doi: 10.1073/pnas.0403668101. URL
http://www.pnas.org/content/101/45/15905. abstract.

W A Hendrickson, A Phler, J L. Smith, Y Satow, E A Merritt, and R P Phizackerley. Crys-
tal structure of core streptavidin determined from multiwavelength anomalous diffraction of syn-
chrotron radiation. Proceedings of the National Academy of Sciences, 86(7):2190-2194, 1989. URL
http://www.pnas.org/content/86/7/2190.abstract.


http://www.biochemj.org/bj/173/bj1730723.htm
http://dx.doi.org/10.1002/qsar.200740086
http://dx.doi.org/10.1002/1521-3773(20010601)40:11<2004::AID-ANIE2004>3.0.CO;2-5
http://pubs.acs.org/doi/abs/10.1021/ja051462l
http://dx.doi.org/10.1002/cbic.200700402
http://dx.doi.org/10.1002/cbic.200700402
http://pubs.acs.org/doi/abs/10.1021/bm800258g
http://pubs.acs.org/doi/abs/10.1021/bm800258g
http://dx.doi.org/10.1002/1521-3757(20020715)114:14<2708::AID-ANGE2708>3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14<2708::AID-ANGE2708>3.0.CO;2-0
http://dx.doi.org/10.1002/anie.200900942
http://www.pnas.org/content/101/45/15905.abstract
http://www.pnas.org/content/86/7/2190.abstract

Chapter 4. Specific and reversible biomolecule detection 122

(42]

(43]

(44]

(48]

(49]

[50]

[51]

(53]

G. Raschke, S. Kowarik, T. Franzl, C. Snnichsen, T. A. Klar, J. Feldmann, A. Nichtl, and
K. Krzinger. Biomolecular recognition based on single gold nanoparticle light scattering. Nano
Letters, 3(7):935-938, 2003. doi: 10.1021/nl034223+. URL http://pubs.acs.org/doi/abs/10.
1021/n1034223%2B.

Ali H. Al-Hakim and Roger Hull. Nucleic Acids Res., 14(24):9965-9976, 1986. doi: 10.1093/nar/
14.24.9965. URL http://nar.oxfordjournals.org/content/14/24/9965.abstract.

Moon Suk Kim, Kwang Su Seo, Gilson Khang, and Hai Bang Lee. Langmuir, 21(9):4066-4070,
2005. doi: 10.1021/1a046868a. URL http://pubs.acs.org/doi/abs/10.1021/1a046868a.

A.-M. Haughey, B. Guilhabert, A.L. Kanibolotsky, P.J. Skabara, G.A. Burley, M.D. Dawson, and
N. Laurand. An organic semiconductor laser based on star-shaped truxene-core oligomers for
refractive index sensing. Sensors and Actuators B: Chemical, 185(0):132 — 139, 2013. ISSN 0925-
4005. doi: http://dx.doi.org/10.1016/j.snb.2013.04.026. URL http://www.sciencedirect.com/
science/article/pii/S0925400513004589.

Alan D. Attie and Ronald T. Raines. J. Chem. Educ., 72(2):119, 1995. doi: 10.1021/ed072p119.
URL http://pubs.acs.org/doi/abs/10.1021/ed072p119.

Franco Cozzi, Francesco Ponzini, Rita Annunziata, Mauro Cinquini, and Jay S. Siegel. Po-
lar interactions between stacked systems in fluorinated 1,8-diarylnaphthalenes: Importance of
quadrupole moments in molecular recognition. Angewandte Chemie International Edition in
English, 34(9):1019-1020, 1995. ISSN 1521-3773. doi: 10.1002/anie.199510191. URL http:
//dx.doi.org/10.1002/anie.199510191.

Chelsea R. Martinez and Brent L. Iverson. Rethinking the term ”pi-stacking”. Chem. Sci., 3:
2191-2201, 2012. doi: 10.1039/C28020045G. URL http://dx.doi.org/10.1039/C2SC20045G.

Yafang Tan, Chun Ge, A. Chu, Meng Lu, W. Goldshlag, Cheng Sheng Huang, A. Pokhriyal,
S. George, and B.T. Cunningham. Plastic-based distributed feedback laser biosensors in microplate
format. Sensors Journal, IEEE, 12(5):1174 —~1180, may 2012. ISSN 1530-437X. doi: 10.1109/JSEN.
2011.2163933.

M. Lu, S. S. Choi, U. Irfan, and B. T. Cunningham. Plastic distributed feedback laser biosensor.
Applied Physics Letters, 93(11):111113 —111113-3, sep 2008. ISSN 0003-6951. doi: 10.1063/1.
2987484.

K.R. Rogers and J.N. Lin. Biosensors for environmental monitoring. Biosensors and Bioelectronics,
7(5):317 — 321, 1992. ISSN 0956-5663. doi: http://dx.doi.org/10.1016/0956-5663(92)85026-7. URL
http://wuw.sciencedirect.com/science/article/pii/0956566392850267.

Evangelyn C. Alocilja and Stephen M. Radke. Market analysis of biosensors for food safety.
Biosensors and Bioelectronics, 18(56):841 — 846, 2003. ISSN 0956-5663. doi: http://dx.doi.org/
10.1016/S0956-5663(03)00009-5. URL http://www.sciencedirect.com/science/article/pii/
50956566303000095. Selected papers from the Seventh World Congress on Biosensors Kyoto, Japan
15-17 May 2002.

Ngo Yin Wong, Hang Xing, Li Huey Tan, and Yi Lu. J. Am. Chem. Soc., 135(8):2931-2934, 2013.
doi: 10.1021/ja3122284. URL http://pubs.acs.org/doi/abs/10.1021/ja3122284.


http://pubs.acs.org/doi/abs/10.1021/nl034223%2B
http://pubs.acs.org/doi/abs/10.1021/nl034223%2B
http://nar.oxfordjournals.org/content/14/24/9965.abstract
http://pubs.acs.org/doi/abs/10.1021/la046868a
http://www.sciencedirect.com/science/article/pii/S0925400513004589
http://www.sciencedirect.com/science/article/pii/S0925400513004589
http://pubs.acs.org/doi/abs/10.1021/ed072p119
http://dx.doi.org/10.1002/anie.199510191
http://dx.doi.org/10.1002/anie.199510191
http://dx.doi.org/10.1039/C2SC20045G
http://www.sciencedirect.com/science/article/pii/0956566392850267
http://www.sciencedirect.com/science/article/pii/S0956566303000095
http://www.sciencedirect.com/science/article/pii/S0956566303000095
http://pubs.acs.org/doi/abs/10.1021/ja3122284

Chapter 4. Specific and reversible biomolecule detection 123

[64] James D Hirsch, Leila Eslamizar, Brian J Filanoski, Nabi Malekzadeh, Rosaria P Haugland,
Joseph M Beechem, and Richard P Haugland. Anal. Biochem., 308(2):343 — 357, 2002. ISSN 0003-
2697. doi: http://dx.doi.org/10.1016/S0003-2697(02)00201-4. URL http://www.sciencedirect.
com/science/article/pii/S0003269702002014.

ohn P. Doweiko and Dominic J. Nompleggi. Reviews: Role of albumin in human physiology an

55] John P. Doweiko and Dominic J. Nompleggi. Revi Role of albumin in h hysiol d
pathophysiology. Journal of Parenteral and Enteral Nutrition, 15(2):207-211, 1991. doi: 10.1177/
0148607191015002207. URL http://pen.sagepub.com/content/15/2/207.abstract.

[56] Elissa H. Williams, John A. Schreifels, Mulpuri V. Rao, Albert V. Davydov, Vladimir P. Oleshko,
Nancy J. Lin, Kristen L. Steffens, Sergiy Krylyuk, Kris A. Bertness, Amy K. Manocchi, and Yaroslav
Koshka. J. Mater. Res., 28:68-77, 1 2013. ISSN 2044-5326. doi: 10.1557/jmr.2012.283.


http://www.sciencedirect.com/science/article/pii/S0003269702002014
http://www.sciencedirect.com/science/article/pii/S0003269702002014
http://pen.sagepub.com/content/15/2/207.abstract

Chapter 5

Towards biomarker detection and

outlook

Following the successful proof-of-principle demonstration of specific avidin detection
with a biotin functionalised T3 DFB laser in Chapter 4, the natural progression of sen-
sor development was to aim to specifically detect other target molecules bearing a closer
resemblance to clinically useful cardiac biomarkers. As mentioned in Chapter 1, it was
the intention to functionalise the laser surface with nucleic acid based probes, such as
single stranded (ss) DNA or aptamers to avoid some of the problems associated with an-
tibody based detection approaches. Therefore, an attempt was made to identify the best
method for functionalisation of the laser surface with ssDNA and to detect hybridisa-
tion of the complementary DNA sequence. In this chapter, the experimental approaches
tested for functionalisation of the sensor surface for DNA detection are outlined and a

rationale for future work is provided.

In previous chapters, it has been highlighted that structural changes to the DFB laser
structure may improve the surface sensing capabilities of the T3 laser sensor. In this
chapter, these changes are discussed in more detail, in particular modelling results indi-
cating the potential improvement in biomolecule detection sensitivity for the addition of
a high index TiO9 cladding layer atop of the T3 gain layer are presented. The implica-
tions on the potential cardiac biomarkers that may be detected pre- and post- structural

changes to the DFB laser are also discussed.

Finally, as stated in Chapter 1, DFB laser sensor technology provides an opportunity
to produce a very compact sensing platform through the use of miniaturised excita-
tion sources and light collection. A rationale is provided outlining a potential route to

miniaturisation of the current sensing system to realise this goal.
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5.1 Oligonucleotide surface functionalisation strategies

There are numerous strategies available for nucleic acid based cardiac biomarker de-
tection. As has been mentioned previously, aptamers can be used for the detection of
proteins typically detected by antibody based immunoassays [1, 2]. Another approach
is to directly detect the precursors to the proteins usually detected. mRNA are nucleic
acid sequences that provide the ‘instructions’ for production of the protein biomarkers
and, therefore, levels of mRNA in the blood cells will rise in parallel with cardiac pro-
tein biomarkers and can themselves be used as biomarkers [3]. mRNA does not circulate
freely in the blood but instead resides within the blood cells and therefore a degree of
sample preparation is required before measurement of mRNA levels can take place. This
is a significant drawback for this approach of biomarker detection, relative to other meth-
ods. Another nucleic acid based approach, which is a relatively new field of research, is
to detect microRNA (miRNA). miRNAs are small (/22 nucleotide) non-coding RNAs
that regulate gene expression and circulate freely in plasma. In cardiovascular disease,
expression levels of some miRNAs have been shown to increase in response to a cardiac
event and can therefore provide very specific information about a patient’s condition
and prognosis [4-6]. Each of these strategies have different biomarker targets but the
approach used to functionalising the sensor surface with oligonucleotide probes is invari-
able. In each instance, the probe is a sequence of nucleotides immobilised on the sensor
surface. Therefore, to demonstrate specific detection of a nucleic acid target, any simple
oligo sequence can be used as a probe, which keeps costs low, while the surface function-
alisation approach is optimised. Several different functionalisation methodologies were
investigated with the T3 laser with varying degree of success. The methodologies used

and the results obtained are presented and discussed below.

5.1.1 Biotinylated DNA

The successful detection of avidin presented in Section 4.4 provided a potentially quick
and straightforward route to oligo functionalisation of the laser surface. As shown in
Figure 4.8, avidin contains four biotin binding sites, with two on either side of the
protein. Therefore, it was thought that a biotin labelled oligo could be immobilised on

the laser surface via coupling to a layer of avidin molecules, as depicted in Figure 5.1.

Immobilisation of biotinylated oligos has previously been demonstrated successfully for
other biosensing platforms [7]. The strength of the biotin-avidin interaction results in
irreversible immobilisation, which is a desirable property for surface functionalisation.
The approach taken to functionalise the T3 laser surface with an oligonucleotide sequence

and the results are described here.
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FIGURE 5.1: Schematic of PPL, biotin, avidin functionalised laser coupled with a
biotinylated oligo.

5.1.1.1 Experimental methods

Prior to attempting to functionalise the T3 lasers with biotinylated DNA, the detec-
tion of biotin on lasers coated with layers of PPL, biotin and avidin was investigated.
Functionalisation of the T3 laser surface with PPL (1 mg.mL ™), biotin (0.2 mg.mL™1),
and avidin was performed as described in Section 4.4.1. Several different avidin con-
centrations (2.5, 10 and 100 pg.mL~!) were used to form the avidin layer to see if it
had any effect on biotin binding. These concentrations were chosen to provide a good
coverage of the laser surface with avidin (2.5 ug.mL~! is the concentration resulting in
approximately half of the biotin binding sites being occupied). Avidin functionalised
lasers were exposed to NHS-biotin solutions (0.2 mg.mL~!, which was thought to be in
excess to avidin) for 20 minutes. The final layer of biotin binding was determined by
comparing the DFB laser wavelengths before and after exposure of the laser surface to

the final biotin solution and any wash steps, as previously described for avidin sensing.

Biotin sensing was also repeated using biotin without the NHS group. In this case, two
lasers were functionalised with avidin (10 gg.mL~!) prior to exposure to the final biotin

solution (0.2 mg.mL~!, 20 minutes).

Sensing of a biotinylated oligonucleotide sequence with avidin coated lasers was also
performed. The oligo used was a simple sequence of 5 thymine nucleotides (referred
to as polyT), purchased from Biotez. The polyT oligo was synthesised with an amine

group on the 5’ terminal to allow biotinylation via reaction with NHS-biotin.

PolyT was purchased from Biotez in cartridges as shown in Figure 5.2. The oligo syn-

thesis is performed by building up the oligo a nucleotide at a time on a solid resin
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FIGURE 5.2: DNA is purchased in cartridges. A syringe can be inserted into the top
(and bottom) of the cartridge to allow for functionalisation of the oligo within the
cartridge.

support within the cartridge resulting in the final oligo tethered by one end to the solid
support. The cartridge allows a syringe to be attached at either side so that solution
can be injected into the cartridge, and removed, which facilitates functionalisation of
the oligo within the cartridge. The polyT oligo was purchased with an amine group on
the 5’ terminal which was protected with a functional group to prevent any inadver-
tent reactions occurring. To de-protect the amine group, trichloroacetic acid (TCA) in
dichloromethane (DCM) (3% w/v, 2 mL) was passed through the column three times.
The cartridge, and oligo, was then washed with acetonitrile (2 mL) four times to remove
any remaining TCA/DCM. Acetonitrile with 5% v/v triethylamine was injected into
the cartridge and left for 2 minutes, before removing, to extract any by-products of the
de-protection step, this was repeated four times. A second wash step with acetonitile

was then performed and repeated four times.

NHS-biotin was prepared in dimethylformamide (DMF) to a concentration of 25 mg.mL ™.
The 1 mL solution was passed through the oligo cartridge ten times before leaving the
solution in the cartridge for one hour to allow NHS-amine reaction to take place. This
step was then repeated a second time. The cartridge was finally washed with DMF
(2 mL) five times before a final wash with acetonitrile (2 mL), also five times, before

attaching the cartridge to a vacuum for 30 minutes to dry.

To remove the biotin functionalised polyT from the resin support within the cartridge,
methylamine in water (40% w/v) was added to the cartridge and heated to 65°C for 30
minutes. When cooled, the oligo/methylamine solution was placed in an eppendorf and
the methylamine was evaporated in a concentrator for 30 minutes at room temperature.

Following this step the biotin functionalised polyT was ready for use.
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Biotinylated polyT sensing was performed with three avidin coated lasers (two with an
avidin concentration of 27 ug.mL~! and one at 10 gg.mL~!) using the same procedure

described for biotin sensing in Section 4.4.1.

5.1.1.2 Biotinylated DN A surface functionalisation results

Functionalisation of the DFB laser surface with a simple oligonucleotide probe would
demonstrate the potential for immobilisation of any DNA sequence on the laser and
would provide an excellent start point to further explore detection of hybridisation
events. In an attempt to understand whether the biotin-avidin bilayer could provide
a way of capturing a biotinylated molecule, such as a DNA oligo, detection of biotin
binding was investigated. Initially, NHS-biotin was used as the biotin source as it was
readily available. However, biotin without the NHS group was also tested to rule out
any potential effects, although unlikely, occurring due to the presence of the NHS group.
Lasers functionalised with PPL, biotin and avidin, with a range of avidin layer densities,

were exposed to biotin solutions (Table 5.1).

Avidin concentration (ug.mL~!) Shift in wavelength for biotin binding (nm)

With NHS Without NHS
2.5 0.01
10 -0.02 0.06/-0.06
100 0

TABLE 5.1: Detection of biotin binding on PPL-biotin-avidin functionalised lasers.

The magnitude of the shift values are small and do not suggest that biotin binding is
being detected (recalling that a minimum shift of 0.06 nm indicates a positive result
as mentioned in Section 4.4.2). The mean shift, combining the biotin results with and
without the NHS group, was 0£0.04 nm. Biotin is a small molecule (My, 244.3 kDa,
dimensions of &~ 0.53x1x2.2 nm) and therefore it is not expected to produce a large
shift in wavelength upon binding to avidin. As avidin results in a shift in wavelength of
~0.2 nm, and has a volume of =100 times that of biotin, one may expect to see no shift
at all for biotin binding. However, the previous results for biotin functionalisation of the
laser surface (0.2840.09 nm, Section 4.4.2.2) demonstrated clearly that biotin binding
was detected. This is most likely because a monolayer of biotin is expected to be more
tightly packed due to the smaller size of biotin, meaning that there will be a lower
ratio of buffer within the biotin layer, in comparison to an avidin monolayer. Assuming
both biotin and avidin have a similar refractive index, the average refractive index of a
biotin layer will be greater than that of an avidin layer. In the case of biotin binding

to the deposited avidin layer, a dense biotin layer cannot be achieved as there are most
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likely only two biotin binding sites available per avidin molecule. The greater volume
of avidin will introduce space between biotin molecules that will be filled with buffer.
When biotin binding is modelled (assuming biotin and avidin have the same refractive
index of 1.46, which results in a predicted shift of 0.22 nm for a layer of avidin, Section
4.4.2.2) using the multilayer model, the predicted shift in wavelength for biotin binding
to a PPL-biotin-avidin functionalised T3 laser was 0.08 nm. As the experimental biotin
binding results are smaller, it suggests that either biotin coupling is not taking place
or the biotin layer is not a dense, confluent layer. Due to the binding affinity between
biotin and avidin it is very unlikely that binding of biotin to the avidin layer will not
take place. Also, in Section 4.5, removal of avidin from a desthiobiotin functionalised
laser was demonstrated. The biotin binding sites available in that instance to the biotin
used to ‘lift’ avidin from the laser surface will be available for biotin coupling in this
case. As the addition of an oligonucleotide to the biotin molecule increases the size of
the overall molecule, coupling of biotinylated polyT with the avidin layer was attempted

regardless of the inconclusive biotin sensing results.

Prior to performing the biotinylated polyT binding assay with the DFB laser, the
coupling between NHS-biotin and the polyT oligo was explored by performing high-
performance liquid chromatography (HPLC) measurements. HPLC measurements allow
a comparison to be made between reaction components and can provide an indication of
whether a reaction has taken place, i.e. if biotinylation of polyT was successful. HPLC
involves passing the reaction components, in solvent, through a column filled with an
adsorbent material, under high pressure. The individual reaction components will inter-
act differently with the adsorbent material than the combined product of the reaction,
with the difference being the time taken for each component/product to pass through
the column. In an attempt to assess how successful the biotinylation of the polyT oligo
was, HPLC measurements of the polyT and biotinylated polyT oligo were made, as
well as water which was the buffer used for the polyT solutions. Figure 5.3 shows the
HPLC spectra for the polyT and biotinylated polyT solutions after subtraction of the

background signal from water.

There was a retention time difference of 7.6 minutes between the peaks for the biotiny-
lated and unmodified polyT solutions indicating that the polyT oligo was successfully
coupled with biotin. As there was no peak present at the same position as the polyT
peak in the biotinylated polyT spectra, this suggests that all of the polyT present was
biotinylated, which was expected since the concentration of NHS-biotin was in excess
to that of the polyT oligo. Following the HPLC tests, three lasers functionalised with
PPL, biotin and avidin were treated with biotinylated polyT for 20 minutes. The mean
shift in wavelength after exposure of the laser to biotinylated polyT was -0.014+0.09 nm,
again indicating that binding of the polyT was not detected.
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FiGure 5.3: HPLC spectra of polyT and biotinylated polyT oligos after subtraction
of the buffer background.

As mentioned previously, the biotin-avidin interaction is commonly used for surface func-
tionalisation applications and there was no reason why secondary biotin-avidin interac-
tions would not take place. It would be extremely unlikely given the reaction conditions
that biotin-avidin binding did not take place. Therefore, why was biotin/biotinylated
polyT binding not detected?

The structure of avidin, previously shown in Figure 4.2, is symmetric, consisting of
two biotin binding sites expected to be available to further biotin binding following the
deposition of the avidin layer on the biotin functionalised laser surface, i.e. the schematic
in Figure 5.1 is likely to represent the orientation of many of the avidin molecules.
However, studies investigating DNA surface functionalisation using a biotin-avidin-biotin
method have shown that on average, the binding ratio of avidin to biotinylated DNA
is ~1.5 [8]. It is thought that a combination of electrostatic repulsion between the
negatively charged oligos and steric hindrance prevents the efficient coupling of two
biotinylated oligos per avidin molecule [8, 9]. Furthermore, as biotin is a significantly
smaller molecule than avidin, even if two biotins coupled to every avidin molecule, a
dense biotin layer would not be formed due to the separation introduced to the layer
due to the increased dimensions of avidin. The resulting biotin layer would have a greater
buffer content than a dense biotin layer, resulting in an overall reduction in the refractive
index of that layer, which in turn translates into a reduced shift in wavelength attributed
to a biotin/biotinylated polyT layer. Optimisation of the biotin-avidin immobilisation
is likely to be possible. For example, introducing a linker molecule between biotin and

the oligo may help to minimise steric hindrance and electrostatic effects. However, the
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limiting factor of the number of available biotin binding sites on the avidin layer cannot
be overcome, assuming full coverage of the laser surface was achieved with avidin, as
expected. Therefore, in an attempt to improve the density of oligo probes on the DFB
laser surface, two chemical coupling methods were investigated, click chemistry and

sulfhydryl linkage.

5.1.2 Click chemistry

The click chemistry approach chosen for attachment of oligonucleotide probes to the
T3 laser surface was based on ‘copper-free’ azide-alkyne coupling [10]. The laser surface
was functionalised with a cyclooctyne group via amine-NHS coupling with the PPL layer
and the polyT oligo was labelled with an azide group. The azide-alkyne reaction was

depicted previously in Scheme 4.4 and the experimental methods are described below.

5.1.2.1 Experimental methods

The coupling of polyT to the laser surface was a two step process involving the immo-
bilisation of the cyclooctyne group on the sensor surface before exposing the laser to
the azide polyT. The cyclooctyne used was BCN N-hydroxysuccinimide ester II (Berry
& Associates) which is a bifunctional molecule with an NHS group at one end and a
cyclooctyne (BCN) group at the opposite end. As good surface coverage with biotin
on a PPL coated laser was obtained with a NHS-biotin concentration of 0.2 mg.mL™!,
the same concentration was used for BCN-NHS treatment of the surface. BCN-NHS
solution was prepared in a 10 mM PBS solution after first dissolving the BCN-NHS
in DMSO, with a final DMSO concentration of 2% v/v. BCN functionalisation of the
laser surface was achieved by immersing PPL coated lasers in BCN-NHS solution for 30

minutes. The shift in wavelength for BCN functionalisation was observed for six lasers.

The azide polyT used was the same oligo as for the biotin investigation in Section 5.1.1
and was functionalised on the 5’ terminal with an azide group by Dr. Sara De Ornellas
(Chemistry Department, University of Strathclyde). Three lasers were exposed to ~0.3
mM solutions of azide polyT for two hours before washing with PBS and measuring any
shift in wavelength due to polyT coupling using the same method as has been described

previously (Section 4.4.2).
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5.1.2.2 Click chemistry bioconjugation results

Functionalisation of the laser surface with BCN was successful. For the six lasers treated
with BCN-NHS solution a mean redshift of 0.144-0.10 nm was observed. There was sig-
nificant variation between the shift measurements for BCN functionalisation in compar-
ison to the variation observed for biotin functionalisation of the PPL (Section 4.4.2.2).
The non-specific adsorption of the PPL layer is likely to lead to variation in PPL lay-
ers between lasers, which may introduce some variability to further functionalisation via
amine groups. However, in this instance, the variability was more likely to be an artefact
of the laser itself. In our experience in making several hundreds of lasers, the quality
(wavelength and intensity stability) of laser emission reduces as the raw T3 material
ages. It is not known why this may be the case, but it may be that repeated exposure of
the T3 to the environment, as T3 solution is prepared, may result in oxidation of the ma-
terial, which may lead to the reduction in laser quality. This theory is purely speculative
and the only action taken to counteract the observation was to aliquot the T3 material
into smaller quantities so that repeated exposure of each batch to the environment was
minimised. Regardless, six repeated measurements with BCN-NHS resulted in a redshift
of the laser emission wavelength which does suggest that BCN functionalisation of the

laser surface occurred.

Of the three lasers treated with azide polyT solution, wavelength shifts of 0.02, 0.05 and
0.19 nm were noted. The size of the polyT oligo is ~2 nm (assuming a nucleotide size
of 0.33 nm [11]) therefore, a shift of 0.19 nm for a layer of polyT is unlikely. Assuming
the refractive index of biotin and polyT are similar [12], a shift in wavelength of around
0.08 nm would be expected, as described in Section 5.1.1.2, therefore it is likely that the
shift of 0.19 nm was an anomalous result, perhaps an artefact of the laser stability issues
mentioned previously. The wavelength shifts of 0.02 nm and 0.05 nm are small and so
few measurements make it impossible to say with certainty whether polyT detection
occurred. This was ‘work in-progress’ and future functionalisation investigations may
wish to expand upon these initial results to determine whether the click reaction provides
an efficient method for oligonucleotide functionalisation of the laser surface, and indeed

if hybridisation of the complementary polyA oligo can be detected.

5.1.3 Sulfhydryl linkage

The final attempt at immobilisation of oligonucleotides on the laser surface made use of
sulfhydryl chemistry [13]. As mentioned in Section 4.2.2.2; biomolecules labelled with

thiol groups are often used with a thiol reactive linker molecule to couple biomolecules



Chapter 5. Towards biomarker detection and outlook 133

Na* 2
(0] N o) X
g N’O / N’O s\s | Nig
o=s ) o b
o) o o)
o] o]

(a) (b)

FIGURE 5.4: (a) Chemical structues of sulfo-SMCC and (b) SPDP.

to a surface. The performance of two sulfhydryl linker molecules, sulfosuccinimidyl-4-
(N-maleimidomethyl)cyclohexane-carboxylate (sulfo-SMCC) and N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP), was investigated for coupling of thiol modified polyT

oligo to the PPL functionalised laser surface.

Sulfo-SMCC and SPDP are bi-functional linkers with an amine reactive group at one end
and a thiol reactive group, maleimide (sulfo-SMCC) and pyridyl disulfide (SPDP), at the
opposite end. Therefore, both linker molecules can be used to couple a thiol modified
oligo to a PPL functionalised laser surface. Sulfo-SMCC was used to investigate the
coupling of a polyT oligo (12 thymines) modified with a thiol group on the 5’ terminal

and SPDP was used to investigate the coupling of a neutral peptide to the laser surface.

5.1.3.1 Experimental methods

5.1.3.1.1 Preparation of thiol modified polyT

Thiol modified polyT was purchased from Biotez. Prior to use of the polyT, the oligo
must be separated from the solid resin support used during synthesis of the oligo, as

described in Section 5.1.1.1, and the thiol protective group must be removed.

To remove the oligo from the resin, the contents of the cartridge were dissolved in
methylamine (40% w/v in water, 1 mL) and heated to a temperature of 65 °C for 30
minutes. The solution was cooled to room temperature and placed in a concentrator for
~30 minutes to remove the methylamine. The solid resin/oligo was washed three times
with DI water and the eluted water/oligo solution was passed through a NAP-25 gravity
flow column (Illustra), equilibrated with 10 mM PBS, to remove any small molecules
from the oligo solution. The concentration of the de-salted oligo solution, 185 uM, was

measured using a spectrophotomether (NanoDrop, Thermo Scientific).

To de-protect the thiol, either tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol
(DTT) were used. The concentration of the reducing agent was 10 times that of the

oligo solution and the reaction was performed by adding the reducing agent to the
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oligo solution for 10 minutes before repeating the de-salting step with a second NAP-25

column.

In order to determine whether de-protection of the thiol group was successful, HPLC
analysis was performed. Spectra for water, polyT pre and post de-salting, and polyT
with TCEP were recorded.

5.1.3.1.2 SMCC laser surface coupling

The PPL binding capability of SMCC was investigated by immersing PPL coated lasers
in SMCC (1 mg.mL™!, in 10 mM PBS) for 30 minutes. The shift attributed to SMCC
coupling was determined by taking the difference between PBS wavelength measure-
ments before and after immersion of the laser in SMCC solution. This was repeated in

triplicate.

5.1.3.1.3 PolyT functionalisation

Coupling of polyT (127 pug.mL~') to SMCC functionalised lasers was investigated by
immersing SMCC functionalised lasers in polyT solution, initially for a period of 30
minutes. The effect of increasing the immersion time to two hours and overnight (=17
hours) was also established. The thiol reactivity of the maleimide group was also tested
by immersing a SMCC functionalised laser in poly(ethylene glycol) (PEG) methyl ether
thiol (0.2 mM, Sigma) for two hours.

Following the experimental tests with thiol modified PEG, it was queried whether the
negative charge of the oligo backbone may prevent efficient thiol-maleimide coupling
due to electrostatic repulsion. Therefore, coupling of a neutrally charged thiol modi-
fied peptide was investigated. The peptide was prepared by Dr. Sara De Ornellas and
had a sequence of cysteine-glycine-(alanine-serine)y. Coupling of the peptide to lasers
coated with SMCC and SPDP was investigated. SMCC functionalisation of the lasers
was achieved as described in Section 5.1.3.1. As SPDP was not water soluble, DMSO
was used to first dissolve the SPDP before diluting with PBS to a concentration of 1
mg.mL~!, and a final DMSO concentration of 2 % v/v. The method used for SMCC
functionalisation of the laser was repeated for SPDP functionalisation. Peptide cou-
pling was performed by immersing SMCC/SPDP functionalised lasers in peptide (0.5
mg.mL~!) for two hours, before washing with PBS and determining the shift due to
peptide coupling.
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5.1.3.2 Sulfhydryl linkage surface functionalisation results

5.1.3.2.1 De-protection of thiol modified polyT

De-protection of the thiol group (i.e. breaking the disulfide bond) on the polyT was
initially performed using TCEP. TCEP is a more powerful reducing agent than DTT
and has better stability over a wider range of pH values. A significant advantage of TCEP
is that it does not have to be removed prior to the thiol-sulthydryl reaction taking place
[14]. On the other hand, DTT contains a free thiol that may compete for the sulfhydryl
reaction if it is not removed following de-protection. The main drawback of TCEP is
that it is unstable in PBS, especially at neutral pH. However, the literature provided
by the supplier suggest that if PBS is used, freshly made TCEP solutions should be
effective for de-protection. As there are many examples of both reducing agents being
used for de-protection of thiol modified oligos, it was thought that either could be used
[15-17]. As TCEP removal was not required following de-protection of the thiol, and is
therefore the simplest of the two methods, TCEP was the reducing agent used initially.

To determine if reduction of the disulfide was successful, HPLC analysis was used to
differentiate between the polyT oligo pre and post thiol de-protection. Figures 5.5a
and b show the HPLC spectra for the polyT, following de-salting, before and after the
addition of freshly made TCEP to the polyT solution respectively. The difference be-
tween the spectra of the polyT before and after de-protection is clear, with the retention
time for the de-protected thiol reduced by approximately five minutes. The retention
times suggest that the products pre and post exposure to TCEP are different, with the
difference thought to indicate the successful de-protection of the polyT thiol group.

5.1.3.2.2 SMCC-polyT coupling

The NHS-amine reaction had previously been tested extensively during biotin function-
alisation of the laser surface. Regardless, to ensure that the SMCC coupled to the PPL
layer on the laser surface as expected, the laser was exposed to SMCC solutions for
30 minutes. The shift in emission wavelengths for each of the three lasers tested are
included in Table 5.2. The mean shift in wavelength, 0.154+0.03 nm, suggested that
functionalisation of the laser surface with SMCC was successful. Therefore, coupling of

the polyT oligo via the thiol-maleimide reaction was attempted.

SMCC functionalised lasers were initially exposed to polyT solution for 30 minutes before
increasing the incubation time to two hours, and then 17 hours (overnight), following

inconclusive wavelength shift measurements. The wavelength shifts recorded for polyT
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FIGURE 5.5: (a) HPLC spectra of polyT solution before and (b) after de-protection of

the thiol group. Retention time (minutes) versus intensity (arbitrary units) is plotted.

The highest intensity peaks account for the presence of the polyT before and after de-

protection. Lower intensity peaks (intensity <100 mAU) arise from small molecules in
the buffer solution.

coupling and the mean and standard deviations are included in Table 5.2. The wave-
length shift values for each polyT incubation time are extremely variable and cannot be
considered to reliably represent detection of polyT binding to the laser surface. Increas-
ing the incubation time also appeared to make little difference to the coupling reaction.
Following these results, and out of curiosity, a SMCC functionalised laser was immersed
in a polyT solution prior to de-protection of the thiol group. The relatively small shifts

recorded in Table 5.2 may suggest that there was little non-specific adsorption of the
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SMCC polyT

30 min. 30 min. 2 hours overnight
0.18 0.02 -0.09 0.02
0.12 -0.01 0.11 0.26
0.14 -0.08 -0.11 0.01

mean+S.D. 0.15+0.03 -0.02£0.05 -0.03£0.12 0.10+£0.14

TABLE 5.2: Wavelength shifts for SMCC functionalisation and polyT functionalisation
for a range of immersion times. The final PBS wavelength measurements are given in
brackets for comparison.

polyT to the SMCC functionalised laser. However, the disulfide polyT resulted in a shift
of 0.31 nm, adding to the uncertainty in the thiol-maleimide reaction. The random na-
ture of the results suggests that perhaps the de-protection step had not been successful
as thought and/or the maleimide group was not freely available to couple with the thiol
polyT. To test these hypotheses, a thiol modified PEG molecule was reacted with the
SMCC functionalised laser surface to investigate the thiol-maleimide reaction and an

alternative reducing agent, DTT, was used with the thiol modified polyT.

5.1.3.2.3 SMCC-thiolPEG reaction

The thiol modified PEG did not require a de-protection step prior to use. Two SMCC
coated lasers were immersed in a thiolPEG solution for two hours and a third for ~17
hours. The resulting wavelength shifts due to PEG binding were 0.07, 0.16 and 0.13
nm, respectively (mean of 0.124+0.05 nm). Although the variation between the results is
still large, it was significantly lower than the variation observed for the polyT coupling
and three relatively large redshifts suggest that PEG binding was being detected on the
laser surface. Therefore, it was concluded that the maleimide was available for coupling

to the thiol modified polyT oligos.

5.1.3.2.4 Disulfide reduction with DTT

The reduction of the disulfide bond on the polyT with DTT in the place of TCEP also
appeared to provide more positive results. Three wavelength shifts of 0.18, 0.12 and
0.1 nm (mean of 0.13+0.04) nm were observed post immersion of SMCC functionalised
lasers in polyT for two hours. Functionalisation of the laser surface with a single stranded
oligo is only the first step towards demonstrating detection of DNA hybridisation events.
Therefore, to test whether DNA hybridisation could be detected, the third of the SMCC-

polyT functionalised lasers was immersed in a polyA (12 adenine’s) solution (500 pM)
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for ~17 hours. The resulting shift in wavelength was a blueshift of 0.15 nm, indicating

no polyA binding and perhaps removal of the polyT layer.

As mentioned previously in Section 4.2.2.2.1, the thiol-maleimide reaction is irreversible.
Therefore, if this reaction was taking place between the thiol modified polyT and the
SMCC, it should not be disrupted by the addition of the complementary polyA oligo.
Furthermore, the strength of the amine-NHS reaction has been previously tested during
avidin detection with biotin functionalised lasers. If there was any weakness in the
NHS-amine bond for coupling of biotin to the PPL coated laser, reported in Section
1.42, a blueshift in wavelength would have been observed upon addition of the avidin
solutions, as was the case for the desthiobiotin reversible coupling. Therefore, it is
unlikely that addition of the polyA oligo was disrupting the bond between the PPL and
the SMCC. This suggests that the thiol modified polyT is not coupling to the maleimide
functionalised surface as expected for some as yet unknown reason. In addition, the fact
that the thiol modified oligo, prior to de-protection, resulted in a shift in wavelength of

0.31 nm also casts doubt onto the positive results obtained after DTT de-protection.

In an attempt to understand if the negative charge of the oligo backbone was preventing
the thiol-maleimide reaction, via electrostatic repulsion between oligo, a neutral thiol
modified peptide was reacted with SMCC functionalised lasers. A second bi-functional
linker, SPDP, was also used to coat lasers with a thiol reactive pyridyldithio group.
The wavelength shifts observed for SMCC/SPDP and peptide coupling are presented in
Tables 5.3 and 5.4.

Shift in wavelength (nm)

Laser SMCC Peptide
1 0 0.03
2 0.11 0.05
3 0.13 0
4 -0.05 -0.05

mean+S.D. 0.05£0.09 0.0140.04

TABLE 5.3: Wavelength shifts for SMCC and peptide binding to the PPL functionalised
T3 laser surface.

The variability observed for SMCC coupling to the PPL layer was in contrast to the
previous measurement of 0.154+0.03 nm (Section 5.1.3.2). The SMCC solution used
was from the same stock solution used for the results in Section 5.1.3.2, that had been
aliquoted and frozen. The literature provided by the SMCC supplier suggests using only
fresh solutions, however, at the time it was thought that any degradation of the linker
in solution would be prevented by freezing. The marked difference in the results for

sulfo-SMCC coupling suggest that this may not have been the case and poor coverage
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Shift in wavelength (nm)

Laser SPDP Peptide
1 0.05 0.08
2 0.09 0.24
3 0.13 0.04

mean+S.D. 0.094+0.04 0.124+0.11

TABLE 5.4: Wavelength shifts for SPDP and peptide binding to the PPL functionalised
T3 laser surface.

of the laser surface with functional maleimide groups would also be expected to lead to

poor coupling of the neutral peptide, which was the case.

The results for SPDP were more encouraging. Redshifts for both SPDP and peptide
coupling were observed although the variability for both results was still high. Like the
PEG results presented in Section 5.1.3.2.3, exposure of the laser surface to the neutral
peptide indicated that the peptide was binding to the maleimide coated surface. This
perhaps indicates that charge may be having an effect on the functionalisation of the

surface with thiol modified polyT.

5.1.4 Summary and outlook for oligonucleotide surface functionalisa-

tion

The initial steps towards oligo surface functionalisation of the T3 DFB laser have been
described. Three approaches for immobilisation of a simple polyT oligo were investigated
- immobilisation of biotinylated polyT via the biotin-avidin interaction, immobilisation
of an azide functionalised polyT via a click reaction and immobilisation of thiol modified
polyT via sulfhydryl chemistries. The avidin-biotinylated polyT approach resulted in no
detection of biotin or biotinylated polyT, suggesting that the biotin/polyT layer formed
was too sparse to result in a large enough change in the refractive index relative to
that of the background buffer, which would make up a significant portion of a sparse
biolayer. The density of any biotin/polyT layer was limited by the number of available
biotin binding sites within the avidin layer, and as the concentration of avidin used to
form that layer had previously been shown to represent saturation of the biotin binding
sites, see Section 4.4.2.2, it is unlikely that the number of biotin binding sites within
the avidin layer can be increased. In addition, the biotin-avidin interaction requires
the formation of several layers on the laser surface prior to the addition of the probe
oligo. A more efficient method would involve the addition of fewer additional layers.

Therefore, chemical attachment of oligo probes is a more attractive option for surface
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functionalisation and the potential to better control the density of probe molecules on

the laser surface.

The two chemical approaches tested, click chemistry and sulfhydryl linkage, resulted in
relatively uncertain results. The problems with the laser quality during the click reac-
tions mean that ideally this experimental work will be repeated to obtain more reliable
results. However, the results that were obtained for polyT functionalisation of the laser
surface via the click reaction do suggest that this method warrants further investiga-
tion. It is suggested that repeating the experimental work presented and expanding to
include the detection of the complementary polyA oligo would be a good starting point

for further development of the laser functionalisation.

The results using the thiol polyT are very inconclusive and raise several questions about
the thiol-sulfhydryl reaction. It is not clear whether the charge of the nucleic acid
sequence is affecting the thiol-maleimide reaction and therefore requires further inves-
tigation. Positive thiol-sulfhydryl coupling was observed for the addition of PEG and
peptide molecules to the surface which suggests that the charge of the oligo may be a
factor. However, as both the PEG and peptide molecules could be used without requir-
ing de-protection of the thiol group, there is still the possibility that the problem with
the coupling of the polyT lies with the de-protection step of the thiol group. Going
forward, it would be advisable to follow the polyT-sulfhydryl reaction with the HPLC
in order to ascertain whether this reaction is occurring. There is also no reason why this
reaction cannot be performed prior to addition to the laser surface. No attempt was
made to optimise the reaction conditions so this in another aspect of the reaction that
may warrant some attention. Surface functionalisation of sensors with oligonucleotide
probes is commonplace for may sensing technologies, therefore, we are confident that
an effective and reproducible method of functionalising the T3 laser surface with probes
will be found. Unfortunately, as a reliable method for surface functionalisation was not

found, detection of cardiac biomarkers remains a goal for future development.

5.2 Enhancement of biomolecule detection sensitivity

In Chapter 2 the DFB laser structure parameters and their effect on surface sensing were
discussed. It was noted that the parameters not dependent on the gain layer material
e.g. the substrate refractive index and the gain layer thickness, could be optimised
to maximise the sensing capability of the DFB laser. The improvements in both bulk
and surface sensing for tuning of the gain layer thickness was explored experimentally
and theoretically in Chapters 2 and 3. The potential improvement in surface sensing

by optimising the refractive index of the substrate, i.e. using a lower index material
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more closely matched to the index of the superstrate, was modelled and was shown
(Section 2.1.2) to result in an increase in the magnitude of the shift in wavelength for
the detection of typical a 10 nm biolayer (n=1.49) of 0.05 nm. This corresponds to a 7%
improvement in the biomolecule detection sensitivity relative to the T3 lasers presented
in this thesis, where no attempt has been made to tune the index of the laser substrate.
To realise this sensitivity enhancement, future development of the T3 DFB laser sensor
may investigate the effect of tuning the substrate index experimentally, informed by the

predictions from the model.

While reviewing the literature relating to DFB laser utilising a dye-doped gain material
(Chapter 1) it was mentioned that a vast improvement in their sensitivity was achieved
by the addition of a TiO2 cladding layer to the surface of the gain material. Bulk surface
sensing sensitivity of ~17 nm/RIU was improved to ~100 nm/RIU by the addition of
a 20-35 nm TiOy layer. In terms of sensitivity improvement for surface sensing, the
response of a dye-doped laser was modelled for different thickness of TiOq layer, a TiO9
thickness of 25 nm results in an increase in the magnitude of the shift attributed to a
10 nm biolayer of 0.47 nm, which is a significant improvement. However, an advantage
of using an organic semiconductor as the laser gain material, such as T3, is the higher
refractive index associated with such materials relative to that of dye-doped materials,
which are lower due to the dye content being restricted to prevent quenching. The
higher gain layer refractive index of T3 means that the overlap of the laser mode with
the biosensing region at the surface of the laser is greater than for the equivalent dye-
doped laser without a TiOs layer, as shown in Figure 5.6. The addition of a 25 nm layer
of TiO» to the dye-doped laser increased the surface sensing sensitivity of the dye-doped
laser beyond that of the T3 laser and as the refractive index for the T3 gain material
is higher than that of dye-doped material, the addition of a 25 nm TiO, cladding layer
to the surface of the T3 laser does not increase the sensitivity beyond that of the TiO»

clad dye-doped laser, as also shown in Figure 5.6.

However, the addition of a TiO4 cladding layer can have an effect on the laser threshold.
For the incorporation of DFB lasers into a portable sensing system, using a compact
excitation source, the threshold of the laser is an important consideration, with a lower
threshold enabling a wider choice of suitable pump sources. The lasing threshold is
dependent on the overlap of the laser mode with the gain layer, with a greater gain
layer overlap resulting in a lower lasing threshold. Previous studies have reported that
the gain layer overlap for TE modes decreases for a TiOs thickness greater than 20 nm
[18]. Therefore, a TiOg thickness <20 nm may be preferable to balance the increase
in surface sensing sensitivity without compromising the laser threshold. The response
of dye-doped and T3 DFB lasers with a TiOqy cladding layer of varying thickness was

modelled in response to detection of a 10 nm biolayer and is shown in Figure 5.7. The
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surface of a truxene and a dye-doped laser for a range of different TiO2 cladding layer
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sensitivity of the dye-doped laser drops sharply for a TiOs layer with a thickness <20

nm, resulting in improved sensitivity with an equivalent T3 laser.

In terms of the improvement to surface sensing sensitivity of the T3 laser, the addition
of a thin 10 nm TiO cladding layer results in a 54% increase in the magnitude of the
shift in wavelength attributed to the detection of a 10 nm biolayer relative to a T3
laser without the high index cladding layer. This is a very significant improvement
in device sensitivity. The detection of avidin on a PPL-biotin functionalised laser was

modelled (Figure 5.8) and was shown to result in a decrease in the avidin limit of
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FIGURE 5.8: Experimental and modelled data for the specific detection of avidin on
a biotin functionalised truxene laser. The smoothness of the curves is limited by the
resolution of the calculation.

detection from 1 pg.mL~! to 0.3 ug.mL~!. In Chapter 3, the minimum thickness of a
layer adsorbed to the T3 surface, with an index of 1.49 which is similar to that of many
biomolecules [12], was determined to be 2 nm, corresponding to a shift in wavelength of
0.06 nm, which is the current minimum detectable shift in wavelength (limited by the
resolution of the spectrometer). It was also noted in Chapter 3 that a layer thickness
of 2 nm corresponds to a biomolecule with a molecular weight of ~5 kDa [19]. The
theoretical model predicts that a shift of 0.06 nm should be obtained for a biolayer
thickness of 0.90 nm, therefore approximately half of the thickness extrapolated from
the experimental data. For a T3 laser with a 10 nm TiOs cladding layer, the biolayer
thickness corresponding to a wavelength shift of 0.06 nm is 0.60 nm. Therefore, if the
same relationship between the theoretical and experimental predictions can be applied,
an experimental layer thickness of 1.2 nm should be detected with a T3 laser topped
with a TiO2 layer of 10 nm. As shown in Figure 5.7, increasing the thickness of the
TiO9 layer up to 20 nm will increase the device sensitivity further. A 1-2 nm biolayer
thickness would correspond to a biomolecule ‘size’ of ~3 kDa. As mentioned in Chapter
3, many cardiac biomarkers, such as CRP and Troponin I, have a molecular weight
>20 kDa therefore the T3 laser sensor could potentially detect these molecules without
further improvements to the device sensitivity. Other cardiac biomarkers, such as BNP,
are significantly smaller. BNP has a molecular weight of ~3.5 kDa which puts it just
below the current sensitivity levels of the T3 laser. However, the addition of a TiO»

cladding layer would facilitate the detection of such small biomarkers, in theory at least.

The main drawback with incorporating a high index cladding layer into the DFB laser
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structure is the added complexity to the device fabrication. One of the advantages of
DFB laser technology over some other optical sensing platforms is the ease of manu-
facture of the lasers. As previously mentioned, organic DFB lasers can be fabricated
entirely through solution processing and soft material patterning which makes then suit-
able for large scale manufacturing. The addition of a TiOs layer is typically achieved
using ion beam or electron beam evaporation techniques to produce either a solid or
nanostructured thin film [20-22]. Use of these techniques mean that the laser fabrica-
tion is no longer entirely solution based. However, these techniques are commonly used
during fabrication of microelectronics and microsystem fabrication [23], and incorpora-
tion of a final step involving these processes is not too difficult to imagine for the mass
production of DFB lasers. Therefore, future development of the T3 laser sensors may
investigate the incorporation of a high index cladding layer (such as TiOg, high index
composites or spin on glass, for example) to achieve the best possible device sensitivities
and to open up the potential to detect even the smallest of cardiac biomarkers. The
results achieved to the T3 DFB laser can also be expected to apply for other high index

organic semiconductor materials and possibly colloidal quantum dots [24, 25].

5.3 Miniaturisation of the DFB laser sensing platform

Finally, for the DFB laser sensors to be incorporated into a portable, POC, device,
the pump laser and light collection hardware must be miniaturised. Miniaturisation
of the spectrometer is straightforward as high resolution (0.02 nm FWHM) spectrom-
eters are commercially available for the T3 spectral range from manufacturers such as
Ocean Optics. Miniaturisation of the pump source is more of a challenge due to the
absorption spectra of T3, which peaks around 375 nm. However, the T3 laser threshold
(=6 kW.cm~2, in solution) is close to the range of many off-the-shelf pulsed laser diode
systems operating at 375 nm and therefore, finding a suitable miniaturised pump source
should be possible. Use of other organic semiconductor materials, assuming a similar
laser threshold, with a higher peak absorption wavelength may make this challenge eas-
ier. Figure 5.9 is a summary of reported organic DFB laser thresholds from [26]. It is
expected that organic lasers with a threshold within the 0.1 to 10 kW.cm ™2 energy and
20 - 100 ns pulse duration can be optically pumped with a laser diode.

Future development of the DFB laser sensing system may incorporate miniaturisation of

the hardware using off-the-shelf components as suggested, or custom made technologies.
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FIGURE 5.9: Summary of reported organic DFB laser thresholds. The red circle in-

dicates the T3 DFB laser threshold when immersed in DI water. The blue area is an

indication of capabilities of current GaN laser diode based measurements performed at

the Institute of Photonics and extrapolation from characteristics of commercial devices
(courtesy of Dr Johannes Herrnsdorf).

5.4 Summary

The surface functionalisation strategies used for the attachment of simple oligo probes
were described. No method resulted in the demonstration of detection of the hybridi-
sation of the complementary oligo. However, progress was made in identifying which
methods warrant further investigation, namely click chemistry and sulfhydryl chemistry,
and which questions need to be answered to understand the reactions involved in surface

functionalisation.

Modelling of the T3 DFB lasers identified potential sensitivity improvements that may be
achieved by tuning the refractive index of the substrate to match that of the superstrate
and by investigating the possibility of incorporating a high index TiOs layer on the T3
surface. Realisation of potential sensitivity improvements increases the likelihood that
the T3 laser sensor can be used to detect the smallest of cardiac biomarkers, such as

BNP, upon determining a successful surface functionalisation strategy.

Finally, miniaturisation of the sensing platform should be relatively straightforward

through the use of off-the-shelf components.
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Chapter 6

Conclusions

The work presented in this thesis is the first demonstration of a DFB laser biosensor
incorporating an organic semiconductor gain layer. The aims for DFB laser develop-
ment presented at the outset of this document were to optimise the DFB laser structure
to maximise the sensitivity of the laser to refractive index changes within the super-
strate layer, to demonstrate the sensing potential of the T3 DFB laser, including specific
biomolecule detection, and to functionalise the T3 laser with oligonucleotide probes for

the specific detection of three biomarkers: ApoB, CRP and BNP.

Although there are examples of DFB lasers used for biosensing in the literature [1, 2],
the difference between previous examples and the T3 DFB laser presented in this thesis
is the type of material employed as the gain layer. T3 is an organic semiconductor that
can be used in the form of a neat, thin film as the gain producing region of the DFB
laser. This results in a relatively low lasing threshold (30 pJ.cm~2, 5 ns pulse duration
was the typical threshold of lasers presented in this thesis) compared to the threshold
of equivalent dye-doped DFB laser thresholds (180 pJ.cm™2, 10 ns pulse duration). The
laser threshold is an important parameter in terms of miniaturisation of the sensing
system, with a low threshold making pumping with a compact pump source, such as a
laser diode, possible. Indeed, laser diode, and LED, pumping of organic semiconductor

based DFB lasers has previously been demonstrated [3, 4].

Another benefit of an organic semiconductor gain layer, in comparison to a dye-doped
material, is the refractive indices of organic semiconductors are higher. As mentioned
previously, a higher gain layer index leads to an increase in the overlap of the laser mode
with the biosensing region at the laser surface. The improved sensitivity of a T3 laser
relative to a Coumarin based DFB laser was shown by comparing the shift in wavelength
due to unit changes in refractive index as a percentage of the laser emission wavelength.

For a T3 laser this was 5.1%, with a vlaue of 3.4% for a Coumarin laser. Even when
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the addition of a high index cladding layer to the laser surface was considered, for a
thin (<20 nm) TiOs2 layer thickness, the T3 DFB laser is expected to show improved
surface sensing performance relative to that of the equivalent dye-doped DFB laser.
These characteristics, low laser threshold and high sensitivity, and simple fabrication
and implementation, make organic semiconductor DFB lasers an attractive option for a

biosensing platform.

Optimisation of the thickness of the T3 gain layer was demonstrated through modelling
and experiment, with the experimental results closely following the predicted values from
the theoretical model. Other parameters of the T3 laser structure that can be optimised
include the index of the substrate and the depth of the periodic grating structure. It is
likely that optimisation of these parameters may improve the performance (sensitivity
and laser threshold) of the T3 laser sensor and may, therefore, be considered as part of

the future development of the sensing system.

Following the demonstration of non-specific bulk and surface sensing, specific detection
of avidin on a biotin functionalised T3 laser was shown. The importance of the method
used to functionalise the laser surface for biomolecule detection was highlighted by the
differences in the avidin limit of detection when different polyelectrolyte base layers were
deposited on the T3 surface prior to biotin functionalisation. The lowest detectable
concentration of avidin (1 pug.mL~!) was achieved for a PPL coated laser and is in stark
contrast to the 50 pug.mL~! achieved for a PL coated laser. Bulk and surface sensing
results indicate that the T3 DFB laser should, in theory, be able to detect two of
the three cardiac biomarkers (CRP and ApoB) identified in Chapter 1, within clinically
useful intervals. Detection of the third biomarker identified, BNP, a small protein present
in low (>100 pg.mL~!) abundance, is expected to be just out with the current limit of
detection of the sensing system but modelling has shown that even detection of BNP is

possible. For example, via the addition of a thin TiO2 cladding layer.

It was shown that the limit of detection of avidin binding to a PPL-biotin functionalised
laser was comparable to the biomolecule detection limits for TNFa (0.6 ug.mL~!) and
IgG (=0.5 pug.mL 1) detection with a dye-doped DFB laser sensor [1, 5]. As mentioned
previously, it is difficult to make a direct comparison between different sensing technolo-
gies where differing binding assays are used. For cardiac biomarker POC detection, the
level of sensitivity required depends on the biomarker to be detected and the level at
which ‘abnormal’ biomarker presence is indicative of disease. Optical technologies such
as SPR and micro-resonator based technologies can achieve very high resolution, making
single molecule detection possible [6, 7]. There may be diagnostic applications where
detection of a single biomolecule is useful, however, in cardiac biomarker assessment,

generally, the lowest useful biomolecule detection limit will be of the order of pg.mL~*
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[8]. It is expected that the DFB laser sensor presented in this thesis could detect CRP
and ApoB, as mentioned previously, and potentially BNP with further optimisation of
the sensor. Therefore, it is expected that this sensor will be able to at least match
the biomarker detection capability of other sensor technologies for detection of these
biomarkers. Furthermore, it is expected that the advantages of the DFB laser sensor,
such as simple fabrication and implementation, and the potential for excellent sensitiv-
ity, specificity and resolution, make organic semiconductor DFB laser technology well

suited for POC diagnositics.

The first demonstration of a re-usable DFB laser biosensor was also presented in this
thesis. Detection of avidin coupling and subsequent release, was achieved by replacing
the biotin functionalisation layer with a biotin analogue, desthiobiotin. Biotin, which
has a higher binding affinity for avidin than desthiobiotin, was then used to release
desthiobiotin bound avidin. For clinical applications, there are many reasons why sin-
gle use, disposable tests are widely used, e.g. prevention of cross-contamination and
reducing handling of test samples. However, a re-usable biosensing platform may be
beneficial in industries such as environmental and food monitoring where large numbers

of measurements are required [9, 10].

For any biosensor, serious consideration must be given to the prevention of non-specific
biomolecule adsorption which can lead to false positive results and reduced sensitivity.
In this thesis, the non-specific adsorption of BSA was shown to be reduced by the
functionalisation of the laser surface with biotin. Competition assays with avidin in
the presence of BSA also indicated that BSA resulted in no detectable interference for
avidin detection. This is a very encouraging result as blood contains significant levels
(~ 50 mg.mL~') of BSA, amongst other proteins, and preventing interference will be
important as the sensing system moves towards biomarker detection in clinical samples.
Future development of the sensor will have to widen the investigation into prevention
of non-specific adsorption to include other biomolecules that may result in false positive
results. And the surface chemistry used for oligonucleotide probe immobilisation will
have to be optimised to minimise non-specific adsorption and/or a post functionalisation

blocking step may have to be developed.

Finally, potential routes for functionalisation of the T3 laser surface with oligonucleotide
probes were identified. Click and sulfthydryl chemistries are both potentially viable op-
tions for the attachment of oligonucleotides to the device surface. Both methods do
require further investigation as detection of hybridisation events has not yet been ob-
served. Future development will focus on better understanding the click and sulthydryl

functionalisation events and/or other functionalisation techniques may be developed.
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Once the optimum technique for probe immobilisation has been identified and the suc-
cessful detection of complementary oligo hybridisation has been demonstrated, the step
to functionalisation of the surface for cardiac biomarker detection should be relatively

straightforward.
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Appendix A

Model details

In Chapter 2, the models used to simulate the response of the DFB laser in various

scenarios were described. The models used were originally developed by Dr Nicolas

Laurand in Mathcad. The multilayer model used for the calculation of the effective

refractive index was translated into Matlab. The Matlab code used for the results

presented in this thesis is provided in Sections A.1-A.4. The Mathcad code for the

intensity mode profile and overlap with the DFB laser structure and the multilayer

model for biomolecule binding is provided in Section A.5.

Al

Calculation of the transfer matrix

10

11

12

13

14

15

16

17

function [Mt] = transfer_M_product (pitch, Layers, beta)

oo o0 e

o

oe

o\

oe

oe

o°

o

This function calculates the product of the transfer matrix Mt.
Some parameters for the matrix are also defined here.
The output is used by the TE_dispersion function to determine

the dispersion equation to be solved

[Mt] = transfer_M_product (pitch, Layers, beta)

This script will take in the user defined values for pitch, beta and

the inputs into the layers matrix - these are entered on the script

"DFB_layers_script".

The output is the product of the transfer matrix

Wavenumber

=2 .%x pi ./ (beta .x pitch);

157
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18

19 % Refractive indices for the layers, n is the first column of the

20 % "Layers" matrix

21 n = Layers(:,1);

22

23 % Thickness of the layers, thickness is the second column of the

24 % "Layers" matrix

25 thickness = Layers(:,2);

26

27 % Directional propagation constant of mode through each layer (X
times 1 matrix)

28 alpha_layers = (n .72 - beta .72) .7 (1/2);

29

30 % Phase thickness for the layers (X times 1 matrix)

31 Phi = kO .#* alpha_layers .* thickness;

32

33 % Parameters for TE polarisation

34 % A 20 function has been created to store the value of the
inpedance of free space

35 gamma_layers = alpha_layers ./ Z0();

36

37 % Field transfer matrix relates the field amplitudes at one
position to

38 % the corresponding amplitudes at a second position. i.e. at
each of the

39 % boundaries. Mt is determined for each value of Phi

40

41 Mt = [ cos (Phi (1)), (=11 ./gamma_layers (1))
.*% sin(Phi(1));

42 -1i .% gamma_layers(l) .*x sin(Phi(1)),
cos (Phi (1)) 1;

43

44

45 % The for loop calculates the product of each of the matrices

46 % produced for each value of Phi. The output is a 2x2 matrix.

47 for ind = 2:length(Phi)

48

49 Mt = Mt x [ cos (Phi (ind)), (=11
./gamma_layers (ind)) .%x sin(Phi (ind));

50 -1i .* gamma-layers(ind) .* sin(Phi(ind)),

cos (Phi (ind)) 1;

51

52

53 end

54

55 end
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A.2 Calculation of the dispersion function

1

2 function [Dispersion] = TE_dispersion(pitch, n_sup, A, B, C, Layers, beta)

% This function calculates the dispersion equat

output is used by the neffcalc

o

ion using Mt. The

% function to determine the effective refractive index

7 % [Field] = TE_field(pitch, n_sup, A, B, C, Layers, beta)

8 % This script will take in the user defined values for pitch,
n_sup, A, B, C, beta and the inputs

9 % into the layers matrix - these are entered on the script
"DFB_layers_script".

10

11 % The output is the dispersion function that is to be solved by
the neffcalc function

12

13

14 % Refractive index of substrate (NOA65)taking into account
dispersion effects

15 n.sub = A + B ./ ((beta .x pitch) ./1le-9).72 + C ./ ((beta .x*x pitch)
./1e-9).74;

16 % If a different substrate is used, i.e. NOA85, then put number
in as below

17 % n_sub = 1.55;

18

19 % Directional propagation constant of mode through substrate

20 alpha_sub = (n_sub .72 - beta ."2) .7 (1/2);

21

22 % Directional propagation constant of mode through superstrate

23 alpha_sup = (n_sup ."2 - beta ."2) .7 (1/2);

24

25 gamma_sub = alpha_sub ./ 70();

26 gamma_-sup = alpha_sup ./ Z0();

27

28 % n_a, this inserts the refractive index for n_a into the layers
matrix

29 Layers (end,1l) = 1.7385 + (9.511e8 .%2 .*x exp( — ((beta .x pitch)
./ 1le=9) ./ 18.1467));

30 % when you want to define n_a

31 % Layers (end,1l) = 1.52;

32

33 % The transfer M product function calculates Mt. This is inputed here

34 % and used in the Dispersion equation below.

35 [Mt] = transfer_M_product (pitch, Layers, beta);
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36

37 Dispersion = imag( gamma.sup .* Mt (1l,1)

38 + gamma_sup .* gamma-sub .x Mt (1,2)
39 + Mt (2,1)

40 + gamma_sub .x Mt (2,2) );

41

42 end

A.3 Calculation of

2 function [neff, Dispersion] = neffcalc(pitch, n_sup, A, B, C, Layers)

This function solves the dispersion equation for the TE wave

S
o°

6 % [neff, field] = neffcalc(pitch, n_sup, A, B, C, Layers)
7 % This script will take in the user defined values for pitch,

n_sup, A, B,
8 % C, and the inputs into the layers matrix - these are entered on

the script "DFB_layers._script".

10 % The outputs are values of n_eff and the electric field amplitudes
11
12 % fminopts allows you to control the optimisation parameters.

"TolX" is the

13 % termination tolerance on x which is beta in this case, "TolFun"
is the
14 % termination tolerance on the function value. We want to

minimise the
15 % dispersion equation for the E field whilst keeping the value

positive by trying

16 % different values of beta.

17

18 fminopts = optimset ( TolX , le-6, TolFun , 1le-8);

19

20 % "fminsearch" is a Matlab function that finds the minimum of a

scalar function of several
21 % variables, starting at an initial estimate (set here to 1.8).

This is generally

22 % referred to as unconstrained nonlinear optimization.
23
24 % Fminsearch expects there to only be one input, as we have 7

inputs, an anonymous
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o

25 % function (f_to_minimise) 1s used to tell it that beta is the
value to be minimised.

26

27 neff = abs( fminsearch (@ (beta) f_-to.minimise (pitch, n_sup, A, B,
C, Layers, beta), 1.8, fminopts) );

28

29
30 % TE_dispersion is the script containing the dispersion equation
for the E field and Mt
31 % and various other parameters required for the calculation of
each M
32 Dispersion = TE_.dispersion(pitch, n_sup, A, B, C, Layers, neff);
33
34 end
35
36 % This is the anonymous function. As this is placed in this script
37 % below the TE_field function, only the other functions within this
38 % script can see this function. This controls how fminsearch finds a
39 % "good" wvalue of beta. If beta produces a negative field equation
40 % the score of this number is multiplied by 20, making the score
higher
41 % means that the beta value will be rejected and a new beta will
be tried.
42 function Dispersion = f_ tominimise (pitch, n_sup, A, B, C, Layers, beta)
43
44 Dispersion = TE_.dispersion(pitch, n_sup, A, B, C, Layers, abs(beta));
45
46 if Dispersion < 0
47 Dispersion = 20 % Dispersion;
48 end
49
50 Dispersion = abs(Dispersion);
51
52 end

A.4 Script used to define DFB laser parameters

o

3 % DFB_layers_script.m
4 % Matlab version of NL s Mathcad programme to calculate the shift expected
5 % with changing refractive index for the build up of layers on the laser

6 % surface
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

% [ neff(ind), field(ind)] = neffcalc(pitch, n_sup, A, B, C, Layers)
% This script will take in the user defined values for pitch, n_sup,
A, B,

% C, and the inputs into the layers matrix.

% The output is a graph of layer thickness versus shift in wavelength

for TE modes.

% **k*xx*x*kWhen simulating with Ti02 layer the best guess for neff may
have to be increased in neffcalcsskkxx
% Define the value of n_sup

n_sup = 1.35;

% Take into account the wavelength dependent index of the substrate
(Norland 65)using a

o

% Cauchy relation (from Thorlabs website)

A = 1.50631;

B = 5435.62;

C = 2.77798e7;

% Define the wvalue of Bragg wavelength in nm
lambda = 430e-9;

% Define the pitch of the grating in nm

pitch = 277e-9;

% Define the thickness of layers La and Lb in nm
Lb = 10 *x 1le-9;

La = 0 x 1le-9;

o°

The parameters of the layers are inserted into the matrix below. The

loop takes in the laser parameters and calls the "neffcalc" function

o\

o\

which is used to determine the effective refractive index (see notes

o

within "neffcalc". An n_eff value is produced for each increment of Lb

for ind = 1l:numel (Lb)

Layers = [ 1.45, La; 1.49, Lb(ind); NaN, 75e-9 1;
[ neff(ind), Dispersion(ind)] = neffcalc(pitch, n_sup, A, B, C,
Layers) ;

end
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A.5 Mathcad models of the intensity mode profile and
overlap and the multilayer model for biomolecule bind-

ing

Multilayer planar waveguide - Calculations of modal effective refractive index -
Extension to DFB structures and use for sensing applications

Ref Thin-films field-transfer matric theory of planarmultisyerwaveguides and reflection from prism-oaded
waveguides', J. Opt. Soc. Am. A, 1,7, 742 (1984)

1/ Multilayer planar wavegquide

Constant
M 276
E(E) = = ot Impedance of free space - use the value unitless here
AR . 2747305134500 becsuse Mathced does not handle matrix elements of
0 different units
AN
P -B-— | Equation that fits the index measurement of T3,
e

na(f) = 1.7385+ 9_5111.3.5.1.&-;’9 taken by ellipsometry, from S5t Andrews

\ 18.1467)

Refractive indices forzubsirate snd zupersiraie

A = 15063 B = 54358 £ = 1777080
HEUB(B) m A + B - c . Cauchy formula forthe NOA
(B-AY" [B-aY
W DR
nEup - 1,340
Structure
¥ Totalnumberof layers excluding substrete and supersrate

For userto enterlayerstructure dats - each matrix row represent a layer(layer1, 2, 3 etc...). The
first column is the refractive index and the second column is the layerthickness in nm. First row
should indicate the layer closest to the superstrate and then follow the orderof the structure up to
the last layer before the substrate. The numberof rows must match X value right sbove.
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146 100

142 ZJ
wralBy 73

o
wB) = Laperzif)

Lapers(P) =

{1
LiB) o= Lapers(B)™ -nom
Transfermatr caleulstion

Calculation of Mt the transfer matric of the layers between substrate and superstrate.

Fm0X -1
1 1 1

2 ' . .
alj B} = H»{ﬁ)jf - 51] asub(B) = subip)” - B asup(B) = | nsug” - B

S BY = BB Yol B)-LIB);

TE modes
) , _ asub(B) ) _ asup(B)
108y - T cub () = S cup () = T2
T modes
g py = 2Bz
B ]
f (B iy, BY |
[1rly . =& .
MG ,B) = ' 105 ' J
SO, BY eon(@ BY)
(9B ey, |
[l . =5 .
MTM( B) = ' M G B ' J
\SITM GBSO BY) cor(®G B
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x-1 x-1
Mpy = [ ™GB MIM(B) = [ Mmnei B
v:' -l v:' -

B :=1.3,1.3001.1.840

00 T T T
It ) M5 Y vl 8 st B M8 ot oM B P i o 4
J{.El-.ﬂ(ﬂ-,'--'rf(ﬂ,~:|.-:v-.El-.ﬂ(ﬂ,".fhf(ﬂ,'--'rf(ﬂ,~11—-'rf(ﬂ,',']..ﬁfhf(ﬂ,'--'ff(ﬂ,'l.l_
o+ i
1 1
15 155 16 1.65

Determination of effective refractive indices for:

TE modes
n B o= 1,700

ngfftempme | while B > rul(B)
nlf = (while D aup (B M B o+ vous(Brosub(BRMER), |+ MAB)) o+ vaub(BRMEE)Y, | > 0.0000
B «pF - 0.0001
]
B < ngff - 0.01

i+l

ngfl

[ 1.5594%}|
= | 130029
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ngff = | Sor i =0 lasnefteme) — 1§ lase{ngftemy) » 0
ngff, + ngfftemp,

nefll" — nefftemp othersise
L

ngff = (1.56049

Modes profiles - TE

This section plots the mode profile forthe TE modes. To choose which modes to plot (if several
modes exist) the comect effective refractive index neff as calculated sbove need to be chosen
[for example neffl forthe TED mode).

Ref:

The approach taken here consists in initialising the amplitude of the fields Wand \ (8= defined
in abowve ref) at the interface of the multilayerwith the substrate. Thea field in the substrate and
therefore at this interface are linked by W=y U. U is arbitrarily chosen as 1 atthe interface. In
ournotation, the interface between the first layerand the superstrate is the interface 0 and
therefore the interface at the substrate where the field is initislised is the interface numberX (X
being the numberoflayers between the superstrate and the substate.

Once Lk and Vxare known it is & simple mannerof using the transfer matrec of each layerto
deduce the fields at each interface (from X to 0).

Once allthe fields atinterface are known, the form of the fieldsin each layeris obtasined using
eq 34 from the ref. The field in the substrate and superstrate are evanescent

Inifialisation
jmX neff = neffy
il Fr e muk (nefln- LG
U= T B B = mgff

o
Determinafion of the amplitudes ateach inferface
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U |while j21
Uiy < MG - Luathy g U; + MU - Lnaffy 1 7;

V) MG - L) U + MG - Lughy ¥

Pej—1

Vom |while 21
Uiy MG -1l gU; + MU - Ly 7

Vi MG - Loy GU; + MG - Loy 1V,

fej—1

Calculafion of the mode profile
MNote that for TE mode U=E

- - - =HE(E ] ma - x-m .
Eiz) 2= [E £ Lpe = &z 40

:xcs:mnm[[r-z '.:-m.s:"","] u] -
E & Lie Eh £z7 T Lo |<'>'_Ik
-
xX=-1
0< o £ r £
E o |0 08z F | Lot
e 25 -1 P
£ £, rend bE-aty melH| |2 - E [E—"1 * e k- e || 2 - E [trcrae ™, ||
i e i
ne o |y £
trokr 122 £ 3 (e,
Emd
Index Profile  Index(x) = |Index «— wrwp §Fx <0
X-1 ‘
i {19
Fndex +— moub(B) i x > Z \Lapers(p)™ |
Emd
X-1, .
Tndee e |j 0 Fo<xs Y (Lapers(py™),
whilej X -1 Emd
ey« n(p);

by s
breat F0<x< Y \Zapers(py™Y),
E-0

fa—j+1
| Jadex

| Dadex
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Plot infensify mode profiles and the refractive index sfructure
¥ = =100, 000 50

15( | Exy| )

Tden(x)

=100 o 100 200
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Calculafion of the overlap factor

This section calculstes the overaps of the mode with the last lsyerof the multilayer section (i.e. the
last layer before the substrate orforourtypical DFB laserthe active region)

;'-1”2— A4 =0 Agrating = |4 <0
X1 L), Xx-1 L(p); i-1 L{B); {x-1 f-{ﬁ:';'
Jor N o= _ —_— for W _ —_— -5
Z e i o s Z i Z o
im@ Pm fm Wi=D A

4 =4+ (|Em])

A A4
Agrati
_ A Tgrating = ETaE
L= o000 10000 .
3 (el 2 lEels
S oo X = — 10000
Abig = |4 0 sup = (A =0
L), Jor N e 0..-10000
Jor Wl —— ) e
] Ae—d+(|lE T
Aed+ (B T 4
4
Abi i
Thip m ——— 0 Toup - Ay
10000 _ N 10000 -
> Eml > el
X = — 10000 X = — 10000
T - 0.3505453131¢ Thiz = 003004833588

_ . . CTiOZ - 0.00958377661
Terating - 02501842013

Tsup = 0.10754503015
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Multilayer planar waveguide - Calculations of modal effective refractive index -
Extension to DFB structures and use for sensing applications

Ref Thin-films field-transfer matric theony of planar multilayerwaveguides and reflection from prisr-loaded
waveguides', J. Opt. Soc. Am. A, 1,7, T42 [19E84)

1/ Multilayer planar wavequide

Constant
A 2T T
E(B) ;-i I Impedance of free space - use the value unitless here
A-B . 2137305134600 becsuse Mathcad does not handle matrix elements of
8 different units
4 A
| -f-— Equation that fits the index measurement of T3,

naif) = 1.7385+ 9_5111.3.5.;,&-;’9 taken by ellipsometry, from St Andrews

\, 181467/

Refractive indices forsubzatrate snd superzirafe

A = 1.5063 B = 54358 g 27770810
REUB(E) m A + B . c . Cauchy formula forthe NOA
(B -.1“-|‘ (B -.1“-|
Lo Lo
s - 130
Refractive index forthin-layerof immobilised analytes (based on effective medium approximation,
Bruggeman)
= = 148
= 1.35
S =1
Given
a =l — s s —sm
i Y Eitam
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() = Minerr (sav)

nb{p) = Jsip)
nb(0.5 = 140454136142
Btructurs
¥ omd Total numberof layers excluding substrate and superstrate

For userto enterlayer structure data - each matrix row represent a layer(layer1, 2, 3 etc..). The
first columin is the refractive index and the second column is the layerthickness in nm. First row
should indicate the layer closest to the superstrate and then follow the order of the structure up to
the last layerbefore the substrate. The numberof rows must match X value right above.

a’m} 4 A
Layers(p p) 15 1.5
EFS . -
# 245 2D
\_M{ E ._'5_,-
W .2} = Lavers(B p)
LB ) = Layerc(B p) ¥ rom

Transfer matric caleulation

Calculation of Nt the transfermatrix of the layers between substrate and superstrate.

Jom0.X -1
1 1 1

alf B .p) = H_n{ﬁ 2] - EJ-IH:EHE} = by - 2 asup(p) = | nrup” - B
3 -B.p) = EBY5G B 2)LE.2)
TE modes

i n ey OB ) _ osub(p) ) _ oaun(p)

1.5 .2) = sub () = 2 wup () = 2
™ modes

R P L

(nee 23,



Appendix A. Model details

172

—L

[ cor( @ B 2 SN D( B .2)) |
M. B.r)- LB ‘

W B P e B P con B B 2D

y

- AT B2 Tt ey .E.e) |
MIMG B 5) = = d TG B d ‘

I B st T LB ED) cos( LB

2

X-1 X-1
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The sensing capabilities of an all-organic semiconductor distributed feedback laser based on star-shaped
truxene-core molecules are described. Two assays are presented as a proof-of-principle demonstration.
In the first, concentration changes in the range of 5-60% (v/v) glycerol solution in water were measured
with a bulk detection sensitivity of 21 nm per refractive index unit. Secondly, layer-by-layer adsorption of
polyelectrolytes to the laser surface, up to a thickness of ~45 nm, was measured. The experimental results
from both assays are compared to, and shown to agree with, a theoretical model. Organic semiconductor

Ié?g’ ';Vr?ircds" lasers of this type have a number of attractions including ease of large-scale fabrication, incorporation
Semiconductor into existing assay equipment and no rigid optical alignment constraints for excitation and collection
Laser of emission, which makes them well-suited to sensing applications. Therefore, it is expected that this
Sensor technology will be useful in biosensing applications where label-free samples are investigated.

Plastic © 2013 Elsevier B.V. All rights reserved.
Truxene

1. Introduction

Optical sensor technologies are used widely throughout a
diverse range of industries and are ideal platforms for highly sensi-
tive and possibly specific, non-intrusive sensing. In particular, their
capacity for label-free detection and flexibility for multiplexing
and incorporation into lab-on-a-chip systems as well as standard
assay formats make them well suited to the detection of biolog-
ically relevant analytes within the life sciences. Consequently, a
number of optical biosensors including photonic crystal [1,2], sur-
face plasmon-polariton [3] and micro-resonator [4] devices are the
focus of intensive investigation, while early versions of some of
these technologies can be found in commercially deployed systems
[5,6]. Each of these technologies has inherent advantages and dis-
advantages. For example, micro-resonator based sensors possess
very high resolution, making single molecule detection possible,
but can be difficult to implement as stringent optical alignment
is often required [7,8]. Also, microresonators with a high Q-factor
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generally achieve their higher resolution at the expense of sensi-
tivity, i.e. a reduction in the magnitude of the shift in wavelength
per refractive index unit (RIU).

A recent addition to this family of biosensors is the organic
distributed feedback (DFB) laser platform [9,10], an active cavity
sensor that enables both sensitivity and high resolution. The sur-
face of a DFB laser can be functionalised for the detection of specific
analytes; upon binding target analytes, there will be a small change
in the refractive index at the laser surface which translates to a
corresponding change in the emission wavelength that is detected.
Although the Q-factor for such laser cavities is typically lower than
that of a micro-resonator, this is compensated by the fact that these
sensors are active cavities and stimulated emission results in nar-
row resonances for single mode emission [10]. Hence the resolution
of the overall system is high, despite the Q-factor of the cavity
being moderate. In addition, DFB laser sensors have a number of
attractive attributes which are particularly well suited to label-free
biosensing applications, including (i) simple implementation; the
laser generates and outputs its own coherent (spectrally narrow)
light for sensing, therefore relaxing optical alignment tolerances
compared to other solutions [10,11], (ii) the platform can be fabri-
cated through solution-processing and soft-material patterning, to
enable large scale production [12,13] and (iii) an all-organic laser
structure can be made to be mechanically flexible or conformable,
thereby providing a platform where the sensing surface need not
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Fig. 1. Schematic representation of the DFB laser structure. The substrate is
imprinted with a grating structure with a 276 nm period and a grating depth of
50 nm. The organic active layer is spin-coated directly on top and has a thickness
of ~70 nm. Solid and dashed arrows represent incident and Bragg reflected waves
respectively.

be planar and facilitates integration into existing assay equipment
[10,14]. Currently their wider utility as a sensing platform has not
been extensively explored.

The only DFB laser biosensor reported to date uses a dye-doped
polymer (active laser material incorporated in a transparent plas-
tic matrix) as the gain material [9,15]. This biosensor can detect
different biomolecules with a sensitivity of 17-100nm per RIU
with resolution of 0.15-0.09 nm, respectively [9,15]. By utilising an
organic semiconductor rather than a dye-doped polymer as gain
material, there is potential both to match these sensitivity and
resolution values and to enhance the overall sensor characteris-
tics. Organic semiconductors are much less prone to quenching
than dyes, which makes the use of a dense solid-state film of
‘neat’ active material for the fabrication of lasers possible [16]. The
refractive index of such a neat thin film is greater than that of a
dye-doped polymer, leading to higher light-matter interactions and
the expectation of higher efficiencies. The lowest reported oscilla-
tion thresholds for organic lasers were obtained with neat organic
semiconductors [17] and the recently demonstrated LED-pumped
plastic lasers were also based on this type of gain material [18].
Finally, organic semiconductors are capable of charge transport
[19,20]. Therefore, should the challenges of electrically pumping
organic semiconductor lasers be overcome, an organic semiconduc-
tor laser sensor would be well positioned to exploit such advances
and remove the need for optical excitation of the gain material.

In this paper, we present a DFB laser sensor that consists of
a nanostructured plastic substrate over-coated with a thin film
of star-shaped, truxene-based light-emitting material acting as
the gain region. We demonstrate that the laser sensor can detect
changes in bulk glycerol solution concentrations and the thin
(<5nm) layer-by-layer adsorption of polyelectrolytes to the laser
surface. The sensing concept, including a simple analytical model
used to validate experimental results and inform the fine tuning of
the device structure, and the principal characteristics of our lasers
are outlined.

2. Materials and methods
2.1. Device concept and design

The laser sensor is based on a second-order vertically emitting
DFB laser. The structure consists of a three-layer planar wave-
guide with a thin gain layer of thickness t and refractive index
ng; and substrate and superstrate layers with refractive indices
of ng,, and nsyp respectively, as shown in Fig. 1. The substrate is

patterned with a periodic nanostructure (period, A, 276 nm; grat-
ing depth, 8t, 50 nm) which provides both the out-coupling and
feedback mechanism for the laser. The gain layer is an organic semi-
conductor composed of fluorescent tris(terfluorenyl)truxene (T3):
monodisperse star-shaped oligomers which have high photolumi-
nescence quantum yields in both solution and the solid-state and
form low-loss waveguiding films onto a substrate when deposited
from solution [12,14,21,22]. Low threshold laser oscillation uti-
lising this gain material has recently been demonstrated [22]. T3
has peak absorbance at 370nm and emission peaks at 425 and
442 nm, with a refractive index of 1.81 at 430nm in a thin film
[22] which is higher than the refractive indices of the substrate and
superstrate, i.e. forming a planar waveguide.

Emission from the DFB laser is governed by the Bragg equation,
Eq. (1), where A is the Bragg wavelength (the mode emitted from
the laser surface oscillates at or close to this wavelength), ngg is
the effective refractive index of the mode (which is a function of
the refractive indices of the three layers of the DFB structure and
the gain layer thickness), and A is the grating period as defined
previously.

A :neffA (1)

For a second-order grating, counter-propagating modes couple
through the second order of diffraction while the first order cou-
ples waves vertically out of the laser structure as shown in Fig. 1. It
is this out-coupled laser emission that is detected for wavelength
monitoring and hence sensing.

Eq. (1) demonstrates that changes in the effective refractive
index result in a change in the wavelength of the emission from
the DFB laser. All values used to determine .y, excluding ngyp, are
fixed, therefore changes in the optical properties at the DFB laser
surface can be detected by monitoring the shift in the emission
wavelength of the laser.

2.2. Fabrication of DFB structure

The diffraction grating within the substrate layer was obtained
by replicating a silica master grating into Norland 65 optical epoxy
(Norland Products Inc., Cranbury, NJ). For this, the epoxy was
drop-coated onto the master grating surface and a 15 mm x 15 mm
commercially available acetate sheet of 0.1 mm thickness was
placed on top of the epoxy which was subsequently photocured
with a UV lamp (exposure dose ~30]cm~2, spectrum centred at
370nm). After curing, the grating-imprinted epoxy was peeled
from the master grating and cured under the UV lamp for a further
60 min.

The T3 oligomer solution was prepared by adding T3 to
toluene (Fisher Scientific, Leicestershire UK) at a concentration of
20 mg mL~1. The solution was vortexed briefly to ensure the T3 was
completely dissolved. 20 L of solution was subsequently spin-
coated on the surface of the grating imprinted epoxy at 3.2 krpm
for 90 s (toluene is expected to have no effect on the cured epoxy
structure as suggested by the supplier [23]). The thickness of the
oligomer layer for a range of spinning speed was investigated
in order to obtain single transverse mode operation and the
maximum shift in Bragg wavelength for each unit change in ngyp.
It was found that a speed of 3.2 krpm resulted in an oligomer layer
of thickness within the region of 704+ 10.0 nm as measured using
atomic force microscopy and in the maximum shift in wavelength
as demonstrated for the current structure by experimental and
modelled data. This standardised fabrication process results in
single mode DFB laser structures for >95% of devices. Spin coating
of the oligomer layer is not feasible for large scale production of
laser devices. ‘Horizontal dipping’ is a process that has been used
to fabricate similar laser structures over a relatively large surface
area [13] and could replace the spin-coating step described here. In
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Fig. 2. The optical set-up for pumping the DFB lasers and collecting the outcoupled
emission. Light from a frequency-tripled, Q switched Nd:YAG laser was extended
and attenuated before being focused by a 12.5 cm lens at an angle of ~45° on to the
DFB laser held within a cuvette. Emission from the DFB laser is collected normal to
the laser surface by a 50-m core optical fibre and transferred to a grating-coupled
CCD spectrometer.

addition, room-temperature nanoimprint lithography could
provide a method of patterning the oligomer layer directly with a
grating structure and simplifying the fabrication further [24,25].

2.3. Model for the determination of the laser wavelength shifts
upon sensing

The effective refractive indices of DFB laser modes can be deter-
mined by solving Maxwell’s equations as described by a number
of different numerical models [26-29]. In this paper, a modified
one-layer slab model of the DFB laser was used for numerical eval-
uation of the effective refractive indices of the laser modes, as well
as the expected laser wavelength shifts in the case of bulk refrac-
tive index sensing. The effect of the periodic modulation induced by
the grating was taken into account. The approach involved approx-
imating the DFB laser structure as a periodic juxtaposition of two
slab waveguides with the periodicity given by the grating. These
two waveguides comprise of a semi-infinite substrate of refractive
index ng,, a core region made of the organic T3 oligomer with an
index ng and a thickness t and t + §t respectively (5t being the modu-
lation depth of the grating as indicated in Fig. 1) and a semi-infinite
superstrate region of index ng,p. The value of 6t was set at 50 nm,
which corresponds to the experimental structures. Intermediate
effective refractive indices of these two guides, ey and nep,, were
then calculated by considering them independent from each other
and solving the corresponding slab waveguide dispersion relation
for a given transverse mode [28,29]. The approximation made was
that the grating modulation does not affect the laser mode (the
difference between n.q and nep, at an oligomer layer thickness of
70 nm was calculated as 0.0415), which is considered to be equiv-
alent to an overall guided mode having a refractive index negs =
(neg1 +Negrp)[2. All transverse modes could be obtained in this way;
experimentally, all our lasers were found to oscillate on the funda-
mental TEy mode only and therefore only this mode was analysed.
The refractive index dispersions of both the substrate material, Nor-
land 65 optical epoxy, and of the organic semiconductor were also
taken into account in the model. The dispersion of the substrate
was obtained using Cauchy’s equation, Eq. (2), with A=1.50631,
B=5435.62 and C=2.77798 x 107 as given by the supplier [30]. The
refractive index dispersion for T3 was taken from our published
results [22].

B C
FERT

Once the effective refractive index of the mode was determined,
the oscillating wavelength of the laser was calculated using Eq. (1).
This wavelength was calculated for varying thickness t and for dif-
ferent values of ng in order to predict the wavelength shift of
different solutions. This intuitive model can also be used to inves-
tigate optimisation of the DFB sensor structure, for example to
improve sensitivity.

For surface sensing (e.g. nano-layer adsorption detection), the
model was extended to a multilayer structure, still enclosed
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Fig. 3. Arepresentative laser emission spectrum using our DFB laser. Data are fitted
to a Gaussian curve in order to determine the peak wavelength. Laser emission is
typically observed to be around 430 nm and the linewidth, AA, of the spectral peak
is at the limit of our spectrometer. The insert shows the emission intensity with
increasing pump power, demonstrating a threshold energy of approximately 2.5 n].

between semi-infinite substrate and superstrate [31]. An arbitrary
number of layers of thickness t; and refractive index n; can be added
above the T3 layer, i being the number index of the layer. In this
instance, the dispersion relation to be solved depends on the ele-
ments of the multilayer transmission matrix [31]. The expected
shift for the build-up of polyelectrolytes on top of the laser was cal-
culated for the TEy mode. All other parameters were as described
above. In the same way, the model could be used to predict the
wavelength shift for biomolecule adsorption to the laser surface.

3. Results
3.1. Optical characterisation

The beam from a frequency-tripled, Q switched Nd:YAG laser
(355 nm, 10 Hz repetition rate) was extended and attenuated before
being focused by a 12.5 cm lens on the DFB laser held withina quartz
cuvette. The DFB laser was attached to one inner face of the cuvette
so that the T3 surface was exposed to the solvent within the cuvette.
Measurements of the emission from the DFB laser were performed
by photopumping the DFB laser through the cuvette wall, at an
angle of approximately 45° to the surface normal. Outcoupled emis-
sion was collected via a 50-pum core optical fibre, positioned normal
to the cuvette surface as shown in Fig. 2. The other end of the
fibre was directly plugged into a grating-coupled CCD spectrometer
channel with resolution of 0.13 nm.

Fig. 3 shows the laser spectrum observed when the sensor
surface is exposed to air. Reducing the pump spot area from
60 x 103 mm? to 4 x 10~3 mm? resulted in a decrease in linewidth,
A, from 0.2nm to the resolution limit of the spectrometer
(0.13 nm). The central wavelength and linewidth was determined
from a Gaussian fit to the data. As the linewidth of laser emission
is at the limit of the spectrometer resolution, spectra are often fit-
ted using only two data points, as shown in Fig. 3, this may lead to
a fitting error but it is considered to provide the best estimate of
the central wavelength and linewidth [13]. By analogy with passive
resonators, a Q-factor (A/AX) for a laser oscillator can be defined.
Although this factor then refers to different physical processes for
different types of devices, it can be universally used to characterise
the spectral purity of sensor systems based on spectral measure-
ments. The Q-factor for the overall DFB laser system, as calculated
from the fitted data in Fig. 3, is 3580 and is limited here by the reso-
lution of the spectrometer. The inset in Fig. 3 shows the relationship
between the laser emission intensity and the pump beam energy,
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Fig. 4. (a) Typical emission spectra observed in air and water. (b) Modelled shift
in wavelength versus thickness of the organic semiconductor layer for DFB laser.
At a 75nm thickness the expected shift in wavelength due to water is 3.38 nm,
comparable to the average experimental result of 3.33 £0.07 nm.

demonstrating a threshold energy of 2.5 n] which corresponds to
a fluence of approximately 60 ] cm~2. In solution, the threshold
fluence tends to decrease and is around two times lower than the
air measurement.

3.2. Comparison of theoretical and experimental wavelength
values

A T3 laser was fabricated as described above and taped to an
inner face of a large quartz cuvette (Starna Scientific Ltd, Essex,
UK). The T3 laser was optically pumped with a Nd:YAG laser and
the optical fibre adjusted for maximum light coupling. The emis-
sion spectra were recorded in air; the cuvette was then filled with
de-ionised (DI) water (Millipore, Watford UK), refractive index 1.34
at 430 nm, and the spectral data recorded again. The DI water was
then pipetted from the cuvette and the emission spectra recorded.
A typical set of air-water-air spectra are shown in Fig. 4a. The shift
in wavelength observed for the change in refractive index due to
the water was on average 3.33 +0.07 nm. The theoretical shift in
wavelength for the difference in refractive index between air and
water was calculated using the model described previously. The
output from the model is the expected shift for a range of organic
semiconductor layer thicknesses, as shown in Fig. 4b. At a thick-
ness of 75 nm, which is within the thickness range measured for
the laser, the expected shift is 3.38 nm, which is very close to the
experimental shift.
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Fig. 5. (a) Redshift in lasing wavelength with increasing glycerol concentration. (b)
Comparison of experimental and theoretical shift for increasing glycerol concen-
tration. Error bars indicate the standard deviation between the shift in wavelength
observed for each glycerol concentration for different positions within a single laser
sensor and between different laser sensors.

3.3. Bulk refractive index sensing

Glycerol solutions of varying concentrations, and therefore
varying refractive indices, were created by serially diluting 60%
(v/v) glycerol in DI water down to a 5% solution. A T3 laser was
taped into the cuvette as per previous set-up (Fig. 2). A set of
air-water-air emission spectra were recorded before adding the
5% glycerol solution to the cuvette and recording the spectra. The
5% glycerol solution was removed and the emission wavelength
returned to the ‘air’ wavelength before the next glycerol solution
was added to the cuvette. This process was repeated for all glycerol
concentrations with the emission wavelength returning to the air
wavelength upon solution removal each time. The measurements
were also repeated for excitation at different positions within the
DFB laser sensor. The emission spectra for each of the glycerol
measurements are shown in Fig. 5a. Due to small differences in
the thickness of the gain layer over the surface area of the DFB
laser, and between laser structures, there can be a slight difference
between the shifts in emission wavelength per refractive index
unit. However, these differences were accounted for by calibrat-
ing the glycerol spectra to the shift attributed to water for each
set of measurements. The calibrated average shifts in wavelength
for each of the glycerol concentrations are shown in Fig. 5b. In
addition, there can be small differences between the linewidth for
spectra recorded in air and in solution. For example, the linewidth
for the initial air spectra, shown in Fig. 5a, and upon removal of
the 60% glycerol solution were 0.18 nm and 0.17 nm respectively,
and the linewidths for the 5% and 60% glycerol solution spectra
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were 0.27 nm and 0.29 nm respectively. It is expected that the small
increase in linewidth between air and solution measurements may
be due to a slight swelling of the oligomer layer when in solution.

Our theoretical model was also used to generate the expected
shiftin wavelength for each of the different glycerol concentrations.
The refractive indices for each of the glycerol solutions at 450 nm
[32] were inserted into the model for ng,, and the shift in wave-
length for an organic semiconductor layer thickness of 75 nm was
recorded. The modelled data are plotted alongside the experimen-
tal data in Fig. 5b, showing good agreement.

3.4. Detection of adsorbed nano-layers

In order to demonstrate detection of layer-by-layer adsorp-
tion of thin films at the DFB laser sensor surface, a stack of
alternately charged polyelectrolyte nano-layers were adsorbed
on top of the organic semiconductor. The polyelectrolytes used,
poly(ethyleneimine) (PEI), poly(allylamine hydrochloride) (PAH)
and poly(sodium 4-styrenesulfonate) (PSS), have been well char-
acterised and are known to form a self-limiting monolayer, the
thickness of which can be controlled by varying the salt con-
centration of the solution. The initial layers closest to the sensor
surface are expected to be thinner than subsequent layers, with
the thickness increasing until a plateau is reached around the sixth
anionic-cationic layer [33,34], at which point alternating layers are
expected to have a constant thickness of ~4-5nm and a refractive
index of 1.49 when deposited from a solution containing 0.9 M NaCl
[35]. Polyelectrolyte solutions of anionic PSS (My =70,000) and
cationic PAH (My =58,000) and branched-PEI (My,=60,000) were
prepared without further purification in 0.9 M pH 7 Nacl (all Sigma
Aldrich, UK) to a concentration of 5mgmL~1. The laser fabrication
was altered slightly to incorporate mounting of the DFB laser within
a small, custom-made demountable cuvette (Comar Instruments,
Cambridge, UK) - the substrate was fixed to the inner surface of the
cuvette using Norland 65 optical epoxy, photocured under the UV
lamp for 3 min before spin-coating 20 L of 20 mg mL~! T3 solution
onto the substrate. Emission spectra in air, water and NaCl were
recorded before adding the PEI solution to the cuvette. The solu-
tion was left in the cuvette for 10 min and spectra were recorded
every 30s. The PEI solution was removed and the cuvette and laser
sensor were washed twice with NaCl. Five sets of PSS-PAH layers
were then formed on the laser surface following the same protocol
as for the PEI adsorption with two NaCl washes between each new
layer. Fig. 6a shows the wavelength shift relative to the shift due to
NacCl solution for each of the polyelectrolyte layers with time. The
insert in Fig. 6a shows a schematic of the laser sensor with adsorbed
polyelectrolyte layers and the refractive index associated with each
layer.

The output from the multilayer model with the refractive index
of each layer and the superstrate (i.e. NaCl solution) set to 1.49 and
1.36, respectively, is shown in Fig. 6b. The average shift in wave-
length for each adsorbed polyelectrolyte layer (refractive index
1.49) obtained from Fig. 6a is also plotted in Fig. 6b considering
two scenarios: (i) each layer is considered to be 5 nm thick (blue x)
and (ii) the thicknesses of the first six layers are matched to overlap
the modelled data while the subsequent layers are considered to
be 5nm thick (red +). Case (ii) is justified because it takes approxi-
mately six deposited layers before uniform adsorption is achieved
and subsequent deposited layers have a constant thickness.

4. Discussion

Sensitivity and specificity are important factors for any sensor
and as the laser sensor signal in this case is a shift in laser emis-
sion wavelength, spectral purity is critical. In order to maximise
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Fig. 6. (a) The increase in wavelength shift with the addition of each polyelectrolyte
layer, adsorbed over a 10-min period. Insert schematic shows the laser structure and
associated refractive indices for the substrate (ng,;), organic oligomer layer (n,) and
superstrate (ngp) with i adsorbed polyelectrolyte layers (n to n;). (b) The mean
shift in wavelength for each adsorbed polyelectrolyte layer is plotted alongside the
output from the multilayer model. Error bars indicate the standard deviation of the
shift in wavelength over the spectra recorded every 30s for 10 min.

the sensitivity of the DFB laser, the linewidth was minimised by
decreasing the size of the focused pump spot. Doing so minimised
the number of lateral modes which can oscillate and are known to
affect the linewidth [36]. The resulting Q-factor of the laser sensor
system was found to be 3580 limited here (as mentioned above)
by the spectrometer resolution and not the laser itself. Further nar-
rowing of the emission linewidth, via further reduction in the pump
spot size and further tuning of the laser structure, and the use of a
spectrometer with improved resolution, should lead to an increase
in the Q-factor for the system. The current laser structures typi-
cally have a threshold fluence of approximately 60 pJcm~2 in air
and 30 pJcm—2 in DI water. The decrease in threshold when the
laser is immersed in a liquid, relative to that in air, is caused by
the increase in the superstrate refractive index. This increase pulls
the laser mode away from the substrate, which results in a better
overlap with the organic semiconductor gain region. The thresh-
old fluence in water corresponds to a power density of the order
of 6kWcem~—2 and therefore it is expected that optical pumping
will eventually be possible with a ‘Blu-ray’ gallium nitride (GaN)
laser diode, as has already been demonstrated for other organic
lasers [37]. There is also scope for LED pumping if the threshold
is reduced further [18]. Diode-laser and/or LED pumping will be
important for the miniaturisation of the sensor system. Reaching
these targets will necessitate tuning of the organic semiconductor
absorption to the optimum spectral window for GaN technology
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(405-450 nm). Large numbers of emission spectra (>360) have been
captured for a single position within a DFB laser. Although there is a
slight decrease in emission intensity with longer pumping time, the
linewidth remains narrow (for example, a linewidth of 0.27 nm and
0.30 nm were recorded for the initial measurement in air and the
final measurement after adsorption of 9 PAH-PSS layers respec-
tively, data not shown) and the emission wavelength does not
change (for example, the wavelength for the air spectra shown in
Fig. 5a is 430.87 nm and upon removal of the 60% glycerol solution
the wavelength was 430.86 nm, as determined from a Gaussian fit),
demonstrating that the photostability of the gain material is suf-
ficient for such measurements. Nonetheless, work is on-going to
improve photostability and reduce the lasing threshold.

The average experimental shift with water (3.33+0.07 nm)
agreed well with the modelled value of 3.38 nm. Similarly, data
and model match closely in Fig. 5b indicating that the model can be
used to predict the shift in wavelength induced by changes in bulk
refractive index. Therefore, the theoretical model can be used with
confidence to inform design changes to the DFB laser structures
that may improve the performance of the sensor.

Fig. 5a shows the shift in wavelength observed across the range
of glycerol solutions tested. 5% and 60% glycerol solutions have
refractive indices of 1.35 and 1.43 respectively at 450 nm [32] and
these values are not expected to be too dissimilar at 430 nm. The
experimental and theoretical shift for the 60% glycerol solution was
approximately 1.7 nm relative to the shift with DI water. This cor-
responds to a bulk detection sensitivity (Agy/An), where Agyg is
the shift in wavelength and An is the change in refractive index,
of approximately 21 nm per RIU. This is currently lower than the
sensitivity reported for an optimised dye-doped DFB laser sensor
(~100 nm per RIU) [10]. An improvement in the bulk detection sen-
sitivity by optimising the waveguide structure and/or by simply
operating at a longer wavelength will be a focus for subsequent
sensor designs. For example, reducing the refractive index of the
substrate to ~1.35, i.e. making a more symmetric structure and
pushing the laser mode towards the sensing region, results in the
expected shift for the 60% glycerol solution increasing to 3.7 nm
which corresponds to a doubling of the shift observed per RIU. Fur-
thermore, utilising a different organic semiconductor as the gain
layer that operates at a laser wavelength of 530 nm, such as [38],
and changing the grating period to 340 nm to maintain second-
order diffraction, will permit a greater shift in laser wavelength
per bulk refractive index change of the superstrate than would be
achieved with a laser operating at ~430 nm. Such changes could
result in a four times increase in the bulk sensitivity (=80 nm per
RIU). Although bulk detection sensitivity is a value often used to
assess optical sensors, the response of the sensor to detection of
interactions at the surface provides a more appropriate measure of
the sensor performance in biosensing applications.

The adsorption of nano-layers on the laser was performed
in order to investigate the capability of detecting adsorption of
molecules at the laser surface. The results shown in Fig. 6a demon-
strate that our sensor is indeed sensitive enough to detect the
addition of each adsorbed nano-layer. Furthermore, Fig. 6 shows
that the laser is sensitive to adsorption of nano-layers relatively
far from the sensor surface, the effective sensing area extends to
>40nm and preliminary data, not presented here, demonstrates
that detection of adsorbed layers >70 nm from the laser surface is
possible. Retained sensitivity at some distance from the immediate
vicinity of the laser surface will be useful when functionalised lay-
ers are constructed on the laser surface in order to facilitate specific
adsorption/binding events, which we intend to investigate.

Fig. 6b shows the mean shift in wavelength versus adsorbed
layer thickness for the experimental data (i) with layer thickness
assumed to be constant (5nm), (ii) with layer thickness assumed
to vary for the initial six layers before an equilibrium thickness of

5nm is reached and the output from the multilayer model. The
mean shift in wavelength due to adsorption of each polyelectrolyte
layer correlates well with the output from the multilayer model
for surface sensing only when the variation in the thickness of the
first polyelectrolytes layers is taken into account. The thickness of
adsorbed layers is expected to vary with the layers closest to the
surface being thinner than the outermost layers which are expected
to have a constant thickness of approximately 4-5 nm for the solu-
tion conditions (0.9 M NaCl) [35]. Therefore, scenario (ii)is expected
to be a better representation of the actual thickness of the initial
polyelectrolyte layers. We intend to test this model further with
specificadsorption and binding of biomolecules to the laser surface.

5. Conclusion

An all-organic plastic DFB laser based on custom-synthesised
semiconductor molecules that is simple to fabricate, does not
require complex optical alignment and can be directly incorporated
into existing assay equipment, and has an emission wavelength
sensitive to changes in conditions at its surface is demonstrated.
Changes in refractive index of bulk solutions and the layer-by-layer
adsorption of polyelectrolytes to the laser surface were measured
and those experimental results were shown to correlate well
with theoretical results from a simple numerical model. Further
improvement in the sensitivity of the laser sensor can be achieved
by fine tuning the laser structure, e.g. decreasing the refractive
index of the substrate and the emission wavelength of the organic
semiconductor, and can be informed by the model. Furthermore,
the use of a truxene-based organic oligomer with specific func-
tional groups as the gain medium means that incorporation of
specific biomolecular probes into the organic oligomer backbone
itself should be feasible which in turn would simplify the biosen-
sor fabrication and could improve the sensitivity in certain cases;
for example by enabling volume sensing on top of surface sensing
if the active layer was made permeable to analytes. Future work
will focus on detecting specific binding events at the laser sur-
face. In particular, functionalisation of adsorbed nano-layers with
biomolecules will be investigated in parallel with direct function-
alisation of the organic oligomer. It is anticipated that the DFB laser
sensor will be suitable for clinical and life-science sensing applica-
tions.
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1. Introduction

Evanescent optical sensors are analytical devices that measure
changes in refractive index at the device surface. These sensors are
highly attractive medical diagnostic platforms for the following
reasons: (i) they provide a sensitive platform for the label-free
detection of a range of analytes, possibly in real-time, (ii) they offer
the potential for the detection of multiple analytes (multiplexing),
(iii) they can be integrated into lab-on-chip devices and (iv) their
photon-based detection method is non-contact and non-
destructive. The latter characteristic gives optical biosensors a
number of distinct advantages over sensors based on other
transducer technologies, such as electrochemical or acoustic
sensors, including unrivaled sensitivity and imperviousness to
extraneous effects such as disturbance from ionizing radiation
and stray impedances (Ramsden, 1997). Optically pumped distrib-
uted feedback (DFB) laser sensors represent an important category
of evanescent optical biosensor and have significant potential as a
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versatile platform technology for the detection of biomolecules.
Like other surface sensors, DFB laser sensors can be primed to
detect specific analytes by functionalizing the device surface with
probe molecules that selectively bind to the analyte of interest
(Lu et al., 2008b; Tan et al., 2012). A change in the laser emission
wavelength, as a function of analyte binding to the probe, is then
used as the signal transduction event. As these sensors are based
on an active cavity, where light generated close to resonance with
the DFB cavity is amplified by stimulated emission, the resulting
laser emission is spectrally narrow. Therefore, high spectral
resolution can be achieved in parallel with excellent sensitivity
(Tan et al., 2012). Furthermore, because the sensor generates and
outputs its own coherent light for sensing, precise and cumber-
some optical alignment (required for many optical sensors,
microresonator-based evanescent sensors and plasmonic sensors
for example Armani et al., 2007; Vollmer et al., 2002) is not
necessary, potentially reducing the footprint and cost of the device
(Tan et al., 2012; Yang et al., 2008).

We present in this work, for the first time to our knowledge, an
all-organic DFB laser biosensing platform using an organic semi-
conductor gain medium. This provides highly sensitive analyte
detection which, importantly, is shown to be reversible. The
specific organic semiconductor used is composed of neat fluor-
escent tris(terfluorenyl)truxene (T3) which is a monodisperse star-
shaped oligomer (Kanibolotsky et al., 2004). In comparison to
conjugated polymers, monodisperse oligomers are characterized
by well-defined and uniform molecular structure as well as
superior chemical purity, characteristics that are critical to the

0956-5663/$ - see front matter © 2013 The Authors. Published by Elsevier B.V. All rights reserved.
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performance and reproducibility of our DFB laser sensors. Further-
more, the advantages of using an organic semiconductor as the
gain material, rather than the dye-doped polymers of current DFB
laser sensors (Lu et al., 2008a, 2008b), include high resistance to
photo-emission quenching, excellent thin film processability and a
higher refractive index (Diiaz-Garcia et al., 1997). The latter results
in a higher confinement of the laser mode and to an enhancement
of the evanescent field interaction with the laser surface and hence
sensitivity. Recently we reported that bulk solution refractive
index changes can be detected with a T3 DFB laser sensor and
that the sensor surface is amenable to adsorption of polyelec-
trolytes (Haughey et al,, 2013). We have also demonstrated that
the layer-by-layer adsorption of polyelectrolytes continued to be
resolved beyond a stack thickness of 40 nm. The ‘plastic’ nature of
our DFB laser devices means that large scale production is
straight-forward, as they can be fabricated using well established
solution-processing and soft material patterning processes
(Guilhabert et al., 2010; Ge et al,, 2010). In addition, plastic DFB
laser sensors can also be integrated into existing assay equipment,
such as microtiter plates, which are routinely used for high-
throughput biosensing measurements (Tan et al., 2012).

Herein we demonstrate that the addition of a polyphenylala-
nine lysine (PPL) polymer monolayer, onto the T3 gain layer,
provides solvent-accessible functional groups for functionalization
with a biotin probe that can detect avidin down to 1 pg mL~".
The avidin/biotin system was used to demonstrate biomolecular
analyte/receptor interaction at the sensor surface as it has a low
dissociation constant (K,) of ~10~'> M and therefore produces a
very stable biotin-avidin complex (Green, 1975). Furthermore, we
show that detection of avidin is both specific and reversible by
functionalizing the surface with desthiobiotin, which has a lower
affinity for avidin, and observe avidin release from the desthiobiotin
surface by the addition of biotin, demonstrating the potential to
‘re-use’ this sensor.

2. Methods
2.1. Materials

PPL (MW 20,000-50,000), poly-L-lysine (PL) (MW 30,000-
70,000), polyethyleneimine (PEI) (MW 750,000), phosphate buf-
fered saline (PBS) tablets, sodium chloride (NaCl) tablets, bovine
serum albumin (BSA) and Dimethyl Sulfoxide (DMSO) were
purchased from Sigma Aldrich. Toluene, avidin and sulfo-N-
hydroxysuccinimide biotin (NHS-biotin) were purchased from
Fisher Scientific UK. N-hydroxysuccinimide desthiobiotin (NHS-
desthiobiotin) was purchased from Berry&Associates Inc. T3 is
synthesized in-house. The structures of the T3, polyelectrolytes,
NHS-biotin and NHS-desthiobiotin used in this study are shown in
Fig. 1. Norland 65 (optical epoxy used for laser substrate) was
acquired from Norland Products. Water for experiments was
purified by a Milli-Q system (Millipore). All chemicals were used
as received. Silica master gratings were fabricated to our design at
MC2, Chalmers University, Sweden. A custom-made demountable
cuvette used throughout the study, was purchased from Comar
Instruments.

2.2. Fabrication of DFB laser device

The diffraction grating imprinted substrate was obtained by
replicating a silica master grating into a photo-curable optical
epoxy. For this, the Norland 65 was drop-coated onto a silica
master grating surface and a 15mm x 15 mm commercially
available acetate sheet of 0.1 mm thickness was placed on top of
the epoxy. The epoxy was photo-cured with a UV lamp for 50 s,

(exposure dose ~300]cm~2, spectrum centred at 370 nm) and
the grating-imprinted epoxy was peeled from the master grating.
The epoxy/acetate sheet was trimmed to ~7 mm x 12 mm and
further curing of the substrate was performed under the UV lamp
for an additional 60 min. Just prior to use, the grating-imprinted
epoxy was fixed to the flat surface of a demountable cuvette using
a drop of Norland 65 and cured for 4 minutes with the UV lamp.

A toluene solution of T3 (20 mg mL~!) was spin-coated on the
surface of the grating imprinted epoxy at 3.2 krpm for 90s.
Toluene is reported to have no effect on the cured epoxy, therefore,
we do not expect any deformation of the grating structure
(Norland, 2013). The thickness of the T3 layer for a range of
spinning speeds has been investigated to optimize laser operation
for single transverse mode emission and the maximum shift in
Bragg wavelength for each unit change in superstrate refractive
index. A speed of 3.2 krpm resulted in a T3 layer thickness of
~704+10.0nm and >95% of devices fabricated demonstrate
single transverse mode (TEq) emission.

2.3. Fabrication of the T3 biosensing platform

In order to exploit the DFB laser for sensing specific analytes,
the T3 surface was coated with a polyelectrolyte monolayer
(e.g. PPL) to assimilate amine functionality to the sensor surface;
biotin groups were then incorporated on the sensor by coupling
with NHS-biotin. This method has been used to facilitate detection
of a range of analytes (Ruiz-Taylor et al., 2001; Jenison et al., 2001).

2.4. Characterisation of the optical properties of the DFB lasers

The beam of a frequency-tripled, Q-switched Nd:YAG laser
(355 nm, 10 Hz repetition rate, 5ns pulses) was used to excite
the laser sensor, fixed within the demountable cuvette, with a spot
of ~ 24 pm by ~ 50 pm. Measurements of emission from the laser
sensor were performed by photopumping the sensor structure
through the glass cuvette and epoxy substrate, at an angle of
~ 45° to the surface normal. Pumping at an angle of ~45° to the
surface normal is done to make collection of laser emission (which
is normal to the sensor surface) as simple as possible. The lasers
could be pumped transversally, i.e. in the direction perpendicular
to the organic thin-film. In other words, ‘coupling’ per se of the
pump into the film plane is not necessary. The only requirement is
that the pump hits an area of the laser (within the 5 x 5 mm active
surface). Vertical outcoupled emission through the substrate was
collected via a 50—pm core optical fiber, positioned normal to the
cuvette surface. The fiber was connected to a grating-coupled CCD
spectrometer channel that had a resolution of 0.13 nm.

2.5. Specific avidin detection

Polyelectrolyte functionalized surfaces were achieved using
similar protocols reported previously (Al-Hakim and Hull, 1986;
Kim et al., 2005). PEI was prepared in 0.9 M NaCl to a concentra-
tion of 5 mg mL~ . The laser sensor was washed with 0.9 M NaCl
before immersing the laser in PEI solution for 10 min. After
removal of the PEI solution, the sensor was washed with NaCl
and then 10 mM pH 7.4 PBS. The emission wavelength from the
sensor, whilst immersed in PBS, was recorded. NHS-biotin, dis-
solved in 10 mM PBS to a concentration of 0.2 mgmL~!, was
added to the cuvette for 20 min. The emission wavelength was
recorded upon adding and prior to removal of the biotin solution.
The NHS-biotin solution was removed and the cuvette was washed
with PBS before recording the emission wavelength in PBS.
A dilution series of Avidin (1-500,000 ng mL~') in 10 mM PBS
was used to determine the limit of detection of the sensing
platform. The emission wavelength was recorded upon immersion
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Fig. 1. Chemical structures of the compounds used in this study: oligofluorene truxene (a), polyelectrolytes (b) and biotins (c).

of the sensor in avidin solution and after 20 min, just prior to
removal of the solution. The sensor was washed with PBS and the
final emission wavelength recorded in PBS. This process was
repeated, with a different laser sensor, for each of the avidin
concentrations.

This general protocol was used for the fabrication of the T3
layer with PPL and PL in place of PEIL PPL and PL solutions were at
a concentration of 1mgmL~! in 10 mM PBS therefore, PBS was
used in place of NaCl. The shift in wavelength produced by each
avidin concentration was determined by subtracting the emission
wavelength recorded in PBS, prior to the addition of avidin
solution, from the final emission wavelength recorded in PBS.
The relative shift in wavelength demonstrates the shift due to the
presence of avidin remaining bound to the biotin functionalized
laser surface after washing.

In order to determine the avidin limit of detection for each of
the polyelectrolyte-biotin functionalized sensors, repeated mea-
surements (4 x ) of avidin binding (10 pg mL~ ") were performed
on different lasers. The standard deviation of the shift in wave-
length attributed to avidin binding of these independent

measurements was 0.02 nm. A shift in wavelength is deemed to
be ‘detectable’ if it has a magnitude of three times the standard
deviation (Cunningham, 2008). Therefore, the minimum level of
avidin detection is defined as the avidin concentration resulting in
a shift in wavelength > 0.06 nm.

2.6. Reversible specific avidin detection

Sensors were functionalized with PPL and desthiobiotin as
described in Section 2.4 for a PPL functionalized sensor. A solution
of NHS-desthiobiotin in DMSO was added to 10 mM PBS to a
concentration of 0.2 mg mL~ !, with a final DMSO concentration of
2% vv.

10 mM PBS solution was used for all wash steps prior to and
following immersion of the sensor in avidin/biotin. The relative
shift in emission wavelength for the demonstration of reversible
avidin sensing and for determining the avidin limit of detection
was obtained as described in Section 2.4.
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2.7. Investigation of non-specific protein adsorption using BSA

The non-specific adsorption of BSA to our PPL, PPL-biotin and
PPL-desthiobiotin functionalized sensor was investigated for four
BSA concentrations (1, 10, 500 and 50,000 pg mL~"). BSA solu-
tions were prepared in 10 mM PBS. Sensors were coated with PPL
as previously described in Section 2.4. The emission wavelength,
with the sensor immersed in PBS, was recorded. A BSA solution
was then added to the cuvette and the emission wavelength
recorded. After 20 min, the emission wavelength was recorded
again before removing the BSA solution from the cuvette. The
sensor was washed with PBS before a final emission wavelength
was recorded with the sensor immersed in PBS. This was repeated
for each BSA concentration, with a new sensor for each measure-
ment, and was performed three times for each BSA concentration.
The procedure was also repeated for a PPL-biotin and PPL-
desthiobiotin functionalized sensor.

Competition assays using BSA and avidin were performed with a
PPL-biotin and a PPL-desthiobiotin functionalized laser sensor. A range
of BSA concentrations (1-50, 000 pg mL~ "), with 2.5 pg mL~! avidin,
were prepared in 10 mM PBS. The relative shift in wavelength due to
BSA and/or avidin was determined in the same way as described
for BSA.

3. Results and discussion
3.1. Principles of DFB laser structure and operation

The structure of our DFB laser is shown in Fig. 2a. This sensing
platform has a three-layer planar waveguide structure with a thin
gain layer sandwiched between substrate (optical epoxy, see
Methods) and superstrate (e.g. surface adsorbed molecules and
buffer solution) regions. The surface of the substrate is nano-
patterned with a grating structure of 276 nm period (A) and
~ 50 nm modulation depth. The organic semiconductor gain layer
is composed of T3 (Fig. 1a). The structure of T3 is a monodisperse
star-shaped oligomer which has high photoluminescence quan-
tum yields in both solution and the solid-state, and forms low-loss
waveguiding films onto a substrate when deposited from solution
(Guilhabert et al., 2010; Kanibolotsky et al., 2004; Herrnsdorf et al.,
2010; Tsiminis et al., 2009). T3 has peak absorbance at 370 nm
with photoluminescence emission peaks at 425 and 442 nm.
For sensor operation, the T3 molecules are optically excited by a
pulsed UV (355 nm) pump laser. The refractive index of T3 is 1.81 at
430 nm in a thin film, which is higher than the refractive indices of
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the substrate and superstrate (Tsiminis et al., 2009). This change in
refractive index results in the confinement of light within the gain
layer by total internal reflection, i.e. forming a planar waveguide,
which is ‘perturbed’ by the nanostructure. The periodicity of the
nanostructure provides both the out-coupling and feedback mechan-
ism for the laser modes through first and second diffraction orders,
respectively.

Laser emission from the DFB laser sensor is described by the
Bragg equation, Eq. (1), where A is the Bragg wavelength (emission
from the laser is at, or close to, this wavelength), n.; is the
effective refractive index of the laser mode and is dependent on
the refractive indices for each of the three layers of the DFB laser
structure and the gain layer thickness, and A is the grating period
as defined previously:

A= neij (1)

The periodic nanostructure imprinted in our sensor substrate is
a second-order grating, which causes counter-propagating modes
to couple through the second order of diffraction while first order
modes are coupled vertically out of the laser structure, as shown in
Fig. 2a. It is this out-coupled laser emission that can be detected
for wavelength monitoring and hence sensing.

Eq. (1) demonstrates that changes in the effective refractive
index result in a change in the wavelength of emission from the
DFB laser. n.; depends on parameters, which are all fixed except
for the refractive index of the superstrate. Therefore, changes in
the optical properties at the laser surface correlate with shifts in
the emission wavelength of the laser.

3.2. Optical characterization

The laser emission spectrum observed for a sensor immersed in
PBS solution, functionalized with PPL and biotin, and after expo-
sure to 2.5 ug mL~" avidin solution, is shown in Fig. 3. Emission
from all laser sensors was at the resolution limit of the spectro-
meter used (0.13 nm). The central wavelength and linewidth were
determined from a Gaussian fit to the data. As the linewidth of
laser emission was at, or below, the limit of the spectrometer
resolution, spectra were fitted using either two or three data
points above the noise (Fig. 3). Data fitting provided the best
estimate of the central wavelength and linewidth within the
current spectrometer limitations (Ge et al., 2010). The spectral
linewidth of laser emission remaining narrow after functionaliza-
tion with PPL and biotin, and exposure to avidin, demonstrated
that the further addition of monolayers on the sensor surface did
not compromise the characteristics of the laser emission. The inset
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Fig. 2. Schematic illustration of our DFB laser biosensor (a) and functionalization of the sensor surface with polyelectrolyte and biotin for avidin sensing (b). The dashed and
arrowed lines within the structure represent feedback from successive periods of the grating.
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in Fig. 3 shows the relationship between the laser emission
intensity and the pump beam energy, with the sensor exposed
to air, demonstrating a threshold energy of 2.5 nJ, corresponding
to a fluence of 60 p J cm~2 with 5 ns pulse duration. Our group has
previously reported on the lifetime of T3 DFB lasers identical to
those described in this paper (Foucher et al, 2013). Lifetime
measurements indicated that when submerged in water, the laser
remained operational beyond exposure to 10,000 pulses, with a
pulse fluence approximately 250 times that of the threshold
fluence. 10,000 pulses correspond to a period of time > 15 min.
As each measurement with our laser sensor corresponds to
pumping the sensor for a maximum of 5 s, the laser should allow
for > 200 measurements at one particular location on the laser. It
should be noted that sensing measurements are performed at a
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Fig. 3. Spectral emission from a laser functionalized with PPL and biotin, and after

exposure to 2.5 pg mL~ ! avidin. Inset shows the oscillation threshold (2.5 nJ) for a
DFB laser in air.
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fluence closer to that of the laser threshold, therefore, the esti-
mate of 200 measurements is greatly underestimated. It has also
been reported that the emission wavelength of the laser remains
constant over time (Haughey et al., 2013), even as the intensity of
the laser emission diminishes (Foucher et al., 2013).

3.3. Specific detection of avidin

Our approach to functionalization of the sensor surface and
subsequent specific detection of avidin is the focus of the remain-
der of Section 3. Functionalization of the sensor surface for avidin
detection is illustrated schematically in Fig. 2b. We present results
demonstrating the effect the chosen polyelectrolyte layer, used for
functionalization of the sensor, has on avidin detection in Section
3.4. Our demonstration of reversible avidin detection is detailed in
Sections 3.5 and 3.6 presents our investigation into the non-
specific adsorption of proteins to the sensor surface.

Functionalization of our DFB laser sensor with biotin was
achieved by adsorption of a polyelectrolyte containing amine
groups and subsequent functionalization with NHS-biotin (Erol
et al, 2006). Three polyelectrolytes (PEI, PL and PPL), with
chemical structures shown in Fig. 1b, were explored in order to
survey which polymer would provide the greatest level of biotin
functionalization and thus the lowest limit of detection for avidin
sensing. The chemical structures for NHS-biotin and the three
polyelectrolytes used in this study are shown in Fig. 1c.

Branched PEI was previously used as the base monolayer for
stacking of alternately charged polyelectrolytes and was therefore
the initial polyelectrolyte chosen to investigate biotin functionali-
zation (Haughey et al., 2013). The primary amine groups of PEI
enabled facile functionalization with the activated ester of NHS-
biotin. A number of DFB laser sensors were functionalized with PEI
and biotin and the average relative shift in emission wavelength
(with the non-functionalized laser as reference), attributed
to biotin covalently linked to the sensor surface, was 0.17 +
0.07 nm. Each of these sensors were subsequently exposed to an
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Fig. 4. Specific avidin sensing study for sensors functionalized with biotin and PEI (a), PPL (b), PL (c) and desthiobiotin and PPL (d). The data was fitted using Eq. (2).
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avidin solution over a range of concentrations. The relative shifts
in emission wavelength after exposure to each avidin concentra-
tion are shown in Fig. 4a. The data in Fig. 4a was fitted using the
Michaelis-Menten equation (Attie and Raines, 1995):

_ Bmax - x
T Kg+x

y 2

Eq. (2) can be used to describe protein binding reactions, where
y is the relative shift in wavelength corresponding to avidin
binding to sensor surface, B represents the maximum relative
shift in wavelength, which is directly proportional to the max-
imum binding capacity of the biotin functionalized sensor, x is the
avidin concentration and K; is the dissociation constant that
represents the avidin concentration for which the number of
avidin molecules bound to the sensor surface results in a shift of
Brmax/2. The avidin limit of detection for a PEI-biotin functionalised
DFB laser sensor was ~5 pg mL~! and a dissociation constant of
2.0~7 M, the R-squared value for the fit to the data was 0.83.

In order to test the specificity of avidin detection, an avidin
binding assay was performed on a DFB laser sensor functionalized
with PEI alone. A 100 pg mL~! avidin solution, chosen as it results
in a maximum shift in wavelength for a biotin coated sensor,
produced a negative shift in wavelength (—0.12 nm). This rela-
tively large negative shift is presumably due to the extra immer-
sion of the laser sensor in various solutions which may remove
more unbound PEI than the standard single wash. We conclude
that avidin does not bind to the surface of a PEI coated laser in the
absence of subsequent biotin functionalization, indicating that
avidin binding for a PEI-biotin functionalized sensor is specific.

Replacing the initial PEI base layer with PPL resulted in an
average relative shift in emission wavelength, due to biotin
binding to the PPL coated surface, of 0.28 + 0.09 nm. Fig. 4b shows
the relative shift in wavelength for each avidin concentration for
PPL-biotin functionalized sensors. There was an improvement in
the fit to the data, relative to the fit of data for a PEI-biotin coated
sensor, with an R-squared value of 0.98. The avidin limit of
detection for a PPL-biotin functionalized laser sensor was
~1pg mL~!, which is five times lower than the avidin limit of
detection for a laser sensor with PEI as the initial monolayer and
the corresponding dissociation constant was 3.6 % M.

The specificity of avidin binding was investigated by immersing
a PPL functionalized laser in a 25 pg mL~" avidin solution. This
concentration was at the saturation point of avidin detection for a
PPL-biotin functionalized sensor. As for the PEI control, there was a
negative (—0.17 nm) shift in emission wavelength upon removal of
avidin solution indicative of specific binding to the biotin-
functionalized monolayer. We hypothesize that the improvement
in the limit of detection of avidin when PPL was used in place of
PEI was due to the pi-stacking of the phenyl substituents of the
phenylalanine groups on the T3 surface. In order to test this
hypothesis, the PPL base layer was replaced with PL. The relative
shift in emission wavelength for biotin binding at the surface of a
PL functionalized sensor was significantly lower than that for
a PEI and PPL functionalized sensor, at 0.07 + 0.07 nm. In addition,
there was a significant increase in the variability of the shift
in wavelength produced by biotin binding. We infer that the
initial PL layer may not be a confluent, uniform monolayer for
each sensor, therefore, reducing the density of available amine
binding sites which in turn results in a marked increase in
variability from sensor to sensor. The avidin detection data for a
PL-biotin functionalized sensor is shown in Fig. 4c where the
avidin limit of detection was ~ 50 pgmL~!, an order of magni-
tude higher than the avidin limit of detection when the sensor
was functionalized with PEI. The associated dissociation constant
was 6.9~ 7 M. The data also produced a poor fit to the Michaelis—

Table 1

Relative shift in wavelength due to biotin coupling to sensors functionalized with
PEl, PPL or PL and desthiobiotin coupling to a PPL functionalized sensor, the
corresponding avidin limit of detection for each of those sensors and the dissocia-
tion constants extracted from the Michaelis—-Menten fit to the data.

Polyelectrolyte Relative shift in Avidin limit of Dissociation
wavelength detection const. (M)
(ngmL~")
Biotin Desthiobiotin
coupling coupling
(nm) (nm)
PEI 0.17 +0.07 5 2,077
PPL 0.28 £ 0.09 1 3678
PL 0.07 +0.07 50 6.9°7
PPL 0.14 +0.08 25 1.877

Menten equation, with an R-squared value of 0.80, and a decrease
in the dynamic range for avidin detection.

We therefore conclude that functionalization of the sensor with
PPL resulted in the lowest avidin limit of detection; the results are
summarized in Table 1. A base layer of PEI resulted in a significant
increase in avidin limit of detection, relative to that of PPL,
at TpgmL™! and a limit of detection of 50 pg mL~! when PL
was used. The differences in the limit of detection values correlate
with the relative shift in emission wavelength attributed to biotin
coupling. A redshift in emission wavelength is a result of an
increase in the effective refractive index of the sensor, as described
in Eq. (1). Therefore, the area density of biotin molecules bound to
the sensor surface correlates to the magnitude of the relative shift
in wavelength detected, i.e. higher levels of biotin coupling result
in a greater redshift in emission wavelength. The greatest relative
shift in emission wavelength for biotin coupling, 0.28 + 0.09 nm,
was observed when PPL was used for the base layer and the
smallest shift, 0.07 + 0.07 nm, was observed when PL was used for
the initial layer. We therefore infer that the sensor surface is
functionalized with the greatest number of biotin molecules when
PPL is used as the polyelectrolyte base layer.

There is no direct comparison available in the literature for
specific avidin detection achieved with a DFB laser sensor. TNF-a
and Human IgG antibody detection has been reported for a dye-
doped DFB laser sensor, with detection limits of 0.6 pg mL~! and
~0.5 pg mL~!, respectively (Tan et al,, 2012; Lu et al., 2008a).
Avidin detection with a biotin functionalized sensor has previously
been reported for a number of photonic biosensors, e.g. microring
and slotted photonic crystal based sensors (Scullion et al., 2011;
DeVos et al., 2007), where the avidin limit of detection is in the
range of 0.01-1 pg mL~!, demonstrating that the detection limit
for avidin of our laser is comparable to waveguide based devices.
We note that the sensitivity of our laser sensor could be markedly
improved by optimizing the spectral measurement in order to
increase the detection resolution. Further improvements in sensi-
tivity may also be achieved by optimizing the sensor structure, for
example reducing the refractive index of the substrate to match
that of the superstrate layer would result in a more symmetric
structure and would cause a greater overlap between the laser
mode and the sensing region (Haughey et al., 2013).

3.4. Reversible specific avidin detection

Due to the strong binding affinity of biotin-avidin
(K4~ 10~ "> M), a combination of extreme conditions, such as high
temperature and low pH, are required to release avidin from
the surface. For many applications, irreversible binding will be a
distinct advantage as the risk of disruption to binding events
is minimized. However, reversing binding events is desirable if
the assay is to be repeated thus rendering the sensor platform
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‘re-usable’. Desthiobiotin (structure shown in Fig. 1c) is a biotin
analogue with a lower binding affinity (K~ 10~ !'! M) for avidin
and has been used in reversible avidin binding assays (Hirsch et al.,
2002; Wong et al., 2013).

As the lowest avidin limit of detection was achieved for a laser
functionalized with an initial layer of PPL, PPL was the polyelec-
trolyte used to investigate the capacity of reversible binding of a
desthiobiotin-avidin binding wusing our detection platform.
Desthiobiotin functionalization of the sensor surface was achieved
using NHS-desthiobiotin (Wong et al., 2013). Fig. 5a shows the
reversibility of avidin coupling to desthiobiotin. Relative shifts in
wavelengths of 0.08, 0.09 and 0.09 nm were observed after each
exposure to avidin solution (10 pg mL~"). Upon removal of avidin
solution and a PBS wash, the sensor was immersed in a biotin
solution (0.2 mgmL~') where the associated relative shifts in
wavelength after exposure to the biotin solutions were —0.05,
—0.06 and —0.13 nm. Fig. 5a clearly shows that most of the avidin
bound to the desthiobiotin functionalized sensor was removed
after immersion in the biotin solution and that avidin binding to
the desthiobiotin layer was reproducible. When biotin was used in
place of desthiobiotin, the addition of biotin after avidin binding
resulted in no change in the emission wavelength from the sensor,
indicating that there was no removal of avidin from the sensor and
no detectable biotin binding. We surmise that the reversibility of
the assay when desthiobiotin was used is due to the lower binding
affinity of desthiobiotin (10~ ' M) to avidin relative to that of
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Fig. 5. The shifts in wavelength relative to a baseline PBS wavelength are shown for
a sensor functionalized with PPL. The shifts in wavelength attributed to desthio-
biotin (D-Biotin) and avidin are shown as well as the relative wavelength upon
avidin removal by immersion of the sensor in biotin solution (a). And average
relative shift in wavelength attributed to non-specific adsorption of BSA to a sensor
functionalized with PPL or PPL and biotin. Error bars represent the standard
deviation of the mean (b).

biotin (10~ '> M). Therefore, the immersion of the sensor in a
biotin solution leads to the release of avidin upon washing with
PBS. This results in a negative shift in the emission wavelength
that corresponds to the magnitude of the shift in wavelength
attributed to avidin coupling.

The avidin detection assay was then performed using a PPL-
desthiobiotin functionalized sensor. Fig. 4d shows the relative shift
in wavelength for each avidin concentration for PPL-desthiobiotin
functionalized sensors and the results are included in Table 1.
The average relative shift in wavelength due to desthiobiotin binding
to the PPL surface was 0.14 + 0.08 nm. The data in Fig. 4d was
fitted to the Michaelis-Menten equation and an R-squared value of
0.94. The limit of detection for a PPL-desthiobiotin functionalized
sensor was 2.5 ug mL~!, between that of a PEI-biotin and PPL-
biotin functionalized sensor and the dissociation constant was
1.877 M. We therefore conclude that specific, and reversible,
avidin detection can be achieved through the replacement of
biotin with desthiobiotin for the functionalization of the laser
Sensor.

3.5. Non-specific BSA adsorption

Non-specific adsorption to our detection platform was then
determined using BSA. Albumin is present in abundance in blood
samples and could potentially interfere with the detection of
specific analytes. Fig. 5b shows the mean response of our sensor,
functionalized with either PPL, PPL-biotin or PPL-desthiobiotin,
after exposure to BSA solutions of varying concentrations
(measured in triplicate). BSA has a pl of 4.7 and is thus negatively
charged at pH 7.4. As a result, a significant redshift in emission
wavelength was attributed to non-specific adsorption of BSA to the
positively charged surface of a PPL coated sensor. There was a
reduction in the shift in wavelength across all BSA concentrations
for PPL-biotin and PPL-desthiobiotin functionalized laser sensors,
presumably as consequence of the biotin layer masking the
positive charge of the underlying PPL layer. We assume that this
suppresses the electrostatic attraction between the positively
charged PPL and negative BSA, which in turn suppresses the
non-specific adsorption of BSA to the sensor surface (Williams
et al., 2013).

The effect of non-specific adsorption of BSA on specific avidin
sensing, with PPL-biotin and PPL-desthiobiotin functionalized
sensors, was investigated by performing a competition assay with
BSA solutions at a range of concentrations (1-50,000 pg mL~1)
containing 2.5 pg mL~! of avidin. No increase in emission wave-
length as a function of increasing BSA concentration was observed.
The average shift in emission wavelength was 0.09 + 0.04 nm
(biotin) and 0.03 +0.05 nm (desthiobiotin). These values corre-
spond to the relative shifts in emission wavelengths observed for
detection of 2.5 pg mL~" avidin when no BSA is present (Fig. 4b
and d). We therefore conclude that the presence of BSA does not
affect the specific detection of avidin even at concentrations
comparable to those found in serological samples, and that there
was no detectable non-specific adsorption of BSA in the presence
of avidin at a concentration of 2.5 pg mL~". This is an important
observation in downstream optimization of the specificity of the
DFB laser sensor for specific biosensing applications.

4. Conclusions

We report what is to our knowledge the first application of an
oligofluorene truxene based DFB laser sensor for the sensitive
detection of biomolecules. Our laser design can be fabricated using
well established and scalable processes and does not require
precise optical alignment. Furthermore our design can be readily
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incorporated into existing assay equipment. The design is highly
compatible for biomolecule sensing, with the sensing of avidin
used as proof of concept in this study. This detection limit was
comparable to existing DFB laser sensors, however further opti-
mization of the sensor, and improvement to the spectrometer
resolution, could improve the sensitivity of our sensor even
further. The potential for a re-usable sensing system was demon-
strated and our chosen system for functionalization of the sensor
surface was shown to prevent the non-specific adsorption of BSA
up to 50,000 pg mL~". Future work will focus on optimizing the
functionalization of the sensor for the specific detection of nucleic
acids, peptides and proteins and miniaturization of the sensing
platform to achieve a compact system.
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Hybrid organic semiconductor lasers for bio-molecular sensing
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P. J. Skabara,” G. Burley,” M. D. Dawson® and N. Laurand®

Bio-functionalised luminescent organic semiconductors are attractive for biophotonics because
they can act as efficient laser materials while simultaneously interacting with molecules. In
this paper, we present and discuss a laser biosensor platform that utilises a gain layer made of
such an organic semiconductor material. The simple structure of the sensor and its operation
principle are described. Nanolayer detection is shown experimentally and analysed
theoretically in order to assess the potential and the limits of the biosensor. The advantage
conferred by the organic semiconductor is explained and comparisons to laser sensors using
alternative dye-doped materials are made. Specific biomolecular sensing is demonstrated and
routes to functionalisation with nucleic acid probes, and future developments opened up by this
achievement, are highlighted. Finally, attractive formats for sensing applications are
mentioned, as well as colloidal quantum dots, which could in the future be used in conjunction

with organic semiconductors.

A Introduction

The development of personalised medicine requires that
specific diagnostic tools be made available for use at the point-
of-care. In particular, sensitive and compact platforms that can
flexibly and accurately identify disease biomarkers, e.g. from a
patient’s blood sample, and do so in the shortest time are
critically needed.'? These diagnostic platforms should be
simple to implement and operate in order to maximise
practicality and minimise overall cost. Label-free optical
biosensors enabled by advanced functional materials, including
bio-functionalised organics, have the potential to address the
challenge. Here, we describe an organic semiconductor (OS)
laser as a technology platform for such label-free biosensing.

Label-free biosensors in general use evanescent optical waves
in order to measure minute changes in the dielectric
permittivity caused by the presence of analytes at an interface
between the device and the biological environment.*'" Such
sensors are attractive because of their non-electrical detection,
sensitivity and specificity. Several label-free optical sensor
technologies currently exist.’ Each has its advantages and
downsides but not all of them are easily scalable to the level of
miniaturisation required for future point-of-care use. It is often
necessary to sacrifice detection resolution and/or sensitivity for
ease of implementation and vice-versa. This is because the

This journal is © The Royal Society of Chemistry 2013

transduction mechanisms for reading the dielectric permittivity
changes, i.e. for sensing, are based on resonating structures.>!!
The sensing function is realised by monitoring the change of an
optical resonance, for example by direct reading of the optical
spectrum. The overall sensitivity of such sensor systems is then
a combination of the magnitude of a resonance shift (caused by
the presence of analytes) and of the intrinsic resonance
bandwidth, which determines the minimum detectable shift.
Optimising the sensitivity of an evanescent wave biosensor
therefore means maximising the resonance shift (which can be
done by maximising the optical wave intensity in the region
where the analytes are present) while minimising the resonance
bandwidth. Doing both simultaneously is not straightforward,
as there exists a trade-off between resonance bandwidth and the
strength of the wave/analyte interaction.

A plastic laser sensor platform, that can take the form of a
distributed  feedback'>'* or a photonic-crystal active

1415 can mitigate this trade-off while maintaining a

resonator,
simple architecture for ease of application. In such a device the
narrow resonance bandwidth is obtained through the coherence
of laser action without sacrifying the strength of the field (in
this case the laser mode) interaction with the sensing region.
The great potential of this solution for the detection of bio-
molecules has been shown. However, the first generation of

plastic laser sensors utilised a dye-doped composite, i.e. dyes

J. Name., 2013, 00, 1-3 | 1
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diluted in a polymeric matrix, as the optical gain region. The
relatively low dielectric permittivity contrast between such a
diluted medium (n = 1.5) and a biological environment (n = 1.4)
limits the strength of the laser mode intensity at the sensing
interface. Therefore, the approach necessitates the addition of a
thin inorganic layer (TiO, n = 1.8 to 2.4) on top of the surface
of the laser to boost the field at the interface and hence the
sensitivity. This additional step adds complexity to the
fabrication and means that it is not entirely done by solution
processing thereby cancelling some of the advantages of the
technology.

We propose a novel embodiment of the plastic laser sensor
where the laser material is made of a neat OS medium. This
approach leads to a simple device architecture where no
additional inorganic layer is necessary to obtain high sensing
performance'®!” thanks to the relatively high dielectric
permittivity of the dense OS medium. In turn, the fabrication of
solution-processing
an OS laser

sensors can be entirely based on

techniques. Importantly for point-of-care,
configuration can be made suitable for compact optical-
pumping arrangements using either InGaN laser diodes or
LEDs'®?° — thereby paving the way for miniaturisation of the
biosensor system. Other key attributes of the OS laser biosensor
include (i) wavelength flexibility across the visible by
molecular engineering of the OS material — an attractive feature
for multiplexing; (ii) compatibility with a variety of material
platforms, thereby facilitating integration in legacy sensing
equipment as well as the development of new sensor formats;
and (iii) the possibility to envision direct hybridisation of the
OS material at the molecular level to combine the
functionalities of light amplification with those of bio-
molecular interactions.

In this paper, we start in part B by presenting the design,
concept and characteristics of the OS laser biosensor. In part C,
we show that this laser platform can detect a nanolayer that is
adsorbed onto the surface of the OS and explain the sensitivity
advantage of using a dense OS as the gain medium. In part D,
we demonstrate specific bio-molecular sensing, show DNA
functionalisation of the OS laser and discuss opportunities
opened up by these demonstrations. We briefly discuss possible
OS lasers in array-format that are attractive for implementing
particular sensing concepts. We end by mentioning another
promising
biosensors, colloidal quantum dots, which could in the future be

solution-processed material for hybrid laser

used in conjunction with OS.

B Organic laser sensor: design, materials and concept

The OS laser sensor considered here is based on a planar
distributed-feedback structure as shown in Fig. 1(a). It consists
of a transparent, nanopatterned substrate overcoated with a thin-
film of OS that acts as the laser material and provides the
interface with the sensing region. For sensing, the OS layer is
put into contact with the biological environment (e.g. a drop of
fluid to be tested can simply be deposited or flowed over the
laser surface). The laser mode oscillates in the plane of the OS

2 | J. Name., 2012, 00, 1-3

OS laser immersed in biological medium for sensing
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Fig. 1 (a) Schematic representing the implementation of
the organic laser sensor; (b) laser mode intensity cross-
section showing the overlap with the different regions of
the laser structure.

layer and, as can be seen in Fig. 1(b), interacts with the
biological environment (‘superstrate’ and ‘biolayer’) through its
evanescent tails. The red curve in Fig 1(b) represents the laser
mode intensity profile overlapped with the different regions of
the planar laser. For ease-of-implementation, the nanopattern
period is chosen to equal one wavelength of the desired laser
emission. This laser emission has a vertically outcoupled
component that can be collected for detection through the
substrate of the device, i.e. on the same side as the pump
excitation (Fig la). For biosensing, the sensor needs to be able
to detect analytes specifically. Therefore, the surface of the
laser is functionalised with molecular probes whose role is to
capture and immobilise the molecules to be detected that might
be present in the biological medium. Once captured, these
immobilised analytes form a (possibly non-homogeneous) layer
on the laser surface. The dielectric permittivity of this
‘biolayer’ is slightly higher than the more diluted biological
medium, referred to as the superstrate in Fig. 1(b). This in turn
affects the laser wavelength, which can be monitored for
biosensing.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) Representation of the T3 molecule; (b) Laser

transfer function (in air); Inset: Laser spectrum with the
superstrate being, respectively, air, water and PBS.

The laser wavelength is basically given by the product of the
pattern periodicity, A, with the value of the mode effective
index, nes. The latter is obtained by averaging the refractive
indices of the substrate, OS, biolayer and superstrate weighted
by the respective overlap values of these regions with the laser
mode. The formation of a biolayer on the surface of the laser
modifies the effective index and hence changes the laser
wavelength. The magnitude of this change is dependent on the
mode overlap with the biolayer and the refractive index of the
latter. Hence, it depends on the amount of analyte and
monitoring the wavelength enables the sensing function
(although other parameters could be monitored as well). The
mode overlap with the biolayer can be optimised for sensitivity
by maximising the refractive index of the laser gain material
and minimising its thickness. An OS laser material is therefore
advantageous because it forms a ‘dense’ laser medium that has
a high refractive index and can accommodate a low thickness
without compromising the laser performance.

We use star-shape oligofluorene truxene molecules to form the
OS layer of our laser sensors (see Fig. 2a). Each of the three
arms of the molecule, attached to a truxene core, consists of a

This journal is © The Royal Society of Chemistry 2012
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repeat of fluorene units.”! In our case the number of units per
arm is three and we therefore refer to this truxene-core material
as T3. T3 macromolecules are efficiently excited with light in
the 350-390nm range and emit in the blue part ofithérspeetiom.
They can also form high-quality solid-stité %ﬁﬁ?—zﬁfﬁﬂ:%m%ﬁgh
T3 density ideal for planar lasers.?>?* The thickness of the T3
layer is set to be 70 nm +/- 10 nm, thin enough to maximise
sensitivity and thick enough to sustain a TE-polarised optical
mode. This layer of T3 is deposited onto a nanopatterned
imprinted epoxy substrate. The periodicity of the pattern is
A=277 nm. Such all-organic lasers can be easily incorporated
into cuvettes or integrated into microtiter plates.

The laser sensors are excited with 5ns long pulses of 355nm
pump light. A typical laser transfer function of such a laser
(operated in air) is plotted in Fig. 2b. Despite the low T3
thickness, the oscillation threshold is 5 nJ and this value is even
lower (a couple of nJ) when the laser is operated in a liquid
superstrate such as water or buffer. The top inset of Fig. 2
displays the laser spectra when the superstate is, respectively,
air, water and phosphate buffered saline (PBS). The laser
linewidth is limited by the spectrometer resolution in the three
cases. The laser wavelength is seen to redshift for increasing
refractive index of the superstrate: AL (air-to-water) = 3.73+/-
0.06 nm and AX (air-to-PBS) = 4.00+/-0.06 nm. The respective
refractive index of air, water and PBS solution is approximately
1, 1.34 and 1.35. Measurements of refractive index changes of
the superstrate in such a way are repeatable and have been used
to measure the concentration of glycerol/water solutions and
have served to validate the sensing approach.lf’

To operate as a biosensor the photostability of the OS laser over
the duration of an experiment is critical. T3 lasers operated in
air have a 1/e degradation dosage of 10 J/cm?, while it is close
to 20 J/em?® when operated in a water environment (see Fig. 3).
In the experimental conditions of our sensor, this corresponds
to more than 10 to 20x10° pulses. Over such a number of pulses
the oscillation wavelength does not vary. Because a single
sensing measurement requires less than 10 to 20 pulses there
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Fig. 3 Laser output intensity versus the total pump energy
dosage when the device is operated in air and in water.
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are no parasitic errors due to photodegradation effects. In fact,
the T3 laser photostability is high enough that it should enable
dynamic/continuous sensing over tens of minutes if exciting the
laser sensor at a pulse repetition rate of 10 Hz.

C Nanolayer detection and comparison with dye-doped lasers

The biosensing principle of the laser platform is to detect
molecules immobilised onto the surface of the OS material.
This is different than sensing a change in the bulk refractive
index of the superstrate as was shown in Fig. 2, inset. To
observe the physical effect that a biolayer will have on the laser
biosensor response, as well as to assess the capability and get a
first idea of the sensing limit of the technology platform
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Fig. 4 (a) Laser wavelength shift upon polyelectrolyte
layers stacking. The first layer is made of PElI while each
successively adsorbed polyelectrolytes are respectively
PSS and PAH. (b) Laser wavelength shift versus adsorbed
nanolayer thickness.
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independently of biochemical surface functionalisation, nm-
thick layers of polyelectrolytes can be built up onto the OS
surface. For this, we wuse poly(ethyleneimine) (PEI),
poly(allylamine hydrochloride) (PAH) and pé6ty(sodigmned-
styrenesulfonate) (PSS). These are wéll 1Q403a TR Ot m
monolayers of known thickness (5 nm) and refractive index
(1.49, close to that of most proteins) after a few initial layers of
varying thicknesses.”*? To adsorb each polyelectrolyte layer,
of the
corresponding polyelectrolytes (all at 5 mg/mL in NaCl) for 10
minutes with intermediate washing steps. The first deposited

the laser biosensor is immersed in solutions

layer is PEI and the successive layers forms a stack of PSS and
PAH. After each layer deposition and surface washing, the laser
wavelength is measured when immersed in a reference NaCl
solution. The wavelength shift of the laser induced by this
growth of nanolayers on top of the OS laser is shown in Fig.
4(a). After the first 3 layers, the wavelength redshifts linearly
up to the 1 1t layer. The slope of the wavelength shift per nm of
adsorbed material is 3.7% as indicated in Fig. 4(b). This means
that the laser sensor can detect thicknesses of adsorbed material
from the nanometre scale up to several tens of nanometres. In
principle, the smallest thickness that could be detected is
limited by the resolution of the current system (+/- 0.06 nm),
corresponding to <2 nm. This equates to proteins in the range
of 5 kDa,” i.e. the OS laser sensor has the potential to detect
most of the relevant biomarkers. This assumes that proteins
cover the whole of the laser surface, which might be the case
only in the limit of high concentration. Nevertheless it
demonstrates the intrinsic capability of the sensor while
ignoring any amplification stage (that could be used to further
boost the sensitivity).

Adsorption of a nanolayer is also a useful tool to compare

1.0 Biolayer
T30S Dye-doped
0.8+
Bio-overlap 4.33% 0.57%
0.6 Shift 0.75nm  0.24 nm

/

0.0 T T T T
-100 -80 -60 -40 -20 0 20

Normalised intensity

\

Distance (nm)

Fig. 5 Mode intensity profile in the vicinity of the
laser/biolayer interface (position at 0 nm on graph). Red
curve: case of the dye-doped laser; Black curve: case of the
T3 OS laser. A 10nm thick biolayer is considered (patterned
area between -10 nm and 0 nm). The mode overlap, and
hence the wavelength shift, is higher for the T3 OS laser.
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different surface sensing platforms independent of
considerations for the chemistry of surface molecular probes.
Here, we model our OS laser sensor and a similar laser
structure that instead uses a dye-doped polymer for the gain
region. Our model is based on a modified planar waveguide
approach where we considered the dispersion of the different
layers of the structure. This model has been shown to
accurately predict and replicates experimental results for our
OS laser.'®'” We have verified that it replicates published
results of dye-doped laser sensors as well. We consider our T3
OS laser (details given previously) and a dye-doped laser
emitting at 590 nm with a refractive index for the gain region of
1.51 and a pattern periodicity A=400 nm. The model
determines in both cases the effective refractive index for the
TE, mode, the mode profile, the overlap with the biolayer and
the expected wavelength shift. The mode intensity profiles are
represented in Fig. 5 along with the overlap values and the
wavelength shifts for a 10nm biolayer with refractive index of
1.45. Both overlap and wavelength shifts are higher (4.37% vs
0.57% and 0.75 nm vs 0.24 nm) for the OS laser. The higher
sensitivity of the OS laser is due to the higher index contrast
between the laser and the biolayer. The dye-doped laser cannot
match this sensitivity without an additional TiO, layer. Overall
this section demonstrates that our T3 laser (and by extension
other lasers made from neat OS) represents a simple yet
potentially sensitive biosensing platform.

D Specific bio-molecular detection and DNA functionalisation

Specific  detection of molecules requires  surface
functionalisation of the laser with molecular probes (Fig. la).
We show, as proof-of-principle, specific detection of avidin by
functionalising the T3 laser surface with biotin as the molecular
probe. The approach for functionalisation utilises adsorption of
a monolayer of a polyelectrolyte, polyphenylalanine lysine, or
PPL (see inset of Fig. 6 for schematic representation of PPL).
For this, a similar approach to layer adsorption described in
section C was taken. Specifically, a solution of PPL in PBS
(10 mM PBS, pH of 7.4) was prepared at a concentration of 1
mg/mL. The laser was immersed in this solution for 10 minutes
and then washed and rinsed with PBS. The nanolayer of PPL
provides accessible primary amine functional groups that can
be used to anchor molecular probes on the laser surface. Here,
the coated laser was immersed in a N-
hydroxysuccinimide(NHS)-biotin/PBS solution for 20 minutes
in order to attach biotin molecules onto the laser. The laser
surface was then washed again in PBS. For sensing
experiments, the biotin-functionalised laser was immersed in
solutions of avidin/PBS of different concentrations for 20
minutes before a washing step to remove unbound avidin
molecules.

Results of wavelength shift due to avidin attachment to the
biotin laser as a function of avidin concentration are plotted in
the main part of Fig. 6. Between 100 ng/mL and 1000 ng/mL
the wavelength is seen to redshift with increasing avidin

concentration. The behaviour saturates at a concentration

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Laser wavelength shift caused by avidin-biotin
binding onto the laser surface as a function of avidin
concentration. Inset: schematic of PPL monomer. PPL s
used as an intermediate functionalisation layer on the T3
laser surface. It presents amine groups that are then
reacted with NHS functionalised molecules (biotin here).

above 25 mg/mL. This saturating behaviour follows a
Langmuir equation that relates to the coverage of molecules on
a surface and is caused in this case by avidin molecules
occupying all available biotin sites on the laser. The limit of
detection corresponds to a concentration of 1000 ng/mL (shift
of 0.06 nm). Currently, the limiting factor is the resolution of
the system (convolution of the laser linewidth and of the
spectrometer intrinsic resolution). Further refinement of the
laser structure and the use of a spectrometer with a higher
resolution will improve this limit of detection. We have also
verified that this sensing capability is unaffected by the
presence of albumin at a concentration equivalent to that found
in blood."” This is significant as albumin molecules tend to non-
specifically stick to surfaces and this is known to cause
problems in some biosensors.

This biomolecular sensing demonstration proves the potential
of OS lasers for such applications. The next step is to devise
functionalisation pathways for specific sensing of relevant
biomarkers and to assess the limit of the technology in this
case. The most common of commercial biosensors (e.g. ELISA
assays) use antibodies but we think nucleic acid (NA) probes
are well suited for functionalising OS lasers. NA probes have
the advantage to be more environmentally stable than
antigens/antibodies and they can also be synthetically
programmed. With this approach the NA probes could
immobilise on the laser surface the mRNA of protein
biomarkers. Alternatively, aptamers could be used to directly
immobilised proteins. As a first step on this route, we
demonstrate NA attachment onto our T3 OS laser. We react an
(Sulfosuccinimidyl-4-[N-
maleimidomethyl]cyclohexane-1-carboxylate or SMCC) with

amide-to-maleimide  crosslinker
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Fig. 7 Laser wavelength shift caused by binding of thiol-
DNA onto the surface of an SMCC-coated laser.

the amine functional groups available onto the PPL-coated OS
laser. This makes maleimide moicties available on the laser
surface for further functionalisation. Fig. 7 represents the
wavelength of such an SMCC functionalised laser before and
after treatment with a solution of thiol-DNA. The shift
(0.17 +/ 0.06 nm) is attributed to attachment of DNA onto the
laser through the thiol-maleimide reaction. This represents a
possible route to sensing with NA-probes.

An alternative and exciting avenue, albeit possibly synthetically
challenging, will be to directly hybridise the NA probes with
the OS molecules. Such a step, if viable, would enable an OS
laser intrinsically bio-functionalised and ‘sensing ready’ after
fabrication. This will create interesting opportunities for
photonics and biochemistry and could lead to improved
sensitivities.

Increasing the throughput of a biosensor can be obtained by (i)
spatial multiplexing and by (ii) spectral multiplexing thereby
enabling the parallel detection of different biomarkers. Both
approaches could be combined. A possible way to realise
spatial multiplexing is to have an array of OS lasers with each
laser element being functionalised with a different type of
molecular probes. The simplicity of the all-solution processing
fabrication of the OS lasers lends itself to the assembly of such
array of lasers. OS lasers in such a geometry compatible for
integration with arrays of InGaN light-emitting diode excitation
sources have been demonstrated.”” Another way for spatial
multiplexing is to functionalise a single OS laser, having a wide
sensing area, with different molecular probes at different
positions. Again, OS lasers are well suited for this as their
active sensing area can be scaled from below 1 mm?> up to
several cm?."? Spectral multiplexing would enable simultaneous
reading of closely assembled lasers, each emitting at a different
wavelength. This will necessitate the use of lasers with different
nanopatern periodicity as well as the use of different OS
materials for further wavelength coverage.

We will end this paper by mentioning an alternative solution-
processing material that could also be utilised for such laser

6 | J. Name., 2012, 00, 1-3

sensing in the future: colloidal quantum dots (CQDs). CQDs
are inorganic semiconductor nanocrystals with surfaces that are
coated with organic ligands. CQDs can cover a wide
wavelength range (and are therefore attractivéevfiiclspedtral
multiplexing) by tuning both the size %‘?‘&Pe“ééjﬁ‘?%%?%ﬂ%lr
alloy composition. The performance of optically-pumped CQD
lasers is improving and their potential in format for sensing is
real.?*?° Furthermore, CQD laser sensing will benefit from the
advancing functionalities that are being developed for their use
as bio-imaging labels. However, the threshold performance of
CQD lasers is still two orders of magnitude higher than OS
lasers and further improvement is needed. Nevertheless, it is a
technology worth watching as in the future it could complement
OS in such laser sensing applications.

Conclusions

Light-emitting organic semiconductors are already being
investigated for gas sensing using their photoluminescent
and/or optical gain properties.**>' Here, we see that they also
have great potential for biosensing in a laser format. OS can act
as the laser material as well as make the interface with the
biological environment. The resulting OS lasers could lead to
simple and compact label-free biosensing platforms. The DNA
functionalization of an OS laser that is shown here opens up
opportunities using the power of NA technology, both for
device research and bio-applications. The challenge is now to
assess the capability and limits of this approach in true
applications. The all-solution-processing fabrication capability
of OS lasers is one of their advantages. Other solution-based
laser materials (e.g. CQDs) might have a role to play as well.
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