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DNA functionalised nanoparticle probes offer new opportunities in analyte detection.  Ultrasensitive, molecularly specific targeting of analytes is possible through the use of metallic nanoparticles and their ability to generate a surface enhanced Raman scattering (SERS) response.  This is leading to a new range of diagnostic clinical probes based on SERS detection.  Our approaches have shown how such probes can detect  specific DNA sequences by using a biomolecular recognition event to ‘turn on’ a SERS response through a controlled assembly process of the DNA functionalised nanoparticles.  Further, we have prepared DNA aptamer functionalised SERS probes and  demonstrated how introduction of a protein target can change the aggregation state of the nanoparticles in  a dose-dependant manner.  These approaches are being used as methods to detect biomolecules that indicate a specific disease being present with a view to improving disease management.  

1 Introduction 

The development of new techniques capable of providing useful diagnostic or clinical markers is an area of research growth.  Issues of cost, both of consumables and equipment, ease of use and robustness dominate the uptake of use of any new technologies. However, the advent of new instrumentation coupled with complex optics are leading to new, more sensitive diagnostic techniques capable of providing a genuine clinical benefit.  Here we report on how we use metal nanoparticles to detect specific DNA sequences when combined with SERS.  


Coinage metal nanoparticles (1-100 nm), have been used as both delivery vehicles for biomolecular uptake into cells and as detection probes for a variety of targets.  They are easily synthesised by a variety of methods, can be stored long-term and consequently have low associated costs.  Gold1, 2 and silver3 are the most commonly used nanoparticles and their small size (comparable to mid-large proteins) leads to unique physical characteristics not observed with bulk materials or molecular salts.
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  Nanoparticles are stable, have a large surface area to mass ratio, can be functionalised with a choice of ligands, and their optical brightness and massive scattering efficiency makes them ideally suited for in vitro and in vivo applications.7, 8 The characteristic colour of gold and silver nanoparticle suspensions is due to the localised surface plasmon resonance (LSPR) of the cloud of electrons associated with the surface of the nanoparticle. The absorbance maximum of the LSPR of a colloidal suspension is dependant upon a range of factors including the metal used, size, shape, and the dielectric constant of the medium.4 The LSPR is also dependant upon the aggregation state of the nanoparticles with larger aggregates red-shifting the LSPR band and leading to a spectroscopic (Raman/SERS) and visual colour changes.
SERS is an optical spectroscopic technique that provides molecularly specific fingerprints directly related to the vibrational and stretching modes of a target analyte.  Developed in 1974, it offers researchers a significant advancement over conventional Raman spectroscopy with sensitivity typically 106 greater than the classical technique.9 Raman spectroscopy is an inherently weak process relying on the collection of inelastically scattered photons.   With an estimated 1 in every 108 photons scattered inelastically, the technique requires large, expensive equipment and is predominatly a fringe technique. The observation that adsorption of the analyte to a roughened metallic surface leads to significant signal enahancement led to a renaissance in Raman spectroscopy and the technique is now accepted as one of the most sensitive and specific detection methods available.  Use of gold and silver nanoparticles in SERS has been extensively studied and enhancement of the Raman signal due to the interaction between the surface adsorbed analyte and the LSPR of the nanoparticle. Further enhancement can be achieved by the controlled formation of electromagnetic ‘hot spots’ between 2 or more aggregated nanoparticles.10 SERS gives rise to exquiste sensitivity with single molecule detection reported.11 Further, SERS offers excellent opportunities in the detection of multiple analytes as the narrow, sharp, fingerprint spectra lend themselves to a multicomponent detection technique.
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Gold and silver nanoparticles can be functionalised with a range of chemical moieties, commonly achieved by coupling surface atoms to a thiol group. Oligonucleotide-gold nanoparticle (OGN)15, 16 and oligonucleotide-silver nanoparticle (OSN)
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 conjugates provide robust and versatile detection systems. Synthesis of OGN and OSN conjugates is relatively simple.  A thiol-modified oligonucleotide is introduced to a suspension of gold or silver nanoparticles and is salt aged over a short period (2-48 hours). When oligonucleotide-nanoparticle conjugates are used for detection two different methodologies can be applied; 1- using the nanoparticle as a label for an analyte of interest and 2- inducing the assembly of the nanoparticles to create a measurable visual or spectrscopic response. 


Nanoparticle assembly can be controlled to such an extent that a biological interaction, such as DNA hybridisation, can be detected by the changes caused in the LSPR.19, 20 An assembly-based assay using OGN or OSN conjugates typically uses two batches of nanoparticle probes functionalised with different, non-complementary oligonucleotides.  Addition of a target sequence, complementary in part to both conjugates, can cause hybridisation to occur. The nanoparticle assembly ensures individual nanoparticles are brought into close enough proximity to red-shift the LSPR band and allow DNA detection solely through colourimetry (figure 1). OGN and OSN conjugates have been used to detect a wide variety of biologically relevant targets including genomic DNA,21 bacterial DNA,22 and duplex and triplex binding sequences23 and have been coupled with optical,24 electrochemical25 and vibrational26 detection systems.
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Figure 1. Schematic representation of an OGN/OSN conjugate assay.  Nanoparticle conjugates functionalised with two different, non-complementary oligonucleotides (A+B) hybridize upon addition of target oligonucleotide (C).  The molecular recognition event and the formation of structured nanoparticle assemblies cause a visual colour change in the nanoparticle suspension.


Protein detection is also possible using OGN conjugates in the form of an aptamer sequence adsorbed to the nanoparticle surface.  Aptamers are nucleic acid ligands selected to bind a target molecule with high selectivity and specificity.  Typically short sequences of both ssDNA and RNA of 20-80 nucleotides  (~6 – 26 kDa) have been successfully selected to interact with a range of analytes including proteins, peptides and small molecules.  Aptamers form unique tertiary folded structures that present grooves and clefts capable of binding targets with affinities that often rival if not surpass an antibody alternative.  First developed in 1990,
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 most aptamers are selected using the ‘systematic evolution of ligands by exponential enrichment’ (SELEX) process.  SELEX is a reiterative amplification technique that screens a starting library of up to 1015 unique sequences to a final optimized pool of 10-100 candidates.  The real strengths of the technique stem from the diversity of the starting pool, which can lead to highly sensitive aptamers being selected with extremely high specificity.  An example being the ability of a theophylline aptamer to molecularly discriminate between its target and caffeine.29  These small molecules differ by a single methyl group, and the theophylline aptamer has a greater than 10000 - fold preference for its target over caffeine.29

The properties of aptamers are commonly compared to antibodies due to their molecular targeting abilities..  Both species can be used for sensitive and specific detection though aptamers have a number of further advantages over antibody alternatives.  Aptamers are selected with a relatively easy and effective selection technique.  Once selected, they can be reproduced in sizeable amounts using fast, cheap synthetic approaches with little batch to batch variability and where simple, diverse modifications are possible.  Further advantages include their relatively small size, their low toxicity and their slow degradation kinetics compared to any protein based alternative.  A sign of their success and potential as clinical drug candidates can be illustrated in that in less than 2 decades since their introduction to the scientific community, the FDA approved pegaptanib (or Macugen(R), marketed by Pfizer) as an aptamer drug for use in the treatment of age-related macular degeneration (AMD).30  More recently, researchers have looked to functionalize nanoparticles with DNA and aptamer sequences.  


Aptamer functionalised nanoparticles have been reported to a diverse range of targets including prostate specific membrane antigen (PSA),31 platelet derived growth factor (PDGF),32 and cocaine.33 The cocaine aptamer is specially noteworthy as it utilises a unique ‘reverse molecular beacon’ approach.  In the absence of target, the aptamer adopts an almost linear conformation.  Addition of target causes the aptamer to fold around the drug and brings the 3’ end of the oligonucleotide into close contact with the surface of the nanoparticle. When the 3’ end is functionalised with a fluorescent dye, the conformational change on binding switches on the SERS and the cocaine can be detected by the SERS signal.


Here we show the development of oligonucleotide-nanoparticle conjugates with enhanced stability for the assembly based detection of the mecA gene of methicillin-resistant Staphylococcus aureus (MRSA) and the use of aptamer functionalised nanoparticles and SERS for the detection of thrombin. 
2 Results and Discussion

Development of a MRSA detection oligonucleotide-nanoparticle system

Functionalised nanoparticles offer excellent opportunities as SERS active DNA probes. SERS from both OGN and OSN conjugates has been used to detect specific oligonucleotide sequences at low concentrations (figure 2).
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Figure 2.   SERS and LSPR analysis of sequence specific DNA nanoparticle probes.  Combined diagram showing the simultaneous decrease in LSPR (A) and increase in SERRS intensity (B) caused by the hybridisation of dye-coded DNA functionalised silver nanoparticles to an unmodified complementary target oligonucleotide (inset). 

The first approach used dye-coded oligonucleotide-silver nanoparticle (DOSN) conjugates to detect an unmodified target oligonucleotide.34 Two batches of silver nanoparticles were coated with different surface-seeking Raman reporter molecules.38 Each batch was then functionalised with probe oligonucleotides non-complementary to each other, yet antisense to half a target sequence. When exposed to the target, the probe sequences hybridise, causing aggregation of the nanoparticles, changing the LSPR and increasing the intensity of the SERS response. Initial work discriminated between targets that were either fully complementary or non-complementary, but this was later refined to discriminate single base mismatches in the target sequence at room temperature.39 Although performed using model sequence oligonucleotides, it was assumed that extending this system to sequences of interest would present no significant problem.  However, attempts to move to biologically relevant targets found that far from being universally suited to all sequences, the stability and ability of the conjugates was found to be highly dependant on the sequence used.  Short-term and long term conjugate stability is vital for a successful assembly-based assay; short-term stability to ensure a robust control as the response from any non‑complementary sequence should not change and long-term stability to ensure repeatable results over time. The reasons assumed for the sequence dependence are varied. Sequences that contain a high degree of self‑complementarity are unsuitable as the conjugates self-hybridise. Sequences that take some form of secondary structure can also be unsuitable (shown in figure 3). 
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Figure 3. HPLC analysis of four synthetic oligonucleotides that differ by a single base.  The traces of the final synthesis products (designated with arrows) of four thiol-modifed oligonucleotide sequences from their failure sequences are illustrated. The sequences were (5’-3’) A: thiol-AAAAAAAAAAGGACAACCT  C: thiol-AAAAAAAAAAGGACCACCT  G: thiol-AAAAAAAAAAGGACGACCT  T: thiol-AAAAAAAAAAGGACTACCT. Note that the sequences only differed by a single base. The ten adenine bases act as a ‘tether’, distancing the sequence of interest from the nanoparticle surface, minimising any steric effects that could affect hybridisation efficiency.


Figure 3 contains the HPLC traces from the purification of four oligonucleotide sequences that differ only by a single base. Traces were obtained using ion-exchange chromatography, separating DNA sequences based upon the number of negatively charged phosphate residues present.  The data indicates that the sequence containing guanine at the midpoint is retained longer than the others and suggests formation of a secondary structure or the possible incorporation of a second oligonucleotide. Significantly, oligonucleotide-nanoparticle conjugates could be successfully created using all except that sequence containing the mid-point guanine. This issue suggests applications that require specific sequences for disease detection may need further surface stabilisation or passivation to enable a SERS probe to work to the best of its ability. The secondary-structure dependence could also impact the creation of aptamer-nanoparticle conjugates which can form higly convoluted structures. 


For this reason we have undertaken extensive research to define suitable sequences as well as developing a new, more stable form of oligonucleotide attachment.  Although linkers containing multiple thiol groups can be used to improve the stability of oligonucleotide-nanoparticle conjugates, 5’ mono-thiol oligonucleotides are currently the easiest, cheapest and therefore most commonly used approach for the attachment of DNA to a nanoparticle. Multiple thiol attachment groups have been shown to greatly increase the stability of OGN and OSN conjugates to higer salt concentrations, displacment molecules and high temperatures.
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  Our developments have led to the commercialisation of multiple thiol anchor groups based on thioctic acid.41 In that particular study model sequences of both OGN and OSN conjugates were used throughout.  Figure 4 shows the absorbance data from OGN conjugates created using single- or dual- thiol attachments.  The approach is significant as it used a sequence complementary to part of the mecA gene of  MRSA, a relevant biological target.
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Figure 4.  Analysis of thiol-nanoparticle stability.   UV/vis absorbance analysis of oligonucleotide probe conjugates before and after the addition of dithiothreitol (DTT). The absorbance of mecA-OGN conjugates monitored at 675 nm with (A)-monothiol attachment and (B)-multiple thiol attachement after the addition of DTT.  The UV-Vis spectra of OGN conjugates (C) before (blue) and after (red) the addition of DTT. Note the formation of a second maximum at 675 nm. 


Figure 4 also illustrates the stability of OGN conjugates when treated with DTT, a small molecule that displaces thiol moietes from the nanoparticle surface. Figures 4A and 4B compare the increase in absorbance at 675 nm over time and correspond to the aggregation of the nanoparticles. The data indicates the monothiol attachment is displaced much quicker than the dithiol anchor thus providing a less stable linker molecule.  Conjugates created with thioctic acid, containing the mecA complement sequence were more stable than those created with the single thiol attachment  This shows that surface attachment chemistry is crucial in producing probes suitable for use in diagnostic applications.  
Development of a thrombin nanosensor
As demonstrated with the mecA OGN’s, nanoparticles offer facile, robust and specific SERS detection platforms.  DNA-DNA interactions are well studied and the sense-antisense attraction provides researchers an excellent platform to aggregate nanoparticles.  Less well studied are DNA-protein interactions and specifically the use of aptamer functionalised nanoparticles as a sensitive protein detection assay. Our approach looked at the feasibility of using aptamer functionalised nanoparticles to detect thrombin.  Thrombin protein plays a key role in homeostasis, as well as regulating many inflammation processes and aiding tissue repair.42  In blood, thrombin is typically found at low-nanomolar levels whereas significantly lower levels can often be indicative of a blood coagulation abnormality.  The thrombin aptamer was one of the earliest published, and is one of the most studied DNA aptamers.42   X-ray crystallographic analysis of the DNA 15-mer interacting with the protein found that the aptamer forms a G-quartet, stabilized by Hoogstein hydrogen bonding.43  The Bock aptamer42 interacts at two distint regions on the thrombin molecule, the fibrinogen exosite and the heparin binding site.44  Here we show how the LSPR and Raman enhancement effects observed when nanoparticles are brought into close proximity can be exploited by using SERS active silver nanoparticles functionalized with thrombin DNA aptamers.

Mixed monolayer Raman nanoparticle probes were prepared using the same method as DOSN conjugates but with a 5’ thiol-modified version of the Bock aptamer (5’ - (thiol) TTT TTT TTT TTT TTT GGT TGG TGT GGT TGG).   Thrombin was added to the colloidal suspension and UV spectra were recorded periodically over a 90 minute period (shown in figure 5A).  The data indicates that molecular recognition by the aptamer probes induces a change in the LSPR.  This suggests that the aptamers remain functional when adsorbed to the nanoparticle surface.  SERS analysis was then performed to observe the Raman signal from probes in the presence and absence of thrombin (figure 5B).  Although both spectra look similar, the subtle change in peak intensities is indicative of nanoparticle aggregation.  Further, a concentration dependant Raman response was observed (5b- inset) where the peak height increases with an increase in concentration of added thrombin. Comparison of DNA and thrombin detection using DOSN conjugates show that the magnitude of the response for unmodified oligonucleotide and protein are quite different, with the oligonucleotide detection yielding a much greater change in intensity (figure 2 and figure 5B). The recognition of the protein shows a modest SERS response which is probably due to the large size of the thrombin.  This means that although active and bound to the target, the aptamer nanoparticles may be too far apart to allow for a plasmon overlap, hindering electromagnetic SERS enhancement and leading to the modest SERS improvements over the monodisperse colloidal suspension.
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Figure 5.  Aptamer functionalised nanoparticles to detect thrombin.  The UV-Vis data (A), SERS analysis (B) of a thrombin aptamer adsorbed to a SERS nanoparticle binding to target and SERS thrombin concentration study (C).  The UV data shows the incremental decline in adsorption as nanoparticle aggregates form over a 90 minute period (The inlayed figure shows the control with no thrombin added).  SERS analysis shows the increase in SERS in the presence (pink) and absence of thrombin (blue).  Figure C shows the effect of thrombin concentration on the change in intensity of the peak at 1368 cm-1.

The turning on of SERS through the interaction of the aptamer nanoparticles with the protein target shows that this concept can be extended from a purely nucleic acid system and offers opportunities in terms for protein detection related to disease. 

3 Conclusion


DNA functionalised SERS probes offer excellent opportunities in molecular recognition.  The use of mixed monolayers on nanoparticles, containing a Raman dye and specific oligonucleotide sequences, can lead to a novel range of detection systems capable of screening both nucleotide sequences and proteins.  The approaches developed show how DNA functionalised nanoparticle probes can be used in the detection of DNA sequences related to disease and in clinically relevant protein targets.  Although work is still in the preliminary stages, it is possible to envisage how such systems could offer real opportunities to sensitively detect the expression of multiple genes and/or proteins in a cellular environment.  Further, the ability of SERS to detect two very different recognition events should allow for the multiplexed detection of biological interactions including protein:protein and protein:small molecule. Recent developments in in vitro and in vivo nanoparticle delivery, coupled to such a highly sensitive spectroscopic technique, may yield a highly sensitive and specific technique of use in clinical diagnosis.  
4 Experimental


All reagents were purchased from Sigma Aldrich, UK apart from those used in oligonucleotide synthesis which were purchased from Link Technologies, UK.  Aptamer sequences were purchased from MWG. 

Oligonucleotide-Nanoparticle Synthesis
All conjugates were synthesised by previously published methods.
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 Both gold45 and silver46 nanoparticles were synthesised via citrate reduction methods. Briefly, a 10 μM solution of thiol or thioctic acid modified DNA prepared in 60 mM phosphate buffer pH 8.5 was desalted using a Sephadex superfine desalting column fitted to a Dionex HPLC using distilled water as eluent directly onto a 3 mL solution of concentrated gold nanoparticles or as prepared silver nanoparticles. For the synthesis of DOSN conjugates the silver nanoparticles were first exposed to a Raman reporter molecule for 24 hours at a final concnetration of 1 × 10-5 M. The solutions were then left in the dark for 24 hours before gradual salt aging. The conjugates were then centrifuged twice at 7000 rpm for 20 minutes with resuspension in 0.3 M PBS pH 7. 
SERS
A Leica DM/LM microscope equipped with an Olympus 20x/0.4 long working distance objective was used to collect 180º backscattered light from a standard cuvette. The spectrometer system was a Renishaw inVia and a Spectra Physics Argon ion laser (514.5 nm) was used as the excitation source with a power output measured to be 6 mW at the sample. Dielectric edge filters were used to reject Rayleigh scattered light.
DOSN Assay

For SERS analysis, a 30 pM solution of DOSN conjugates was prepared. An unmodifed complementary oligonucleotide was added to this solution in a 100× excess. For UV-Vis analysis the DOSN conjugate solution concentration was 10 pM. For both techniques, scans were taken immediately after target addition and 30 minutes later.
mecA-OGN Stability

2 nM of OGN conjugates were prepared in a quartz glass cuvette. To this an aliquot of DTT was added at a final concentration of 10 mM. The change in aborbance was then monitored using a Cary Win 300 UV-Visible spectrometer.

HPLC

HPLC traces were obtained using a Dionex P680 pump fitted with a UVD 170U detector and a 1 mL ResourceQ column with sodium perchlorate used as the counter ion.

Thrombin aptamer nanoparticles
DOSN conjugates were prepared using the method previously stated apart from that a buffer containing 0.21 M NaCl, 0.01 M KCl, 9 mM Na phosphate buffer pH 7.5 was used throughout rather than 0.3 M PBS.    

UV-vis analysis - Thrombin (20 nM) was added to OSN conjugates (10 pM) and the change in absorbance was recorded every 5 minutes over a 90 minute period using a Cary Win 300 UV-Visible spectrometer.  The control study repeated the work in the absence of thrombin.  

SERS – Thrombin (5 nM) was added (or buffer for control) to DOSN conjugates (50 pM) and allowed to incubate for 45 minutes.  An extended scan was performed (300 – 2100 cm-1) using a 10s accumulation time.  Analysis was performed in triplicate.  The concentration analysis used functionalised nanoparticles (10 pM) incubated with thrombin (0, 2.5, 5, 10 nM) for 45 minutes prior to SERS analysis. 
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