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lecules of the SAM.
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A METHOD OF DETECTING AND/OR QUANTIFYING AN ANALYTE IN A
BIOLOGICAL SAMPLE

FIELD OF INVENTION

This invention relates to biosensors, in particular to the use of Surface Enhanced Raman

Scattering and aptamers for direct detection and/or quantitation of various analytes.

BACKGROUND OF INVENTION

Quantitative measurement of specific biomolecules in complex biological samples is a key
component of many molecular diagnostic tests. However, the challenge of making suitable
measurements across many different analyte types in a manner that is compatible with the
development of low cost, rapid-readout, hand-held, battery-operated point-of-care devices

remains substantial.

For example, in the infectious disease field, there is an urgent need for rapid point-of-care
devices that can provide information useful in the diagnosis of diseases such as tuberculosis
(TB), malaria, HIV, etc. Amongst the many limitations of current potential point-of-care

diagnostic tests in the TB field (and more generally) are:

¢ Inadequate sensitivity of assay in terms of the concentration of analyte required for detection,
leading to false negative results;

e Lack of specificity of detecting reagents, leading to false positive results;

¢ Poor temperature stability of detecting reagents, leading to false negative and false positive

results.

By way of illustration of such limitations, Dheda et al observed that existing antibody based
Enzyme Linked Immuno Assays (ELISAs) for Mycobacterium tuberculosis (M.th)-derived
lipoarabinomannan (LAM), a complex glycolipid, work in urine with 99% specificity but with

only 13% sensitivity, resulting in an unacceptably high false negative rate for use in the clinic.!
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By comparison, the same test in sputum gave ~86% sensitivity but only ~15% specificity,
resulting in an unacceptably high false positive rate. Dheda er al determined that the false
positives in sputum are due to cross-reactivity of the anti-LAM antibodies used in the assay with
LAM-like polymers produced by other microbes (both pathogenic and non-pathogenic) that co-
habit the oral cavity.1 In contrast, the false-negative results are likely due to the combination of
the intrinsic antibody-antigen affinity, combined with a low antigen concentration in the
biological specimen and the intrinsic limit of detection of the ELISA method. The ability to
rapidly and accurately measure the concentration of specific M.tb-derived compounds such as
LAM in patient specimens whilst removing false negative results (by improving the limit of
detection) and false positive results (by providing direct information on the identity of the
analyte that has been captured) would therefore be a major advance in TB diagnostic tests, yet it

is not practically possible today.

In a different example, a major challenge in the surgical field lies in administering the correct
dose of anaesthetics to patients. It is well known that individual patients metabolise the majority
of drug-like molecules (including anaesthetics) at widely varying rates due to inter-individual
polymorphic variations present in for example the cytochrome P450 enzymes.” As a
consequence, the blood plasma concentrations of the active form of drugs such as anaesthetics
(e.g. propofol) can vary widely between hyper- and null-metabolisers, leading in turn to variable
responses to drug administration, the extreme results during surgery being either that a patient
comes round during operation because the administered dose was too low for their genotype, or
that the patient dies because the administered dose was too high for their genotype. In the
absence of quantitative pharmacogenomic data on each individual patient that enables prior
calculation of the exact optimal dose, the ability to rapidly and accurately measure and monitor
the individual patient’s blood plasma concentration of compounds such as propofol in real time
in the operating theatre would therefore be a major advance in anaesthesiology, yet it is not

practically possible.

A number of the shortcomings identified above in existing potential point-of-care diagnostic
tests can be addressed through use of a novel Surface Enhanced Raman Scattering (SERS) assay

platform, as described below.
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Surface Enhanced Raman Scattering is a well known vibrational spectroscopy technique that has
attracted considerable attention for its ultra sensitive, extremely specific and low limit of
detection of biomolecules;’ it has been reported that, compared to traditional Raman
spectroscopy, the ensemble averaged Raman signal in SERS increases §-orders of magnitude,
making it able in principle to detect single molecules.” The SERS phenomenon utilises the
intense localised evanescent wave (an electromagnetic field) that can be produced at metal
surfaces and junctions by optical excitation of the surface plasmons to obtain a Raman spectrum
or “signature” of surface adsorbed molecules. Classically, SERS measurements are made on
individual pure compounds that are ‘Raman active’ and which are localised on an appropriate
metal surface within the effective range of the evanescent wave. Typically a noble metal such as
gold or silver is used as a SERS surface, but other transition metals such as copper iron, cobalt,
nickel, palladium, and platinum can also be used.” Since the propagation of an evanescent wave
decays exponentially with distance from the from the boundary at which the wave was formed,
SERS measurements are typically made on compounds localised within 20nm of the metal
surface,>® although SERS enhancement has been reported at distances up to 120nm.’
Importantly, because of the direct relationship of the Raman shift of incident photons to the
structure of the molecule under examination, the SERS technique is highly selective and each
molecule has a distinct Raman signature that is also quantifiable. Thus in principle, SERS can be
used to determine the identity of a compound (by comparing the measured SERS spectrum to a

database of reference SERS spectra) as well as to measure its concentration.

Detection of biomolecules (including biomarkers) by SERS could thus potentially significantly
improve both the sensitivity and specificity of diagnostic assays by providing quantitative
information on the identity of the molecule being detected, whilst also providing lower limits of
detection. However, when applied to complex mixtures of different molecules, overlapping
SERS spectra derived from the different components of the mixture makes the task of identifying
and quantifying individual components in the mixture essentially impossible without some prior
separation or partitioning step; this consideration has limited the application of SERS to medical

diagnostics to date.

A number of studies have shown that micro-fluidics combined with SERS can be used to detect

trace explosives.® It has also been reported that SERS can be used for various applications
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including detecting pollutants and DNA, whilst a SERS nano-biosensor has been designed that

can accurately detect blood glucose at very low concentrations.”"°

Some academic groups have attempted to enhance the detection capability of SERS by
combining it with aptamers as a separation and enrichment matrix for specific molecules.'"'
Aptamers are oligonucleic acid or peptide molecules that bind to a specific target molecule and
fold into 3D conformations in the presence of the target analy‘ces.13 In particular, DNA aptamers
are highly stable nucleic acid-based polymers that can bind in a high affinity and highly
discriminatory manner to proteins, nucleic acids, carbohydrates, lipids and small molecules; their
molecular recognition properties thus rival and possibly exceed those of antibodies, whilst
probably being more compatible than antibodies with SERS due to their smaller physical size
(DNA aptamers are typically <100nt in length with a molecular weight <35kDa). DNA aptamers
are usually generated through use of in vitro selection methods and typically show greater
thermo- and humidity-tolerance than antibodies because of their smaller size, the intrinsic

stability of the phosphodiester linkage, and because they typically adopt a folded conformation

reversibly in response to the presence of the cognate antigen.

Cho et al'' used an aptamer-based SERS sensor to detect thrombin. In their approach, a
methylene blue-labelled anti-thrombin aptamer was first physically adsorbed to gold nano-
particles; with the methylene blue-labelled aptamer in proximity to the gold surface, SERS of the
methylene blue - a Raman-active dye - could occur. However, in the presence of thrombin, the
anti-thrombin aptamer underwent a conformational change that weakened the physical
association with the gold surface such that the aptamer-analyte complex (and hence the
methylene blue label) diffused away from the surface and quenched the SERS signal. The
resulting decrease in the methylene blue SERS signal was thus taken as an indirect indication of

the binding of the aptamer to thrombin."!

In a different approach, Huh & Erickson'? first labelled the protein vasopressin with the Raman-
active dye FITC; when FITC-labelled vasopressin bound to an immobilised anti-vasopressin
aptamer, the FITC label was brought into proximity of the surface, enabling the strong SERS
signal of the FITC dye to be measured, thus giving indirect data on binding of vasoporessin to

the aptamer.12
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Notably, both the aptamer-SERS assays described above involve either the displacement of a
Raman-labelled aptamer from a gold surface'’ or the binding of a Raman-labelled protein to an
immobilised aptamerlz. Fundamentally both methods therefore monitor movements of the
Raman label rather than directly monitoring the specific aptamer-ligand capture event itself. As
such, those assays provide no information about the identity of the analyte bound by the aptamer,
only that something has bound, and so do not differ fundamentally in information content from

existing ELISA tests or other fluorescent detection techniques.

Neumann et al'* described the SERS-based detection of aptamer conformational changes
induced by binding of the aptamer to target molecules such as proteins or organic ligands. In that
work, Neumann et al demonstrated that the SERS spectrum of an unbound, thermally-denatured
aptamer presented on a C6-alkyl thiol self-assembled monolayer (‘SAM’, ‘aptamer-SAM’) is
reproducibly dominated by the adenine ring breathing mode of the aptamer, but noted that on
binding of a specific ligand, the SERS spectrum of the aptamer-SAM became altered in an
apparently poorly reproducible manner."* Neumann et al thus aimed to deduce the binding of a
target molecule to an immobilised aptamer by measuring the aptamer-SAM SERS spectrum of
the unbound, thermally-denatured aptamer-SAM and then determining the apparent loss of
reproducibility of the resultant aptamer-SAM SERS spectrum that occurs on ligand binding.14
Using circular dichroism spectroscopy, Neumann et al demonstrated for example that
measurable conformational changes can be induced in an anti-cocaine aptamer-SAM by the
specific target molecule cocaine, but also by the related but different molecules benzocaine and

.14
caffeine.

As before therefore, the SERS method of Neumann et al provides no direct
spectroscopic information on the identity of the aptamer-analyte complex itself; instead
Neumann et al merely infer that something has bound to the aptamer-SAM (e.g. cocaine,
benzocaine or caffeine in their example) and induced an apparently poorly reproducible change

in the aptamer-SAM SERS spectrum.

There remains a need for detecting and measuring the amount of a given analyte in a complex
biological sample that might, for instance, also include other molecules that can cross-react with

the given analyte, giving rise to false positive data in other assays.
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SUMMARY OF INVENTION

In a first aspect of the present invention therefore there is provided a method of identifying an
analyte molecule in a biological sample, said method involving the steps of capturing the analyte
molecule onto a surface by means of an analyte-specific aptamer, measuring the SERS spectrum
and SERS signal intensity of the resultant specific aptamer-analyte complex, and comparing the
measured SERS spectrum to a database of reference SERS spectra to verify the identity of the

captured analyte molecule.

The measured SERS signal intensity may also be compared to a standard curve to quantify the

abundance of the captured analyte.

The present invention thus provides a new aptamer-based SERS detection technique that directly
monitors the aptamer-analyte capture event by generating identifying and quantitative
spectroscopic information regarding the identity of the analyte that has been bound to the
aptamer. According to the invention, a reproducible SERS spectrum is measured for the
aptamer-analyte complex formed on the surface and this spectral information is used directly to
derive quantitative information about the identity of the specific aptamer-analyte complex, thus
enabling true and false positives to be distinguished based on verification of the identity of the

captured analyte molecule by the Raman spectrum of the aptamer-analyte complex.

The biological sample may be a complex biological sample in which the analyte is just one

component of many other components.

The aptamer may be a DNA aptamer.

The analyte molecule may be a protein, a peptide, a nucleic acid, a lipid, a glycolipid, a
carbohydrate, an anaesthetic, a drug, an intact cell, a bacterial pathogen or a viral pathogen.
Preferably, the analyte molecule may be an analyte which is indicative of an infection, disease or

medical condition in a subject or may be an anaesthetic compound or a metabolite thereof.

The surface may comprise a self-assembled monolayer (SAM) of amphiphilic molecules, and the

SAM may be directly or indirectly derivatised by the aptamer molecule.
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The aptamer may be attached directly to the amphiphilic molecules of the SAM, or may be
attached directly to the surface and surrounded by the SAM. The SAM may be covalently

coated by a layer of oligoethylene glycol molecules.

The oligoethylene glycol molecules may have exposed termini, and about 1- 80% of these may
be directly or indirectly derivatised by the aptamer. The aptamer may be presented above a layer

of underivatised oligoethylene glycol polymers on the surface.

According to a second aspect of the invention there is provided a sensor for capturing an analyte
of interest from a complex biological sample for measuring the SERS spectrum of the captured
analyte, said sensor comprising a self-assembled monolayer (SAM) of amphiphilic molecules
attached to a metal (e.g. gold or silver) surface of a substrate and an aptamer that is specific for
the analyte of interest; wherein said SAM is coated with a layer of oligoethylene glycol

molecules that are bonded to the amphiphilic molecules of the SAM.

A fraction of the amphiphilic molecules of the SAM may be directly or indirectly derivatised by

an aptamer molecule.

The present invention also comprehends a detector comprising a sensor according to the

invention. Suitably said detector may further comprise a laser and a SERS detector.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows offset SERS spectra for a 6-mercaptohexanol SAM on an AgFON surface.
(a) SERS spectrum acquired immediately after SAM preparation; (b) SERS
spectrum acquired 2.5 weeks after SAM preparation. Note that a 200-fold
magnification of the signal relative to spectrum (a) was necessary to observe
similar features; (c) SERS spectrum acquired 14 weeks after SAM preparation.

Note that this represents a 10-fold magnification of the signal relative to spectrum

(a).
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Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure §

Figure 9

shows SERS spectra for an Oligo 1-functionalised AgNP surface. (a) offset SERS
spectra acquired at varying cathodic potentials as indicated on the Y-axis; (b)
offset SERS spectra subsequently acquired at voltages stepped anodically, as

indicated on the Y-axis.

shows two offset SERS spectra aquired at 6 month intervals on the same Oligo 1-
functionalised AgNP surface. These spectra were acquired at -0.4V relative to

Ag/AgCL

shows offset SERS spectra of an Oligo 1-funtionalised AgNP surface acquired
before and after binding of Oligo 2. For reference, a SERS spectrum of

deoxyadenosine monophosphate on an AgNP surface is also shown offset.

shows SERS spectra of an Oligo 1-funtionalised AgNP surface acquired after
binding of scrambled Oligo 3. The offset spectra were acquired at varying

cathodic potentials relative to Ag/AgCl, as indicated on the Y-axis.

shows SERS spectra of Oligo 1-funtionalised, C12-SAM-derivatised AgNP
surface aquired at varying cathodic potentials relative to Ag/AgCl, as indicated on
the Y-axis. (a) offset SERS spectra acquired after incubation with

complementary Oligo 2; offset SERS spectra acquired after incubation with

scambled Oligo 3.

shows offset reproducible SERS spectra acquired for differing live bacteria on an
AgNP surface. These SERS spectra can be used to form a representative database
of reference SERS spectra. (a) SERS spectrum for S. aureus; (b) SERS spectrum
for E. coli; (c) SERS spectrum for S.epidermis; (d) SERS spectrum for B.cereus.

is a scanning electron microscope (SEM) image of a typical AgFON surface.

is a schematic of formation of an aptamer-functionalised SAM on a silver surface

(R-NH; = 5’-amino modified DNA aptamer).
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Figure 10 is a schematic of an aptamer-functionalised SAM-derivatised AgFON SERS

sensor surface.

Figure 11 is a schematic depicting that aptamer-analyte complexes on aptamer-
functionalised SAM-derivatised AgFON surfaces having reproducible 3D

structures.

Figure 12 is a schematic of the setup of a SERS biosensor for real time monitoring of the

blood plasma concentration of an anaesthetic.

Figure 13 is a schematic of a SERS biosensor placed in a flow cell.
Figure 14 is a schematic of a micro-fluidic system attached to a SERS biosensor.
Figure 15 is a schematic of a fibre optic probe with a SERS sensor on the tip.

DETAILED DESCRIPTION OF THE INVENTION

An aptamer-based SERS detection technique is described herein which directly monitors an
aptamer-analyte capture event by generating spectroscopic information regarding the identity of
an analyte that has been bound to an aptamer. A reproducible SERS spectrum is measured for an
aptamer-analyte complex formed on a surface and this spectral information is used directly to
derive identifying and/or quantitative information about the identity of the specific aptamer-
analyte complex. This enables discrimination between true and false positives in quantitative

analyte assays on complex biological samples.

The analyte to be detected may be a macromolecule, for example a protein (e.g. y-interferon,
Mycobacterium tuberculosis 6 kDa early secretory antigen [ESAT-6], prostate specific antigen,
Plasmodium falciparum lactate dehydrogenase, clusterin), a peptide (e.g. insulin, NMDA
receptor peptide, B-type natriuretic peptide), a nucleic acid (e.g. Mycobacterium tuberculosis

rpoB gene fragments, including drug-resistance-encoding mutated forms thereof, HIV viral
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RNA, Plasmodium falciparum genomic DNA fragments, Salmonella typhimurium DNA
fragments, Influenza A viral RNA), a lipid (e.g. cholesterol, mycobactin, mycolic acid,
phthiocerol dimycocerosate), a glycolipid (e.g lipoarabinomannan, lipopolysaccharide,
sphingosine, galactosylceramide sulphate), a carbohydrate (e.g. the Thomsen-Friedenreich
antigen, glucose), an anaesthetic (e.g. propofol, diazepam, thiopental, morphine, fentanyl,
remifentanil, lidocaine), a drug (e.g. imatinib, gefitinib, efavirenz, rifampicin, artemesinin,
methamphetamine), or may be an intact cell (e.g. Plasmodium falciparum, Plasmodium vivax,
Trypanosoma brucei, a circulating cancer cell), a bacterial pathogen (e.g. Mycobacterium
tuberculosis, Salmonella typhimurium, Haemophilus influenza, Escherchia coli, Helicobacter
pylori, Streptococcus pneumonia, Listeria monocytogenes, Vibrio cholerae), or a viral pathogen
(e.g. HIV-1, subtypes B or C, Influenza A, Hepatitis B, dengue virus, human papilloma virus).
In particular embodiments, the analyte is propofol or lipoarabinomannan. In a preferred
embodiment, the analyte has an intrinsic strong SERS spectrum in isolation (i.e. the analyte is
itself Raman active) (e.g. glucose, lactate dehydrogenase, propofol, DNA, RNA, gefitinib, 6-
thioguanine, gemcitabine, intact Mycobacterium tuberculosis bacilli, intact HIV-1 virions),

although the method can also be performed on other analytes.

The analyte may be present in a biological sample comprising a complex mixture in which the
analyte of interest is just one component of many, such as blood (including whole blood and
plasma), saliva, sputum, urine, cerebrospinal fluid or stool. Identification and/or quantification of
the analyte in the sample may, for example, be used to diagnose or monitor a disease, infection
or medical condition (e.g. tuberculosis, malaria, HIV/AIDS), or may be used to monitor the

administration of an anaesthetic to a patient.

A self-assembled monolayer (SAM) is an organised layer of amphiphilic molecules in which one
end of the molecule, the “head group”, shows a special affinity for a surface.” Typically, in the
SAM of the invention, the surface may be a metal such as gold, silver, copper, iron, cobalt,
nickel, palladium, or platinum, and the head group may be a thiol. Preferably, the surface may

be gold or silver nano-particles, or may be gold or silver film coated nano-spheres.

In addition to the head group, the amphiphilic molecules of the SAM also comprise a
hydrophobic tail which may have a functional group at the terminal end. Examples of the

functional group include an N-hydroxysuccinimide ester, an epoxide, an amine, a carboxylate, a
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hydrazide, or an aminooxy group. On binding of the head group to the surface, the hydrophobic
tails of the amphiphilic molecules undergo a slow 2D self-organisation. The hydrophobic tail
may typically be an alkyl chain, with a length typically from about 6 to about 16 carbons. For
example, the alkyl chain may have a length of 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 or 16 carbons.
The degree of ordering in the resultant SAM is dependent on a number of factors, including the
length of the alkyl chain — the longer the alkyl chain, the greater the degree of organisation and
the greater the stability of the SAM. Well-formed SAMs typically show high stability over
temperature, solvents and potentials. Well-formed SAMS can, for example, be prepared from
solutions of 11-mercaptoundecanol, 12-mercaptododecanoic acid, or 16-mecaptohexadecanoic

acid, but other reagents for preparing SAMS are well known in the art.

The functional group may be chemically derivatised using a range of molecules, including, but
not limited to, DNA-, RNA-, or peptide-aptamers targeted for the specific analyte of interest, as
well as polymers that resist the non-specific absorption of macromolecules. Examples of
polymers include ethylene glycol polymers, ethylene imine polymers, hyaluronic acid, or
carboxymethyl dextran. Such chemical derivatisations are typically carried out after formation
of the SAM, but in some embodiments it is possible to chemically derivatise the

amphiphilic molecules prior to SAM formation."

The SAM may be covalently coated by a layer of oligoethylene glycol molecules. Said
oligoethylene glycol polymers may suitably be 3 to 12 ethylene glycol units in length (such as 3,
4,5,6,7,8,9, 10, 11 or 12 units in length) and may be bonded to the functional groups on the
tails of the amphiphilic molecules that form the SAM. For example, 2-{2-[2-(1-mercaptoundec-
11-yloxy)-ethoxy]-ethoxy }-ethanol (HS-(CH,);:-(OC,H,4);-OH; I-mercaptoundecanyl-11-
tri(ethyleneglycol); HS-C11-EG3),  2-(2-{2-[2-(1-mercaptoundec-11-yloxy)-ethoxy]-ethoxy}-
ethoxy)-ethanol (HS-C11-EG4), 2-{2-[2-(2-{2-[2-(1-mercaptoundec-11-yloxy)-ethoxy]-ethoxy}-
ethoxy)-ethoxy]-ethoxy }-ethanol (HS-C11-EG6), 11-{2-[2-(2-methoxy-ethoxy)-ethoxy]-
ethoxy }-undecane-1-thiol (HS-(CH,);;-(OC;Hy4);-OCH3; HS-C11-EG3-OMe), or 11-{2-[2-(2-
{2-[2-(2-methoxy-ethoxy)-ethoxy]-ethoxy }-ethoxy)-ethoxy]-ethoxy }-undecane-1-thiol (HS-
C11-EG6-OMe) may be used to form stable SAMs that are covalently coated by a layer of

oligoethylene glycol molecules.
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In some embodiments, an oligoethylene glycol-terminated, alkyl thiol-based SAM may be
assembled on a surface made of silver or gold nano-particles, or on a surface made of silver or

gold film coated nano-spheres.

Suitably, the aptamer may derivatise the oligoethylene glycol-terminated SAM such that a
fraction, suitably about 1- 80%, of the underlying amphiphilic molecules that form the SAM are
directly or indirectly derivatised by an aptamer molecule. In some embodiments, more than
about 2%, about 5% or about 10% and less than about 70%, about 60% or about 50% of the
underlying amphiphilic molecules that form the SAM may be directly or indirectly derivatised

by an aptamer molecule.

Some or all of the oligoethylene glycol molecules may be derivatised on their exposed termini by

the aptamer that is specific for the analyte of interest.

Alternatively, the aptamer may be attached directly to the amphiphilic molecules of the SAM.

In some embodiments, the aptamer may be presented above a layer of underivatised

oligoethylene glycol polymers.

In other embodiments, the aptamer may be attached directly to the surface and may optionally be

surrounded by an oligoethylene glycol-terminated SAM.

The aptamer may suitably be a DNA, RNA or peptide aptamer which is specific for the analyte
of interest. The aptamer may be a previously described aptamer (if available) or may be
identified through processes which are well known in the art, such as in vifro selection or
SELEX (systematic evolution of ligands by exponential enrichment) utilising an immobilised
analyte molecule for the enrichment steps, described in US 5,475,096 and US 5,843,653. It will
be obvious to a person skilled in the art that an aptamer for an analyte of interest does not need to
be limited to an oligonucleotide having the particular sequences which are described in the

examples below.

In accordance with the present invention, the aptamer-oligoethylene glycol-SAM surface is

contacted with a sample containing the analyte, allowing an aptamer-analyte complex to form on
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the surface, after which the surface may optionally be washed to remove unbound material and a
variable voltage may optionally be applied to the surface. The SERS spectrum and SERS signal
intensity of the resultant aptamer-analyte complex are then measured. The identity of the
captured analyte can then be determined by comparison of the measured SERS spectrum to a
reference database of SERS spectra. The amount of the analyte in the original sample can be

determined by comparison of the measured SERS signal intensity to a standard curve.

The aptamer-functionalised SAM acts as a partition layer, enabling the analyte to be captured
and enriched close enough to the silver film such that sufficient plasmon resonance-based
excitation of the aptamer-analyte complex can take place, yielding a strong SERS signal from the
aptamer-analyte complex. Suitably the functionalised SAM (for example, an oligoethylene
glycol-terminated SAM) may also reduce non-specific macromolecule absorption to the surface -
as well as to the SAM itself - thereby reducing the background signal in downstream SERS
spectra, hence improving signal-to-noise ratios. In accordance with the present invention, an
aptamer-functionalised SAM that minimises the physical interaction between the aptamer and
the SAM surface by presenting the aptamer above a layer of oligoethylene glycol molecules -
while maintaining the aptamer within the effective range of the evanescent wave of the surface -
results, on binding of the analyte by the aptamer, in reproducible, unique SERS spectra for the
specific aptamer-analyte complex, thus enabling the identity of the analyte that has bound to the
aptamer to be determined, as well as enabling the amount of analyte present in the sample to be

determined.

For real-time monitoring of an analyte such as an anaesthetic, the aptamer must be chosen to
allow reversible binding/partitioning of the analyte on a timescale appropriate to the frequency of
measurements required. This can be achieved by use of an anti-analyte aptamer that has a
binding affinity (K4) in the micro- to nanomolar range, such that the half-life (#,,) of dissociation

of the analyte from the aptamer-analyte complex is on the timescale of minutes rather than hours.

Figure 10 depicts such a functionalised biosensor surface and represents the aptamers to be in an
unfolded state. When the SERS biosensor is brought in contact with the target analyte, the
aptamers typically undergo a conformational change to adopt an ‘active’ conformation able to

bind the analyte molecule with high affinity and specificity, as depicted in Figure 11.
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The SERS spectrum of aptamer-analyte complex on the sensor surface of the invention arises
due to unique vibrational modes in the captured analyte and in the analyte-bound aptamer. Thus,
the SERS spectrum of the aptamer-analyte complex will differ from the SERS spectrum of either

aptamer or analyte in isolation.

In a preferred embodiment, the precise nucleotide sequence of a DNA aptamer together with the
precise and reproducible 3-dimensional shape of the aptamer-analyte complex gives rise to
unique polarisability and hence vibrational modes for the specific aptamer-analyte complex,
resulting in the aptamer-analyte complex having a measurable and unique SERS signature,

irrespective of whether the analyte itself has a strong SERS signature or not.

The excitation wavelength of the Raman sensor may be tuned to be optimal for each specific
aptamer-analyte complex. Fourier transform methods may also be used to deconvolute SERS

spectra obtained on illumination of the nano-particles with a broad spectrum light source.

The method and the sensor of the invention thus work both in the case where the analyte
molecule to be detected has an intrinsic strong SERS spectrum in isolation (e.g. glucose, lactate
dehydrogenase, propofol, DNA, RNA, gefitinib, 6-thioguanine, gemcitabine, intact
Mycobacterium tuberculosis bacilli, intact HIV-1 virions) and where the analyte molecule to be
detected does not have an intrinsic strong SERS spectrum in isolation (e.g. ESAT-6, y-interferon,

insulin).

An important feature of the invention is the ability to produce reproducible SERS spectra for
each aptamer-analyte complex. This is achieved in one embodiment of the invention by
providing a well-formed (i.e. highly organised), stable SAM on a metal surface, coating said
well-formed SAM with a layer of polymers that resist non-specific macromolecule absorption,
and further derivatising a fraction of said well-formed SAM with an aptamer. Thus, on capture
of a specific analyte by said aptamer, the polymer layer that resists non-specific absorption of
macromolecules to the SAM surface of the invention also serves to minimise non-specific, non-
covalent interactions between the resultant aptamer-analyte complexes and the SAM surface, as
well as to minimise the extent to which the resultant aptamer-analyte complexes are able to bury
into or through the SAM. This is important because non-specific, non-covalent interactions

between the aptamer-analyte complexes and the SAM surface, as well as any burying of the
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aptamer-analyte complexes into or through the SAM surface, have the capacity to distort the
SERS spectrum of the aptamer-analyte complex in a poorly reproducible manner. In the absence
of such distortions, the SERS signature of a specific aptamer-analyte complex thus uniquely and
reproducibly represents the relevant aptamer-ligand capture event and by doing so provides

quantitative information on the exact identity of the analyte of interest.

Alternatively, the ability to produce reproducible SERS spectra for each aptamer-analyte
complex may be achieved in another embodiment of the invention by functionalising the metal
surface directly with an aptamer and then surrounding the immobilised aptamer with a well-
formed SAM that resists non-specific macromolecule absorption. On capture of a specific
analyte by said aptamer, the surrounding SAM serves to minimise non-specific, non-covalent
interactions between the resultant aptamer-analyte complexes and the SAM surface, as well as to
minimise the extent to which the resultant aptamer-analyte complexes are able to bury into or
through the SAM. The SAM also serves to resist non-specific absorption of macromolecules to

the SAM surface of the invention.

The method of the invention does not make use of an indicator reagent. The method can also be
performed without the use of a structure to split an optical beam into a plurality of optical beams
and without use of an apparatus which contains a low resolution diffraction grating dispersion

element to receive and separate scattered radiation into different wavelength components.

Preferred features of each aspect of the invention are as defined for each other aspect, mutatis

mutandis.

Further features and details of the invention will be apparent from the following non-limiting

examples.

Examples

1. Preparation and analysis of self-assembled monolayer-derivatised SERS sensor surfaces

To prepare a self-assembled monolayer (SAM) derivatised SERS sensor surface, a glass cover

slip was cleaned in pyrannah solution and washed in deionised water. 600nm silica particles
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were suspended at 5% (w/v) in deionised water and were then drop coated on to the cover slip.
The resultant close packed silica particles on the glass cover slip were then inserted into a vapour
deposition chamber and 200nm silver was deposited at a rate of 0.24nm s to form a silver film
over nanoparticles (AgFON) surface suitable for SERS, essentially as described.” Replica
AgFON surfaces were then submerged in a either 6-mercaptohexanol solution (1mM solution in
ethanol) or a 12-mercaptododecanoic acid solution (ImM solation in ethanol; catalog number
705241, Sigma Aldrich) and incubated overnight at room temperature to allow the respective
self-assembled monolayers to form on the nanostructured silver surfaces. After incubation, the

SAM-derivatised AgFON surface was rinsed repeatedly with ethanol.

Following preparation of the SAMs on the nanostructured silver surfaces, the stability of the
SAMs was monitored by SERS periodically over a 14 week period using a DeltaNu benchtop
dispersive Raman spectrometer (air-cooled CCD, 785nm diode laser). These SERS assays
clearly showed that within a period of 2.5 weeks, the ‘C6 SAM’ (i.e. the SAM formed using 6-
mercaptohexanol) had substantially degraded (Figure 1). However, the SERS spectrum of the
‘C12 SAM’ (i.e. the SAM formed using 12-mercaptododecanoic acid) (Figure 2) was observed

to be stable over the same time period (data not shown).

These data are in accord with the expectation based on the literature that longer chain SAMs
should be more stable. It is noteworthy therefore that in the prior art, Neumann et al
immobilised a DNA aptamer on a silver surface via a Co6-linker and observed poorly
reproducible SERS spectra for the aptamer, probably due to formation of an incomplete,

heterogeneous and unstable SAM.

2. Preparation and analysis of a DNA-functionalised, colloidal silver SERS sensor surface

A boiling solution of ImM silver nitrate (500ml; >99.9% purity) was reduced by addition of a
1% (w/v) sodium citrate solution (10ml; >99.5% purity) to create a silver nanoparticle (AgNP)
colloid (expected NP diameter between 30 and 60nm). After boiling for 30 minutes, the
colloidal silver NPs were collected by centrifugation (3,600xg; 15 mins) and then drop coated
onto the carbon paint working electrode of commercially available screen printed electrodes
(SPE) in three SuL aliquots, after which the electrodes were allowed to dry completely, creating
an AgNP surface suitable for SERS.
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A 5’-thiol terminated DNA oligonucleotide (Oligo 1; 5°-HS-(CH,)s-TCC TGG GCT GGC GGG
TCG CTT CC-3’ (SEQ ID NO: 1)) in disulphide form was resuspended in 50mM Na,PO, pH7.4
to a concentration of 2mM and incubated overnight with the AgNP surface in order to
immobilise the oligonucleotide on to the nanostructured silver surface via the 5’-thiol group;

reduction of the disulphide bond to free thiols occurred spontaneously in situ.

The DNA-functionalised, colloidal silver SERS sensor surface on the SPE was then inserted into
an electrochemical cell consisting of a glass voltammetry cell with a mini-USB adapter that held
the screen printed electrode. The electrode was coupled to a potentiostat and electrochemical
SERS measurements were then made on the immobilised oligonucleotide at varying cathode
potentials, stepping the applied potential in the cathodic direction from 0.0V to -1.0V in 100mV
increments. The screen printed electrodes featured a built-in counter electrode (carbon) and
reference electrode (Ag/AgCl) and all potentials were measured vs Ag/AgCl. SERS spectra
were obtained using a DeltaNu benchtop dispersive Raman spectrometer (air-cooled CCD,
785nm diode laser) at medium-high power (46.5mW) and with a 30 second acquisition time.
The resultant SERS spectra clearly showed that the DNA oligonucleotide had immobilised onto
the silver NP surface and also showed that the SERS signal intensity of the DNA-functionalised
AgNP surface could be tuned by altering the cathodic potential to negative potentials vs
Ag/AgCl such that the SERS spectrum of the immobilised DNA oligonucleotide was no longer
dominated by the spectrum of citrate (Figure 2a). When the voltage was subsequently stepped
anodically, the SERS spectrum of the DNA-functionalised AgNP surface was retained (Figure
2b).

SERS spectra of the immobilised DNA oligonucleotide were then recorded periodically over a
period of 6 months, during which time no noticeable degradation in signal was observed (Figure

3) suggesting that the DNA-functionalised, colloidal silver SERS sensor surface is stable.

3. Label-free detection of Mvycobacterium tuberculosis DNA fragments using a DNA-

functionalised, SAM-derivatised SERS sensor surface

Replica DNA-functionalised, colloidal silver SERS sensor surfaces (prepared according to

Example 2 using Oligo 1) were incubated with either a complementary DNA oligonucleotide
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(Oligo 2; 5°-GGA AGC GAC CCG CCA GCC CAG GA-3’ (SEQ ID NO: 2); 2mM in 50mM
Na,PO4 pH7.4) or a scrambled sequence DNA oligonucleotide (Oligo 3; 5’-ACC GAG CCA
GGC AGC CAG GGC AC -3’ (SEQ ID NO: 3); 2mM in 50mM Na,PO, pH7.4) for 1 hour at
room temperature to allow DNA hybridisation to occur. SERS spectra were then recorded for
each DNA-functionalised, SAM-derivatised SERS sensor surface as per Example 2. The
resultant spectra showed that hybridisation of Oligo 2 (which sequence is derived from the
IS6110 genomic DNA sequence of Mycobacterium tuberculosis and which is perfectly
complementary to the sequence of immobilised Oligo 1) to immobilised Oligo 1 could be

detected in a label-free and amplification-free manner by SERS (Figure 4).

However, the SERS spectra also showed that non-specific binding of Oligo 3 could be observed,
presumably as a result of direct physisorption of Oligo 3 to the AgNP surface (Figure 5).

In order to abrogate this non-specific binding, a DNA-functionalised, colloidal silver SERS
sensor surface (prepared according to Example 2 using Oligo 1) was incubated in a 12-
mercaptododecanoic acid solution (1mM solution in ethanol) overnight at room temperature in
order to allow a self-assembled monolayer (SAM) to form, back-filling on the nanostructured
silver surface; this ‘C12 SAM’ surrounded but not did not displace the previously immobilised
molecules of Oligo 1, thus creating a DNA-functionalised, SAM-derivatised AgNP surface
suitable for SERS.

Replica DNA-functionalised, C12 SAM-derivatised colloidal silver SERS sensor surfaces were
then incubated with either Oligo 2 or Oligo 3 (DNA concentrations and buffers as before) for 1
hour at room temperature to allow DNA hybridisation to occur. SERS spectra were then
recorded for each DNA-functionalised, SAM-derivatised SERS sensor surface as above. The
resultant spectra showed that sequence-specific hybridisation of Oligo 2 to immobilised Oligo 1
could be detected in a label-free and amplification-free manner by SERS (Figure 6a; note the
peaks at ~730cm™ and ~1328cm™ that are characteristic of the hybridised oligonucleotide) but
that non-specific binding of Oligo 3 could no longer be observed (Figure 6b; note the absence of
peaks at ~730cm™ and ~1328cm™), presumably because the C12 SAM now prevented
physisorption of Oligo 3 to the AgNP surface. Furthermore, the SERS spectrum of Oligo 2
hybridised to immobilised Oligo 1 on the DNA-functionalised, C12 SAM-derivatised colloidal

silver SERS sensor surfaces was observed to be reproducible across replica experiments and
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replica sensor surfaces. In addition, equivalent SERS spectra could be recorded for the
hybridisation of Oligo 2 to immobilised Oligo 1 where the hybridisation was performed in urine
or urine-like buffers, indicating that other inorganic molecules (e.g. chloride ions) or
biomolecules (e.g. any non-complementary transrenal DNA fragments) present in urine do not
interfer with the SERS assay on such DNA-functionalised, C12 SAM-derivatised colloidal silver

SERS sensor surfaces.

Using this DNA-functionalised, C12 SAM-derivatised colloidal silver SERS sensor system, it
was observed that by stepping the cathodic voltage to negative potentials relative to Ag/AgCl,
the intensity of the SERS spectrum resulting from the specific hybridisation of Oligo 2 to Oligo
1 could be increased by 3-5 fold but that the distribution of peaks in the SERS spectrum did not

alter in the process (Figure 6a).

This Example demonstrates the ability to obtain a reproducible SERS spectrum of a DNA
aptamer-analyte binding event on a SAM-derivatised surface according to the present invention.
The combination of immobilised DNA oligonucleotides with well formed, stable SAMs on
nanostructured silver surfaces enables the homogeneous presentation of the immobilise DNA
oligonucleotides such that they are able to selectively bind the analyte of interest (in this case, a
complementary DNA oligonucleotide) in close proximity to the surface, resulting in a stronger,
reproducible SERS signal.  Furthermore, the SAM also serves to reduce non-specific
macromolecule absorption to the nanostructured silver surface, thereby improving signal-to-

noise ratios in downstream SERS spectra as also required for biosensor applications.

4. Detection of Plasmodium falciparum lactate dehydrogenase using a DNA aptamer-

functionalised, SAM-derivatised SERS sensor surface

DNA-functionalised, SAM-derivatised colloidal silver SERS sensor surfaces were prepared on
screen printed electrodes essentially as described in Example 3, with the following differences:
an in vitro selected 5’-thio-anti-Plasmodium falciparum lactate dehydrogenase DNA aptamer17
(Aptamer 4; 5’-HS-(CH»)s-GTT CGA TTG GAT TGT GCC GGA AGT GCT GGC TCG AAC-
3" (SEQ ID NO: 4); 2mM in 50mM Na,PO4 pH7.4) was used in place of Oligo 1; and 1-
mercaptoundecanyl-11-tri(ethyleneglycol) (HS-(CH,);;-(OC;Hy4);-OH; HS-C11-EG3; ProChimia

Surfaces, Poland) (1mM in ethanol) was used in place of 12-mercaptododecanoic acid.
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Recombinant Plasmodium falciparum lactate dehydrogenase (pfLDH; 1ug/ml in 10mM HEPES
pH7.5) is incubated for 30 minutes on an Aptamer 4-functionalised, C11-EG3-SAM-derivatised
AgNP surface, the surface then washed with 3x1 ml 10mM HEPES pH7.5 to remove unbound
pfLDH and SERS spectra recorded as before. The recorded spectrum are then compared to a

database of reference SERS spectra to confirm the identity of the captured biomolecule.

In this Example, the oligoethylene glycol-terminated C11 SAM provides increased resistance to
non-specific macromolecule adsorption onto the sensor surface, whilst the DNA aptamer
provides specific recognition of the pfLDH protein; the combination of these enables the
measurement of reproducible SERS spectra for the resultant aptamer-analyte complex, including
where pfLLDH is captured by an aptamer from a blood or plasma sample obtained from a patient

with suspected malaria.

Since in vitro selection procedures to produce analyte-specific aptamers typically identify several
unique nucleic acid sequences that are capable of selectively and tightly binding the target
analyte, it is also possible to use alternative in vitro selected 5’-thio-anti-Plasmodium falciparum
lactate dehydrogenase DNA aptamers, for example 5’-HS-(CH;)¢-GAA CTC ATT GGC TGG
AGG CGG CAG TAC CGC TTG AGT TC-3" (SEQ ID NO: 5)," in place of Aptamer 4 for the

SERS-based detection of Plasmodium falciparum lactate dehydrogenase.

5. Detection of viral pathogens using an RNA aptamer-functionalised, SAM-derivatised SERS

sensor surface

RNA-functionalised, SAM-derivatised colloidal silver SERS sensor surfaces are prepared on
screen printed electrodes essentially as described in Example 4, with the following amendment: a
5’-thio-anti-gp120 RNA aptamer (Aptamer 5; 5’-HS-(CH,)s-GGG AGG ACG AUG CGG AAU
UGA GGG ACC ACG CGC UGC UUG UUG UGA UAA GCA GUU UGU CGU GAU GGC
AGA CGA CUC GCC CGA-3' (SEQ ID NO: 6)'® is used in place of the anti-Plasmodium
falciparum lactate dehydrogenase DNA aptamer; as before, 1-mercaptoundecanyl-11-
tri(ethyleneglycol) was used to form the back-filled SAM surrounding the immobilised RNA

aptamer. Note that in Aptamer 5, all cytosine (C) and uracil nucleosides are replaced with 2'-
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deoxy-2’-fluoro-cytosine and with 2'-deoxy-2’-fluoro-uracil respectively to provide nuclease

resistance.'®

A suspension of intact HIV pseudovirus is incubated for 30 minutes on an Aptamer 5-
functionalised, C11-EG3-SAM-derivatised AgNP surface, the surface then washed with 3x1 ml
10mM HEPES pH7.5 to remove unbound HIV pseudovirus and reproducible SERS spectra
recorded as before. The recorded spectrum are then compared to a database of reference SERS

spectra in order to confirm the identity of the captured viral pathogen.

In this Example, the oligoethylene glycol-terminated C11 SAM provides increased resistance to
non-specific macromolecule adsorption onto the sensor surface, whilst the DNA aptamer
provides specific recognition of gpl20 proteins on the surface of the HIV pseudovirus; the
combination of these enables the measurement of reproducible SERS spectra for the resultant
aptamer-HIV pseudovirus complex, including where the HIV pseudovirus is captured by an

aptamer from a blood or plasma sample obtained from a patient with suspected HIV infection.

As before, other in vitro selected anti-gp120 RNA aptamers that show sufficient affinity and
specificity could be used in place of Aptamer 5, for example 5’-HS-(CH,)s-GGG AGG ACG
AUG CGG ACA UAG UAA UGA CAC GGA GGA UGG AGA AAA AAC AGC CAU CUC
UUG ACG GUC AGA CGA CUC GCC CGA-3’ (SEQ ID NO: 7). '*

6. Detection of intact bacterial pathogens using a DNA aptamer-functionalised, SAM-

derivatised SERS sensor surface

DNA-functionalised, SAM-derivatised colloidal silver SERS sensor surfaces are prepared on
screen printed electrodes essentially as described in Example 5, with the following amendment:
an in vitro selected 5’-thio-anti-CFP10.ESAT6 DNA aptamer (Aptamer 6; e.g. CSIR2.11 or
CSIR2.19 in reference 19) is used in place of the anti-Plasmodium falciparum lactate
dehydrogenase DNA aptamer; as before, 1-mercaptoundecanyl-11-tri(ethyleneglycol) was used

to form the back-filled SAM surrounding the immobilised DNA aptamer.

A suspension of live Mycobacterium tuberculosis H37Rv (M.th;10° bacilli/ml) is incubated for
30 minutes on an Aptamer 6-functionalised, C11-EG3-SAM-derivatised AgNP surface, the
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surface then washed with 3x1 ml 10mM HEPES pH7.5 to remove unbound M.th and
reproducible SERS spectra recorded as before. The recorded spectrum are then compared to a
database of reference SERS spectra (see for example Figure 7) in order to confirm the identity of

the captured bacterial pathogen.

In this Example, the oligoethylene glycol-terminated C11 SAM provides increased resistance to
non-specific macromolecule adsorption onto the sensor surface, whilst the DNA aptamer
provides specific recognition of the CFP10.ESAT6 heterodimer present in the Mycobacterium
tuberculosis cell wall; the combination of these enables the measurement of reproducible SERS
spectra for the resultant aptamer-M.tb complex, including where the M.tb bacilli are captured by
an aptamer from a liquified sputum sample obtained from a patient with suspected tuberculosis
(TB) disease. Such a liquified sputum sample may contain up to ca. 10* M.tb bacilli/ml
depending on TB disease status and will also contain a mixture of other unidentified
microorganisms (for example other actinomycetes such as non-tuberculous mycobacteria, or
staphylococci such as Staphylococcus aureus) that may express an ESAT6 ortholog protein and

9 those

which might therefore be cross-recognised by the anti-CFP10.ESAT6 aptamer;
microorganisms can be distinguished from M.rb by comparison of the recorded SERS spectrum
of the aptamer-analyte complex to a reference database, thus enabling discrimination between
true and false positive results in a SERS assay of the invention for presence of M.rb bacilli in

Sputum.

7. Preparation of a DNA aptamer-functionalised SAM-derivatised SERS sensor surface to

detect the anaesthetic propofol

Figure 8 shows a scanning electron microscope image of an AgFON surface prepared as
described in Example 1. A mixed aptamer-functionalised SAM can then be formed on top of the
AgFON surface as follows:

A 50:50 molar ratio mixture of carboxylic acid-terminated hexa(ethylene
glycol)hexadecanethiol (HSC;sEGsCH>,COOH) and tri(ethylene glycol)hexadecanethiol
(HSC6sEG3OH) is prepared at a final concentration 0.1mg mL" in dimethyl sulphoxide and
incubated with the AgFON surface over night at room temperature to allow the SAM to form.
The SAM-derivatised AgFON surface is then washed with de-ionised water followed by ethanol

and dried under a stream of nitrogen. Activation of the carboxylic acid moiety of the SAM as an
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N-hydroxysuccinimide (NHS) ester is then performed by incubating the SAM-derivitised
AgFON surface in a solution of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
NHS (final concentrations 0.2M and 0.05M, respectively, in dry dimethylformamide) for 2h, is
then washed with de-ionised water followed by ethanol and dried under a stream of nitrogen.

An anti-propofol DNA aptamer is isolated by standard SELEX procedures13 using an
immobilised form of the anaesthetic compound propofol in the enrichment step. DNA synthesis
is then used to create a a 5’-amino modified form of the anti-propofol DNA aptamer.

A 100mM solution of a 5’-amino modified anti-propofol DNA aptamer is then incubated
with the NHS-activated SAM-derivatised AgFON surface in phosphate buffered saline solution
(pH 8.0) overnight at room temperature to allow amide bond formation between the 5’-amino
modified anti-propofol DNA aptamer and the NHS-activated SAM. Finally, the aptamer-
functionalised SAM formed on top of the AgFON surface is washed with de-ionised water

followed by ethanol and dried under a stream of nitrogen. This process is depicted in Figure 9.

8. Real time real time monitoring of the blood plasma concentration of an anaesthetic

The following example describes an in vitro application of a SERS biosensor for a real-time
monitoring of an anaesthetic, such as propofol. Figure 12 shows an arrangement where the
SERS biosensor is used for such an application. The SERS biosensor may be encapsulated in a
device such as a flow cell (2). Blood is allowed to flow through the flow cell at a suitable flow
rate (10-100ul min™), controlled by a flow regulator (1). A device comprising a Raman
spectrometer (3) with an integrated laser source, detector and associated optics as well as an
embedded computer is placed over the flow cell that has an optical window to allow the
excitation laser and resulting SERS signal to pass through, which is then detected by the Raman
detector (3), processed in an on-board computer embedded in (3) and displayed in real-time on a
monitor (4). When propofol binds to the anti-propofol aptamer, conformation change of the
aptamer occurs. By monitoring the SERS signal of the aptamer-propofol complex in real-time
and comparing the signal intensity to a standard curve, the concentration of propofol in blood
can be determined with high accuracy. For this application, the aptamer-SAM partition layer
must bind propofol reversibly such that at any given time the concentration of propofol close to
the AgFON surface reflects, through establishment of dynamic equilibrium, the concentration of

the analyte in the blood sample flowing through the sensor flow cell at that time. In addition, by
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comparison of the measured SERS spectrum to a database of reference SERS spectra, the

identity of the measured analyte can be confirmed.

Figure 13 shows the details of the flow cell and encapsulated SERS biosensor mentioned in the
above example of a real time system to monitor anaesthetics. A single optical path couples the
laser excitation to the biosensor and the SERS signal from the biosensor to the detector via an
optical window on the flow cell. A notch filter centred at the excitation laser wavelength can
reduce the backscattered laser excitation. A “head-on” arrangement is also possible where the
excitation pathway is from the bottom of the flow cell and the SERS is detected from the top.
Such an arrangement will have greater sensitivity. A typical portable Raman spectrometer

. .. . . . . . 16
system combines the laser excitation, associated optics, and detector into a single device.

Instead of a flow cell, a micro-fluidic system can also be used where a micro-fluidic chip is
attached to the SERS biosensor. The micro-fluidic system pumps a small volume of blood at the

desired flow rate (e.g. 20ul min™) over the SERS biosensor as shown in Figure 14.

Another possible arrangement is to attach a SERS biosensor on a fibre optic cable as shown in
Figure 15. Such a fibre optic probe may be used to detect SERS by placing the probe directly

into the medium (such as blood) to detect the analyte of interest.
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CLAIMS

1. A method of of identifying an analyte molecule in a biological sample, the method
comprising the steps of:

capturing the analyte molecule onto a metal surface by means of an analyte molecule-
specific aptamer,

measuring the SERS spectrum and SERS signal intensity of the resultant specific
aptamer-analyte molecule complex, and

comparing the measured SERS spectrum to a database of reference SERS spectra to

verify the identity of the captured analyte molecule.

2. A method as claimed in claim 1, which further comprises the step of comparing the
measured SERS signal intensity to a standard curve to quantify the abundance of the captured

analyte.

3. A method as claimed in either of claims 1 or 2, which distinguishes true and false

positive results in quantitative analyte assays on biological samples.

4. A method as claimed in any one of claims 1 to 3, wherein the analyte is just one

component of many other components in the biological sample.

5. A method as claimed in any one of claims 1 to 4, wherein the aptamer is a DNA aptamer.

6. A method as claimed in any one of claims 1 to 5, wherein the analyte molecule is a
protein, a peptide, a nucleic acid, a lipid, a glycolipid, a carbohydrate, an anaesthetic, a drug, an

intact cell, a bacterial pathogen or a viral pathogen.

7. A method as claimed in any one of claims 1 to 6, wherein the surface comprises a self-
assembled monolayer (SAM) of amphiphilic molecules, and the SAM is directly or indirectly

derivatised by the aptamer molecule.

8. A method as claimed in claim 7, wherein the aptamer is attached directly to the

amphiphilic molecules of the SAM.
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0. A method as claimed in either of claims 7 or 8, wherein the SAM is covalently coated by
a layer of oligoethylene glycol molecules.
10. A method as claimed in claim 9, wherein the oligoethylene glycol molecules have

exposed termini and are derivatised on the termini by the aptamer.

11. A method as claimed in claim 10, wherein the aptamer derivatises the oligoethylene
glycol-terminated SAM such that about 1- 80% of the underlying amphiphilic molecules that

form the SAM are directly or indirectly derivatised by an aptamer molecule.

12. A method as claimed in any one of claims 7 to 11, wherein the aptamer is presented

above a layer of underivatised oligoethylene glycol polymers on the surface.

13. A method as claimed in any one of claims 1 to 6, wherein the aptamer is attached directly

to the surface and surrounded by a SAM.

14. A method as claimed in claim 13, wherein the SAM is covalently coated by a layer of

oligoethylene glycol molecules.

15. A method as claimed in any one of claims 1 to 14, for diagnosing or quantifying an

infection, disease or medical condition in a subject from which the sample has been taken.

16. A method as claimed in any one of claims 1 to 14, for monitoring a subject during
anaesthesia.
17. A sensor for capturing an analyte of interest from a biological sample for measuring the

SERS spectrum of the captured analyte, the sensor comprising a self-assembled monolayer
(SAM) of amphiphilic molecules attached to a metal surface of a substrate and an aptamer that is
specific for the analyte of interest; wherein the SAM is coated with a layer of polymers that resist
non-specific absorption of macromolecules, the polymers being bonded to the amphiphilic

molecules of the SAM.
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18. A sensor as claimed in claim 17, wherein a fraction of the amphiphilic molecules of the

SAM are directly or indirectly derivatised by an aptamer molecule.

19. A sensor as claimed in either of claims 17 or 18, wherein the aptamer is attached directly

to the amphiphilic molecules of the SAM.

20. A sensor as claimed in any one of claims 17 to 19, wherein the SAM is covalently coated

by a layer of oligoethylene glycol molecules.

21. A sensor as claimed in claim 20, wherein the oligoethylene glycol molecules have

exposed termini and are derivatised on the termini by the aptamer.

22. A sensor as claimed in either of claims 20 or 21, wherein the aptamer derivatises the
oligoethylene glycol-terminated SAM such that about 1- 80% of the underlying amphiphilic

molecules that form the SAM are directly or indirectly derivatised by an aptamer molecule.

23. A sensor as claimed in any one of claims 20 to 22, wherein the aptamer is presented

above a layer of underivatised oligoethylene glycol polymers, within about Snm of the surface.

24. A sensor as claimed in claim 17, wherein the aptamer is attached directly to the sensor

surface and surrounded by a SAM.

25. A sensor as claimed in claim 24, wherein the SAM is covalently coated by a layer of

oligoethylene glycol molecules.

26. A sensor as claimed in any one of claims 17 to 25, wherein the aptamer is a DNA
aptamer.
27. A sensor as claimed in any one of claims 17 to 26, wherein the aptamer is specific for an

analyte which is indicative of an infection, disease or medical condition in a subject.

28. A sensor as claimed in any one of claims 17 to 26, wherein the aptamer is specific for an

analyte which is an anaesthetic compound or a metabolite thereof.
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29. A detector comprising a sensor as claimed in any one of claims 17 to 28.

30. A detector as claimed in claim 29, which further comprises a laser and a SERS detector.
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