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Abstract

Nucleic acid-functionalized gold surfaces have been used extensively for the development of 

biological sensors. The development of an effective biomarker detection assay requires careful 

design, synthesis and characterization of probe components. In this feature article, we describe 

fundamental probe development constraints and provide a critical appraisal of the current 

methodologies and applications in the field. We discuss critical issues and obstacles that impede 

the sensitivity and reliability of the sensors to underscore the challenges that must be met to 

advance the field of biomarker detection.
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Introduction

The focus of this feature article is the development of robust biological sensors based on 

nucleic acid-functionalized gold surfaces, with particular emphasis on gold nanoparticles 

(AuNPs). A brief introduction to the field is provided, including an overview of the 

properties of gold surfaces, AuNPs and nucleic acids that make them useful components for 

biosensor development, as well as a review of work that initiated the field. The bulk of the 
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review covers three types of nucleic acid motifs that are commonly conjugated to gold 

surfaces for biomarker detection: DNA hairpins, DNA biobarcode tags and functional 

nucleic acids (aptamers and DNAzymes). This feature article is not intended to be an 

exhaustive review of biological applications for nucleic acid-functionalized gold surfaces, 

but rather a compilation of useful insights for the development and possible applications of 

such probes based on experiences in our laboratories and in the recent literature. The 

discussion focuses primarily on design constraints, synthetic considerations and appropriate 

methods to characterize the different types of nucleic acid-based probes. Additionally, we 

offer a critical outlook on the state of the field and highlight important considerations for its 

advancement.

Because of their unique physical properties, gold surfaces have become a popular platform 

for the development of biologically relevant detection assays in a variety of settings, 

including health care,1–4 environmental testing,5, 6 and national security.7, 8 Gold offers 

many advantages over other available materials; it is biocompatible, essentially nontoxic, 

readily functionalized with a variety of ligands and relatively stable in many solutions 

including biological matrices.9 More specifically, AuNPs are frequently used because of 

their optical properties, ease of functionalization, size and efficient cellular internalization.

The optical properties of AuNPs make them a well-suited platform for biomarker detection 

applications. When metallic nanoparticles of a size comparable to the electron mean free 

path in metals (~100 nm) are irradiated with light having specific frequencies, collective 

oscillations of electrons are observed along the metallic surface. These oscillations are 

termed surface “plasmons” or localized surface plasmon resonances (SPR).10 For AuNPs (5 

– 200 nm), these collective oscillations are in resonance with the incident radiation in the 

visible region of the electromagnetic spectrum, giving rise to a characteristic plasmon 

absorption band centered at 520 nm.10 As gold particles increase in size, the increase in 

diameter is also accompanied by an increase in the extinction coefficient and a red shift in 

the plasmon band. The net result is that particles with a diameter of around 15 – 100 nm are 

most visible to the human eye. Particles with an 80 nm diameter have an extinction 

coefficient of around 9 × 1010 M−1 cm−1. This exceeds the extinction coefficients of organic 

dyes by four or five orders of magnitude. The aggregation of AuNPs leads to the formation 

of a new absorption band at longer wavelengths as a result of electric dipole-dipole 

interaction and coupling between the plasmons of neighboring particles in the formed 

aggregates. This effect was the basis of some of the earliest types of AuNP-based assays as 

the coupling between the plasmons gives rise to a noticeable color change of the sample 

from red to purple. Fluorescence quenching and electron transfer are also a result of SPR, 

which further increases the diversity of biomarker detection applications using AuNPs. For a 

more detailed explanation of the optical properties of AuNPs, Myroshnychenko et al. has 

published an excellent review on the topic.11

Nucleic acids are highly favored as the functional interface between the gold surface and the 

biological matrix because of their homogenous charge and relatively limited chemical 

complexity compared to other large biomolecules (e.g. proteins). These characteristics 

ensure the structural stability and functionality of the nucleic acids on the gold surface. 

Furthermore, nucleic acids can be designed to be functional sensors because of their high 
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specificity for complementary nucleic acid targets and numerous other biological molecules 

and because of their diverse repertoire of chemical readout mechanisms.12, 13 Advances in 

automated solid-phase synthesis using phosphoramidite chemistry have made 

oligonucleotides of virtually any sequence widely availability. Phosphoramidite building 

blocks include classic deoxyribo- and ribonucleosides as well as a host of other unnatural or 

chemically modified nucleosides, providing functional and structural diversity to synthetic 

oligonucleotides. Modifications incorporating fluorophores, quenchers, locked nucleic acid 

(LNA) nucleotides, “Click” chemistry reagents, biotin and other molecules have vastly 

expanded the applications of nucleic acid-based probes. The 5′ hexanethiol nucleoside 

modification, which allows the oligonucleotide to be easily conjugated to a gold surface via 

the gold-thiol bond, has facilitated the development of nucleic acid-functionalized gold-

based probes.

In 1996 Alivisatos and Mirkin pioneered the use of DNA-AuNP conjugates.14, 15 They 

independently developed approaches for site-specific attachment of thiolated DNA probes 

on AuNPs based on gold-thiol chemistry. Alivisatos and coworkers demonstrated the 

feasibility of DNA-monofunctionalization by using 1.4 nm AuNPs that only allowed for an 

individual single-stranded DNA (ssDNA) to be attached due to surface area restrictions. 

These monofunctionalized nanoparticles were used to assemble discrete homodimeric and 

homotrimeric nanoparticle structures. Mirkin and coworkers used oligonucleotides as 

synthetically programmable constructs for guiding the assembly of DNA-functionalized 

AuNPs into macroscopic networks. Two non-complementary, thiol-modified DNA 

oligonucleotides were each bound to the surface of two batches of 13 nm AuNPs. When an 

oligonucleotide with ends that are complementary to the two sequences was added to the 

solution, the AuNPs aggregated, giving rise to a characteristic red-to-blue color change.

Although the primary goal of Alivisato’s and Mirkin’s initial work was to control the 

assembly of AuNPs for the synthesis of miniaturized electronic components and other 

nanoscale materials, DNA-gold conjugates have become a popular platform for the 

development of biological sensors. Along with the characteristic color change upon AuNP 

aggregation, the conductivity and high quenching efficiency gold have been extensively 

employed to develop a range of colorimetric, fluorescence and electronic biomolecular 

detection methods. Table 1 summarizes the results from several formats and applications of 

nucleic acid-functionalized gold surfaces.

DNA Hairpin-Functionalized Gold

There has been ever-increasing demand to develop rapid, sensitive and selective bioassay 

methods in molecular diagnostics, environmental monitoring and the detection of infectious 

agents. A novel molecular tool toward this end is the molecular beacon (MB). MBs are end-

labeled oligonucleotides that exist in solution as stem-loop structures and utilize the 

fluorescence of a reporter dye at the 5′ end and a proximal quencher attached to the 3′ end 

(Scheme 1). The fluorophore/quencher pair produces an “on” or “off” signal dependent on 

the conformational state of the MB. When they are in close proximity (typically < 5 nm) and 

the fluorophore is in its excited state, emitted photons are absorbed by the quenching 

molecule. Conversely, the fluorescence signal is significantly enhanced when the distance 
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between the quencher and the fluorophore exceeds 10 nm. The stem region consists of four 

to seven base-pairs and functions as a lock to maintain the closed hairpin structure and bring 

the quencher within a few nanometers of the fluorophore. The loop is the recognition 

element. Upon hybridization to a complementary nucleic acid strand, the stem region opens, 

and consequently induces a conformational change of the MB. This increases the physical 

distance between the fluorophore and the quencher and results in a loss of quenching and an 

increase in fluorescence. This signal-generation mechanism of MBs enables the analysis of 

target oligonucleotides without the separation of unbound probes. Because of their signal-on 

sensing and high sequence specificity resulting from the conformational constraint offered 

by the stem-loop structure, MBs have found wide application in molecular and cellular 

biology, pathogen detection and biomedical diagnostics.16

Continued development of MBs has resulted in improvements in various aspects from their 

original design. The choice of quenchers is of particular interest as it may lead to a decrease 

in nonspecific background signals and therefore a lower “off” signal. While standard organic 

quenchers have demonstrated effectiveness in quenching the fluorescence of fluorophores 

located in their vicinity, their quenching efficiencies vary significantly from one dye to 

another. For example, the organic quencher 4-((4′-(dimethylamino)-phenyl)azo)benzoic acid 

(DABCYL) efficiently quenches the fluorescence of fluorescein (FAM), but is much less 

efficient for dyes emitting at longer wavelengths like Cy5 and Texas Red. Black Hole 

Quenchers (BHQ) have low background fluorescence and a broad effective range of 

absorption, but it is still important to match the BHQ with the appropriate dye based on the 

excitation and emission spectra of the dye.17

Metallic gold, both macroscale gold and AuNPs, is well known for its ultrahigh fluorescence 

quenching.18 Dubertret et al. formed the first AuNP-based MB by attaching a fluorescently 

labeled probe in a stem-loop configuration to the surface of 1.4 nm AuNPs, which gave rise 

to high quenching efficiencies toward four dissimilar organic fluorophores.19 Fluorescein, 

Rhodamine 6G, Texas Red, or Cy5 was attached on one end and the AuNP was attached to 

the opposite end. This work detailed the application of AuNPs for organic fluorophore 

quenching. AuNPs were found to have a quenching efficiency a hundred times higher than 

DABCYL, giving higher sensitivity for detection of oligonucleotide single mismatches. 

Maxwell et al. reported a different design that employed a dye-labeled linear oligonucleotide 

(stemless probe) that curved toward the 2.5 nm AuNP surface because of the strong dye-

AuNP adsorption.20 An oligonucleotide molecule was firmly tethered to a particle via a 

sulfur-metal bond, and the fluorophore at the distal end was able to loop back and adsorb on 

the same particle. A quantum efficiency of almost 100% was seen when the fluorophore was 

adsorbed on the particle. They also showed that for larger gold particles (10 – 50 nm 

diameter), an efficient long-range energy-transfer effect that quenches fluorophores over 

spatial distances as large as 10 – 20 nm. This long-range feature could allow the 

development of biosensors and homogeneous bioassays that are not possible using organic 

dyes. Further optimization of this system has involved the use of 15 nm AuNPs, which have 

stronger SPR absorption relative to smaller particles. The strong SPR absorption can be used 

to quench a broad range of fluorophores. Fan et al. reported that AuNPs between 5 – 20 nm 

diameters absorb strongly between 300 – 500 nm wavelength range, a range in which 2 nm 

AuNPs absorb hundreds of times less intensely.18 In addition, the greater surface area of the 
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particle is advantageous to functionalize a larger number of oligonucleotides as well as 

different types of oligonucleotides.

Design & Applications

Mirkin’s group developed a detection method based on oligonucleotide-modified AuNPs, 

called nanoflares.21 Nanoflares take advantage of the fact that AuNPs functionalized with 

oligonucleotides efficiently enter live cells without the aid of harsh transfection/

permeabilization agents and have limited cytotoxic effects. A nanoflare probe consists of a 

AuNP conjugated to many sequences of ssDNA, which are complementary to the RNA 

sequence of interest. Short “reporter” strands of fluorescently-tagged ssDNA are hybridized 

to the probe DNA. In this state, the organic fluorophore is quenched as a result of its 

proximity to the AuNP surface. Upon hybridization of the probe strand with the target RNA 

complement, the reporter strand is displaced, spatially separating it from the AuNP and 

resulting in a fluorescent signal that can be correlated to the presence of the RNA sequence 

of interest. While nanoflares overcome many of the challenges faced by previous 

approaches, their design yields a signal that is separated from the hybridized RNA/nanoflare 

construct. Consequently, important spatial information is lost in live cell microscopy 

applications.

A new strategy has been developed, which combines nanotechnology with MB-based 

nucleic acid detection, using DNA hairpin-gold nanoparticles (hAuNPs).22–24 Because the 

DNA hairpins are tethered to the gold surface, hAuNPs provide spatiotemporal information 

about target oligonucleotides when used in live cells. hAuNPs are constructed from 15 nm 

diameter AuNPs with covalently attached DNA hairpin beacons via a gold-thiol bond. Each 

DNA hairpin beacon consists of a 5′ hexanethiol linker covalently attached to a 10-thymine 

extension followed by a 30 base hairpin recognition sequence and a 3′ fluorophore. While in 

the closed position, this construct utilizes the fluorescence quenching ability of the AuNP 

resulting in the absence of a fluorescence signal (Scheme 2A). Upon binding of its 

complementary sequence, the 3′ fluorophore extends past the quenching distance of the 

AuNP resulting in a positive fluorescence signal; this is referred to as the “on” state.

Song et al. developed a multiplex nucleic acid detection assay using hAuNPs with multiple 

DNA hairpin beacons labeled with different fluorophores.22 In this proof-of-principle study, 

hairpin probes consisting of complementary sequences to three different tumor-suppressor 

genes were labeled with FAM, Cy5 and Rox, and then they were bound to 15 nm AuNPs. 

Approximately 40 – 50 probes were conjugated to each AuNP. Using different targets on 

single particles, these hAuNPs detected each specific mRNA sequence and discriminated 

against single-base-mismatched DNA.

Due to their efficient cellular internalization and low cytotoxicity, hAuNPs have also been 

used as in vitro probes for live-cell imaging. Recently, our laboratories reported the first use 

of hAuNP probes for investigating spatiotemporal RNA trafficking in live cells (Figure 

1).22–24 Targets for respiratory syncytial virus (RSV) mRNA and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) mRNA were functionalized onto 15 nm AuNPs and 

used in live and RSV-infected HEp-2 cells and uninfected HEp-2 cells, respectively, with 

high target signal to background ratio.23 Due to its stable, constitutive expression in almost 
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all mammalian cell types, GAPDH serves as a useful internal control for normalization in 

standard quantitative molecular biology assays such as RT-PCR. The detection of RSV 

mRNA concurrently with GAPDH mRNA as an internal control in our assay enabled real-

time analysis of mRNA transport and processing in live cells. Similar hAuNP constructs 

have been used to positively identify tyrosinase, a common melanoma gene target, in 

primary melanoma tumor cells.24

Further studies have utilized DNA in hairpin conformation in coordination with gold 

surfaces other than AuNPs. Krauss and coworkers reported a surface-confined MB by using 

macroscopic gold films.25, 26 The fluorescence intensity increased about 100-fold upon 

hybridization with a complementary DNA, which was detectable at concentrations from 0.2 

to 3 μM. An eight-fold lower sensitivity was observed for a singly mismatched target. The 

sensor was, however, not suitable for multiple measurements in showing an approximately 

40% degradation of fluorescence intensity after each regeneration cycle.

The combination of MBs with filament processing retains the simple and rapid processing 

design of Krauss and improves the lower level of detection significantly. Cederquist et al. 

used gold nanowires to report the first determination of hybridization efficiency for hairpin 

DNA immobilized on a surface.27 The hybridization efficiency was highly dependent on 

probe coverage and dropped to ~20% at both higher and lower coverage, due to steric 

hindrance and adsorption of the probe to the metal surface, respectively (Figure 2). They 

also found that the use of thiolated oligoethylene glycol spacers increased the hybridization 

efficiency at the lowest coverage by displacing nonspecifically bound nucleotides from the 

surface. Perez et al. designed a viral detection strategy utilizing a MB style hairpin DNA 

covalently coupled to a moveable gold-clad filament (Scheme 2B).28 This allowed for the 

viral probes attached to the filament to be easily added to and removed from processing 

solutions.

Recently, Heeger, Plaxco and others developed a series of novel reagentless, sensitive and 

selective electrochemical DNA sensors that combine the significant advantages of 

electrochemical detection method with the versatility of surface-attached MBs.29, 30 This 

electrochemical DNA sensor employs an electrode-attached, stem-loop DNA structure 

labeled with an electroactive reporter (e.g. ferrocene or methylene blue) as a capture probe. 

Before hybridization between the probe DNA and its complementary target, the 

electroactive label is localized to the electrode surface by means of hybridization of the stem 

region of the probe DNA, allowing facile electron transfer between the electroactive label 

and the gold electrode. In the presence of a complementary target, the stem-loop is 

converted into a rigid, linear double helix and the distance between the label and the 

electrode is significantly expanded, leading to a large, readily measurable signal change.

Methylene blue was also used as a reporter molecule conjugated to the 3′ end of an amino- 

and thiol-modified stem loop oligonucleotide through succinimide ester coupling for the 

electrochemical sequence-specific detection of unpurified amplification products of the gyrB 

gene of Salmonella typhimurium.29 Using asymmetric PCR (aPCR) and alternating current 

voltammetry as electrochemical transduction techniques, single-stranded amplicons were 

produced from 90 gene copies and, without subsequent purification, rapidly identified. As 
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illustrated in Scheme 3, the sensor was fabricated by self-assembly of the methylene blue-

labeled DNA probes on a gold electrode surface. In the absence of target, the stem-loop 

structure holds the methylene blue tag close to the electrode surface, thus enabling efficient 

electron transfer. Upon hybridization with the target PCR amplicon, a large change in the 

reduction peak of methylene blue was observed. Using a short room temperature deionized 

water rinse the original sensor signal was almost completely recovered, the sensor being 

reusable with a synthetic PCR target for more than eight consecutive times without 

exhibiting unacceptable sensor degradation. Moreover, the sensor did not respond to control 

oligonucleotides using the gyrB genes of Escherichia coli and various Shigella species. 

Given the advantages provided by this kind of sensor (i.e. good sensitivity, reproducibility, 

reusability and no need for expensive optics nor high voltage power suppliers), it is a 

promising technology for the implementation of portable PCR microdevices for rapid 

detection of pathogens and other microorganisms.

Detection strategies utilizing DNA in hairpin conformation coordinated to microscale gold 

surfaces face similar design challenges and require comparable characterization as those 

based on AuNPs. Surface density of the hairpin DNA strands remains an issue as steric 

interference between sequences may disrupt hybridization of complementary strands. The 

oligonucleotide loading may still be determined by subjecting a gold substrate to 

dithiolthreitol reduction to reduce the gold-thiol bonds; however, small particle analysis 

techniques such as DLS are not useful for characterization of macroscale surfaces. Instead, 

cyclic voltammograms for modified gold electrodes may be used to detect surface 

modifications by detecting peaks in the relevant potential range.

Synthesis

hAuNPs have primarily been constructed using 15 nm AuNPs due to their ease of synthesis 

and substitution. The method developed by Turkevich et al. in 1951 and refined by Frens in 

the 1970s is used to produce monodisperse spherical AuNPs between 10 – 20 nm in 

diameter.31–33 Larger particles can be produced, but this comes at a cost to monodispersity 

and isotropy. Furthermore, it has been found that thiol-terminated oligonucleotides attached 

to AuNPs less than 20 nm in diameter have significantly more distance between the 

neighboring strands moving radially out from the surface than their larger particle 

counterparts, resulting from the smaller particles’ highly curved surfaces.34 This decreases 

steric interactions between oligonucleotides attached to small AuNPs, allowing for more 

oligonucleotides to attach to the highly curved surface than to the larger, flatter surfaces, 

when equal areas are compared.

The research performed by Song et al. revealed interesting constraints regarding hAuNP 

synthesis using 15 nm AuNPs.22 Initially, the group prepared the hAuNPs by following the 

classic self-assembly approaches developed by Mirkin and others.35 A stem-loop 

oligonucleotide, dually labeled with a 3′ FAM and a 5′ thiol, was incubated with AuNPs, 

allowed to self-assemble through the gold-thiol bond and then “aged” in salt solution. 

However, the conjugation reaction turned from red to blue during the aging step, a 

phenomenon suggesting the formation of large aggregates. This effect is attributed to the 

low surface density of stem-loop structures achievable on AuNPs modified with hairpin 
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DNA. The low DNA surface density on the AuNPs leads to weak electrostatic/steric 

repulsion between the DNA strands on the AuNPs that results in the self-aggregation of the 

DNA-AuNP conjugate at suitable salt concentration due to a screening effect of the salt.

The bulky nature of the self-assembled stem-loop structures significantly lowers the surface 

density of the probes, leading to unstable DNA-AuNP conjugates. In contrast, AuNPs 

heavily loaded with linear DNA strands possess strong interparticle electrostatic repulsion, 

which protects the AuNPs from aggregation. It is also important to consider that there is a 

maximum number of DNA hairpins that will coat the surface of a gold sphere before steric 

interference of hairpins with one another becomes a hindrance to the hairpin DNA 

recognition and opening mechanism.

To address the issues with low or high DNA surface density, Song et al. modified the 

original assembly protocol with the introduction of short “helper” oligonucleotides, that is, 

3′-thiolated 10 base oligothymines (10-T).22 Also of note, since the stem-loop 

oligonucleotide (35 base) employed is appended with a 10-T spacer at the 3′ end, the 

presence of helper strands of equivalent length does not sterically prevent the formation of 

the stem-loop structure. The 10-Ts were co-assembled with the stem-loop oligonucleotide to 

form a mixed monolayer at the surface of 15 nm AuNPs. These short oligonucleotides form 

a dense layer at the nanoparticle surface and prevent the steric interference of DNA hairpins 

with one another while also protecting the AuNPs from aggregating during the aging step. 

The helper oligonucleotides significantly increased the stability of the hAuNPs, which 

remained dispersed even at high ionic strength (e.g., 1 M NaCl).22

The overall performance of hAuNPs is critically dependent on the ratio between the DNA 

hairpins and the helper oligonucleotides in the assembly solution. hAuNPs were not stable at 

low ratio of helper to hairpin oligonucleotides (e.g., 1:10), which resulted in the aggregation 

of the nanoparticles. On the other hand, although hAuNPs were successfully prepared at 

high ratio of helper to hairpin oligonucleotides (e.g., 10:1), the signal of the hAuNPs at the 

“on” state was low because of the low surface density of the stem-loop probe. A ratio of 2:1 

was experimentally chosen for the preparation of hAuNPs, which provides a balance 

between the stabilization and the signal intensity. By following a well-established 

displacement-based fluorescence assay protocol,36 it was found that each hAuNP carried 

approximately 40 – 50 strands (44 ± 5) of probe DNA.

Characterization

Careful characterization of hAuNPs is necessary for proper analysis of successful design and 

synthesis of the probes. UV-visible absorbance spectra of hAuNPs exhibit absorbance peaks 

for nucleic acids and AuNPs at 260 and 520 nm, respectively. The oligonucleotide loading 

for each particle can be determined by subjecting a solution of hAuNPs to dithiolthreitol for 

reduction of the gold-thiol bonds and measuring the number of released oligonucleotides. 

Dynamic light scattering (DLS) analysis of the hAuNPs compared to unconjugated AuNPs 

is a powerful, qualitative characterization technique. An increase in hydrodynamic diameter 

when AuNP are coupled to hairpin DNA is indicative of successful conjugation.
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Fluorescence spectrophotometry studies are used to confirm that hAuNPs are specific for 

synthetic target sequences, with emission of fluorescence consistent with the fluorophore 

coupled to the 3′ end of the hairpin DNA. Jayagopal et al. demonstrated that hAuNPs 

targeted against RSV or GAPDH both exhibited dose-specific increases in fluorescence 

intensity in response to complement concentration. RSV- or GAPDH-hAuNPs, in contrast, 

did not react to an appreciable level when incubated with a concentration of mismatched 

cDNA featuring similar C-G content to the natural target.

For some applications (i.e. live cell imaging), it is important to demonstrate stability against 

nuclease-mediated degradation as degradation gives rise to false-positive signals. While 

Song et al.’s hAuNPs were not tested for stability, Jayagopal et al. determined hAuNP 

stability against degradation via a fluorimetric assay using DNAse I.22, 23 The degradation 

rate of hAuNPs targeted toward RSV was 0.072 nmol min−1, and the degradation rate for 

GAPDH-specific hAuNPs was 0.094 nmol min−1 compared to fluorophore-quencher paired 

MBs with exhibited degradation rates of up to 1.25 nmol min−1. While this is an improved 

method for determining stability against nuclease degradation compared to previous 

approaches, an assay determining the stability in cell lysates might be more representative of 

degradation in a cellular environment.

Outlook

The combination of hairpin DNA and gold surfaces is rapidly gaining popularity in 

oligonucleotide sensing-based technologies. The increase in distance of an electroactive 

reporter and the gold surface upon hybridization of a complementary sequence has been 

shown to lead to a large, readily measurable signal change which could potentially pave the 

way for the development of multiplexed point-of-care diagnostic device and defense-related 

applications. However, there is significant room for improvement, as these designs still 

operate under many of the constraints faced when using MB probes. From the synthesis 

perspective, each particular hAuNP application requires that the loading of the probe ligands 

and their ratio to potential backfill ligands be optimized. This remains, for now, an empirical 

problem. But with proper characterization and reporting, the appropriate ligand ratios for a 

AuNP of a given size may emerge. In the context of assay development, the temperature and 

salt conditions must be designed to match with what is required for efficient hybridization. 

The melting temperature of the stem-loop structure should be higher than the detection 

temperature, although stem-loop dynamics lead to fluctuations with temperature. In practice, 

stems of 5 – 6 bases and probe-loop sequences of 16 – 22 bases are most commonly used on 

AuNPs, although to our knowledge a detailed study of the effect of varying the number of 

bases in either region has on specificity has not been done. Finally, the signal-to-noise ratio 

for MB systems that use a solid or immobilized phase often falls in a range of 2 – 5,37, 38 

which is lower than ratios typically seen in solution.39, 40 The optimization of these design 

parameters will be important for the future of molecular diagnostics and facilitate advances 

in real-time monitoring of gene expression.

DNA Biobarcode Tag-Functionalized Gold

Analytical methods for protein and nucleic acid detection have advanced tremendously in 

recent years. Antibody-based protein detection strategies, or immunoassays, are an attractive 
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option for detection because of their specificity and versatility to detect a variety of 

pathogens and toxins. Enzyme-linked immunosorbent assays (ELISAs) use antibodies 

conjugated to fluorophores or enzymes to detect target proteins fixed to a solid surface and 

has been the gold standard of protein biomarker detection because of its relatively high 

specificity and sensitivity.41 Various ELISA formats have been developed that increase the 

flexibility of the assay. Sandwich ELISA, which employs capture antibodies to attach the 

antigen to the solid phase, increases specificity and reproducibility over standard ELISA and 

has provided a way to perform ELISA on the surface of antibody-functionalized magnetic 

beads. Immuno-PCR (IPCR) has taken advantage of the robustness and versatility of ELISA 

coupled with the high specificity and sensitivity of PCR to improve the limit of detection of 

immunoassays by several orders of magnitude.42, 43 Instead of using fluorescence or 

enzymatic turnover as in ELISA, IPCR employs DNA tags, which can be detected by PCR 

or other DNA recognition assays, as the readout mechanism. The DNA tags take advantage 

of the inherent function of nucleic acids to store information, thereby functioning as 

“biobarcodes.” The sensitivity of IPCR has been further enhanced with the use of AuNPs to 

mediate the association of many DNA biobarcode tags with a single target recognition 

element.44

The biobarcode format employs AuNPs functionalized with a capture moiety, such as an 

antibody or DNA recognition sequence, along with multiple DNA biobarcode tags to 

provide intrinsic signal amplification (Scheme 4 and Scheme 5).44–46 Anchored to a solid 

phase, such as a magnetic particle or the bottom of a 96-well plate, a second capture moiety 

is used to isolate the probe from the analyte solution. The capture moiety on the AuNP binds 

a different region of the target biomarker, forming a sandwich structure. The biobarcode 

DNA tags are then removed from the AuNP and detected using quantitative PCR (qPCR), a 

microarray assay, or fluorescence.

Design & Applications

The design constraints for the components of the biobarcode assay are dependent on the 

application, the type of target biomarker, the equipment available for detection and the 

environment in which the assay will be performed. Consequently, to develop an effective 

biobarcode assay the capture moieties, DNA tags and detection format must be carefully 

considered.

The type of capture moiety used in the assay depends on whether the target biomarker is 

protein or nucleic acid. The capture moiety most commonly used in recent reports is the 

antibody (Scheme 4).44, 47, 48 The antibody-based biobarcode assay has been successfully 

developed for the detection of several cancer-specific biomarkers and viral 

proteins.44, 45, 47–50 Antibodies are useful recognition elements because they can be used to 

detect many important protein biomarkers, they are widely available and they can be 

efficiently conjugated to AuNPs and a variety of solid phases. However, there are limitations 

to antibody-based detection. Compared to DNA biomarkers, proteins are less stable and 

more sensitive to thermal and chemical degradation. Also, in order to pull down the target 

biomarker in a sandwich format, antibodies must be selected to bind two distinct epitopes of 

the protein target. Usually a monoclonal antibody is functionalized to the solid phase, while 
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a monoclonal or polyclonal antibody is used on the biobarcode probe,51 and for many 

protein targets, two distinct antibodies are not available for this format.

The type of capture moiety used for DNA targets is a short sequence of DNA that binds to 

the target by base-pair recognition (Scheme 5). A second DNA sequence conjugated to the 

solid phase is complementary to a different region of the DNA target and is used to separate 

the biobarcode probe from the analyte solution. The DNA capture-based biobarcode assay 

has been demonstrated to detect a synthetic anthrax gene,46 and could be developed to detect 

a range of biologically relevant nucleic acid targets such as genomic DNA, mRNA, 

microRNA and small interfering RNA. Unlike antibodies, synthetic DNA can be made to 

complement virtually any known sequence; therefore, DNA capture moieties do not suffer 

from issues of availability. Nucleic acid targets, however, are often double-stranded or form 

tertiary structures, so competition with the natural complement for base-pairing with target 

becomes an issue. Additionally, nucleic acid biomarkers are generally much longer than the 

targeted sequence and the overhanging ends of the nucleic acid can interfere with the 

performance of the assay.

DNA tag sequences used for the biobarcode assay must be unique, otherwise the risk of 

cross reactivity and false positives is high. An NCBI BLAST search can be performed to 

determine if there are any off targets for the biobarcode sequence that may be present in a 

biological assay (http://blast.ncbi.nlm.nih.gov/Blast.cgi).51 The ideal length of the DNA tags 

for the microarray detection method is 25 – 30 bases. Universal DNA tag sequences, with 

corresponding microarray chips and probes, have been developed for this assay.51 If using 

qPCR to amplify and detect the tags, longer sequences are recommended (45 – 80+ bases) 

for efficient PCR. DNA tags can be made from ssDNA or dsDNA. For ssDNA, the tags are 

anchored at one end to the gold surface and can be released by DTT prior to detection, but 

this method requires the DNA to be separated from the DTT, due to its interference with 

downstream detection methods. On the other hand, dsDNA is anchored to the gold surface 

by one end of ssDNA complementary to the strand that will be detected. The DNA tag is 

then annealed to the anchored DNA strand during probe synthesis and released from the 

anchored strand by heating prior to tag detection. However, we have observed that releasing 

complementary DNA from AuNPs by heating can be inefficient at lower temperatures (65 – 

80 °C), and DNA tag release at higher temperatures (80 – 95 °C) tends to disrupt the gold-

thiol interaction and release the anchored DNA from the gold surface. The release of this 

thiol-modified anchor DNA has the potential to interfere with the detection of the DNA tags 

by forming dsDNA with the DNA tags and introducing background noise to the assay.

Detection of the biobarcodes after release can be performed using qPCR, microarrays, or 

fluorescence. qPCR is the most established method for nucleic acid detection and has been 

the method of choice for the detection of biobarcode tags in the most recent reports. qPCR 

allows the most sensitive quantitative analysis of the number of biobarcode DNA tags 

released in the assay, achieving limits of detection several orders of magnitude lower than 

ELISA-based methods.44, 47, 48 The Mirkin group developed another technique for 

biobarcode detection called the scanometric method, in which tags are hybridized to a 

microarray chip and are detected using DNA-functionalized AuNPs and silver and 

hydroquinone for signal enhancement.45, 52 The scanometric method has allowed the 
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biobarcode assay to be performed entirely on a chip, independent of expensive and 

cumbersome thermocyclers or fluorometers, while still obtaining limits of detection in the 

high attomolar range.49 The method is highly sensitive, reaching limits of detection in the 

low attomolar range. Disadvantages of the scanometric method include the time required to 

perform the assay and the dependence on specialized materials and equipment.51 Another 

method to detect the biobarcode tags is to use fluorescent dyes. The DNA tags can be 

modified with fluorescent dyes during synthesis or the dyes can be incorporated into dsDNA 

after tag release. Although fluorescence detection is the simplest and fastest method, it is not 

as commonly used because, in practice, it is not sensitive enough to detect concentrations of 

DNA tags below the high nanomolar range.

Synthesis

The synthesis of both antibody-based and DNA capture-based biobarcode AuNPs is well 

established.44, 51 Biobarcode probes are most commonly synthesized on 15 nm or 30 nm 

AuNPs. During synthesis, 15 nm AuNPs are generally more stable than 30 nm AuNPs 

because of their higher surface area-to-volume ratio, but they have four times less surface 

area for probes to bind. For a typical synthesis reaction, the thiol-modified DNA biobarcode 

tag is added in 50 – 100-fold excess of the recognition element concentration for 15 nm 

AuNPs and 200 – 300-fold excess for 30 nm AuNPs in order to achieve a 1:1 recognition 

element to AuNP ratio with multiple DNA tags.

Biobarcode AuNPs have less synthetic constraints than hAuNPs with regard to steric issues. 

Since detection of DNA tags is generally performed after they are released into solution, 

signal is independent of the structure and function of the DNA tags on the AuNP surface. 

Therefore, overcrowding of DNA tags on the AuNP surface does not influence detection of 

the DNA tags as it does with hAuNPs, which require surface coverage that does not impede 

the opening of the hairpin structure upon binding the target.

For a more thorough description of the design and synthesis of the biobarcode assay 

components, the Mirkin group has published an in-depth protocol on the subject.51

Characterization

Careful characterization of the components on the biobarcode assay is necessary for proper 

analysis of successful design and synthesis of the probes. The components that are most 

critical to characterize are the number of biobarcode tags on the probe, the number of 

capture moieties on the probe and the number of capture moieties on the solid phase. 

Generally, the number of DNA tags or antibodies attached is quantified by subtracting the 

amount measured in the supernatant after the functionalization step from the total amount 

added. Generally, absorbance at 260 nm is used to quantify DNA, and absorbance at 280 nm 

is used to quantify antibodies.44, 51 Issues arise, however, because the supernatant 

absorbance method is not trivial. For example, not all the supernatant can be removed from 

the AuNPs without some loss of AuNPs. Additionally, the method does not account for 

DNA or antibody loss from binding to the tube walls, pipette tips, etc. To account for 

miscalculations that may result from these issues, a fluorescence-based method has also 

been described to quantify the number of DNA tags on the AuNP. The fluorescence method 
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requires fluorophore-labeled oligonucleotides to be used as surrogates for 

quantification.36, 47 This method, however, is not ideal because the number of DNA tags on 

the probes used in the biobarcode assay are not directly measured. Alternatively, if using 

DNA tags designed for qPCR, the tags could be released form the AuNPs and quantified 

against a standard curve by qPCR. Characterization of the other components of the assay, 

such as the functionalized solid phase or the capture antibody on the AuNP, is rarely 

reported in the literature. To validate the effectiveness of the antibody-functionalized solid 

phase, our group uses a sandwich-ELISA type validation with quantum dot-conjugated 

primary antibodies that can be visualized by fluorescence microscopy. Although this method 

is not completely quantitative, it has practical relevance to the functionality of the assay. 

Additionally, to validate that the AuNPs were functionalized with antibodies, we have 

performed quartz crystal microbalance studies where antibody and DNA-functionalized 

AuNPs are flowed over an antigen-coated quartz crystal. An increase in mass compared to a 

DNA-only-functionalized AuNP negative control indicates that the antibody on the AuNP 

specifically binds the antigens on the quartz crystal (Figure 3).44

Outlook

The biobarcode AuNP assay is a unique alternative to the nucleic acid-antibody conjugates 

used in IPCR assays. It has been shown to reach low attomolar limits of detection,45 which 

is comparable to conventional IPCR or qPCR assays.53 It has received relatively little 

attention most likely due to the fact that it has not proven to perform reliably in complex 

biological matrices. As with all immuno-based detection assays (ELISA, Western blot, etc.) 

and DNA-based detection assays (PCR, microarray, etc.), nonspecific interactions of 

antibodies or DNA sequences with nontarget molecules introduces noise into the assay and 

can result in a relatively high number of false positives.54, 55 Consequently, most biobarcode 

assays are carried out in simple biological matrices and assay conditions (see Table 1).

Another issue with the biobarcode AuNP assays is the discrepancy between the number of 

reported barcodes per particle and the actual signal amplification, which is only rarely 

discussed in the literature.44, 47 Using the fluorescence-based surrogate DNA tag 

quantification method, Chen et al. determined that their AuNP probes were functionalized 

with about 80 DNA tags per particle. Using this value and the limit of their DNA detection 

method, they obtained a theoretical limit of detection in the low attomolar range. However, 

the actual limit of detection was determined to be about two orders of magnitude higher.47 

Our laboratories observed a similar trend when our assay was compared to ELISA.44 The 

source of this discrepancy may be that the number of detectable DNA tags per AuNP is 

much less than the calculated value, or that the AuNP probes bind target biomarkers less 

efficiently than standard ELISA reagents. Proper characterization of all the components of 

the assay, including the target-binding efficiencies of the capture moiety and functionalized 

solid phase, may reveal the source of this discrepancy.

In general, a standard for proper characterization of the components is lacking in the field of 

DNA biobarcode tag AuNPs. The number of DNA tags per AuNP is generally reported, 

based on the absorbance at 260 nm in the supernatant before and after conjugation, but 

methods are rarely described for quantifying the number of antibodies attached. Standard 
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techniques for characterizing the AuNP probes and functionalized solid phases need to be 

established and employed in the field.

Although using biobarcode AuNPs for detection has not been shown to be significantly 

more reliable or sensitive than IPCR, it offers several advantages. One major advantage of 

the biobarcode assay is that the use of multiple DNA tags per capture moiety provides an 

intrinsic amplification of signal prior to the detection of the tags. Additionally, the synthesis 

of the biobarcode probes is simple and standardized,51 and can easily be adapted into a 

format for multiplexed detection of more than one target per assay.50 Another potential 

advantage of the biobarcode assay is that the DNA tag sequence could be tailored to encode 

functions beyond those of a label for signal amplification. For example, the tags could 

function as catalytic nucleic acids to perform logic gate operations for a variety of 

applications.56 One potential application of functional nucleic acid tags could be to reduce 

background signal noise that results from the nonspecific interactions of the capture moieties 

with nontarget molecules.

Aptamer and DNAzyme-Functionalized Gold

Two classical functions of nucleic acids, complementary base-pairing and information 

storage, are the basis for hairpin DNA and biobarcode-based sensors, respectively, as 

described in the previous two sections. The potential for nucleic acids to bind non-nucleic 

acid substrates and/or catalyze substrate turnover was discovered by the systematic 

evolution of ligands by exponential enrichment (SELEX) process and has been exploited to 

develop a third type of sensor. SELEX is an in vitro, artificial selection process that has been 

used extensively for generating short nucleic acid sequences with a range of desirable 

functions from large libraries of random DNA sequences.12, 13, 56, 57 Two major classes of 

synthetic, functional nucleic acid-based molecules have advanced from the SELEX process: 

aptamers and aptazymes. Aptamers have resulted from a selection process that exploits the 

affinity of nucleic acid sequences for a specific target and have been developed to recognize 

ions, small molecules, proteins and whole cells.58 Aptazymes, or DNAzymes and 

ribozymes, are selected for their catalytic activities in the presence of specific cofactors. 

They have also been developed to detect a wide range of targets including nucleotides, metal 

ions, carbohydrates, small metabolites, a variety of proteins and specific cell types.59 

Aptamers and DNAzymes are becoming popular alternatives to their protein counterparts, 

antibodies and enzymes, respectively, because they can be generated quickly, inexpensively 

and in large scale against almost any target of interest. Additionally, aptamers and 

DNAzyme are extremely stable in a variety of conditions and can be renatured after 

exposure to cycles of extreme temperatures.12 Most aptamers and DNAzymes, however, 

have been developed for proof-of-principle studies and have limited impact toward clinically 

relevant applications or processes. Moreover, most DNAzymes fail to function efficiently in 

complex biological samples.

The detection readout mechanisms of aptamers and DNAzymes are diverse and include self-

cleavage, fluorescence, colorimetric dye turnover and electron transfer.58 Gold surfaces can 

physically enhance the detection of these readout mechanisms. Furthermore, AuNPs provide 

a means for transportation and concentration of aptamers and DNAzymes in biological 
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sensing applications. Therefore, there has been increasing interest in the use of gold surfaces 

as a platform for aptamer and DNAzyme assays, and many configurations have been 

developed that take advantage of the unique properties of gold surfaces.

Design & Applications

AuNPs and gold electrodes have been used as platforms in three main formats for aptamer 

and DNAzyme assays: controlled AuNP aggregation, DNA capture DNAzyme AuNPs and 

electrochemistry. To design an effective aptamer or DNAzyme assay, the assay 

configuration and functional nucleic acid sequence must be considered together. The design 

constraints for aptamer and DNAzyme probes are specific to each format that is used.

Aptamer- and DNAzyme-dependent controlled AuNP aggregation is one popular format. 

The extremely high extinction coefficient of AuNPs and the plasmon shift associated with 

aggregation causes sensitive, colorimetric change that can be visualized by the human eye 

and can be quantified with a simple absorbance reading. Functional nucleic acids have been 

used to both induce60, 61 and disrupt AuNP aggregation (Scheme 6).5, 62–64 One method to 

induce AuNP aggregation is by using aptamer-functionalized AuNPs that target specific 

molecules and bridge multiple AuNPs upon recognition. Virtually any aptamer or set of 

aptamers could be used for this type of assay, as long as they recognize at least two moieties 

on the same target (Scheme 6A), similar to the previously discussed complementary DNA 

capture biobarcode AuNP assay for detecting specific DNA sequences. Medley et al. 

developed a sensitive AuNP-based, aptamer-induced aggregation assay that selectively 

targets T-cell lymphoblastic leukemia or B-cell lymphoma cancer cells using cell-type 

specific aptamers. Absorbance at 650 nm, indicative of AuNP aggregation, was used to 

detect and quantify the cancer cells (Figure 4). A limit of detection of 90 or 1000 cancer 

cells was achieved using absorbance spectroscopy or visual detection, respectively.61 

Disruption of AuNP aggregation, on the other hand, has been carried out using DNAzymes 

that cleave oligonucleotide bridges between AuNPs in the presence of biologically relevant 

DNAzyme cofactors (Scheme 6B). Wang et al. used a self-cleaving DNAzyme to detect 

adenosine triphosphate (ATP). The ratio of absorbance at 522 nm (free AuNPs) and 700 nm 

(aggregated AuNPs) was used to quantify the amount of ATP present in a sample (Figure 5). 

A limit of detection of 600 nM or 2 μM ATP was achieved using absorbance spectroscopy 

or visual detection, respectively.63

The DNA capture DNAzyme assay format takes advantage of the AuNP as a platform to 

localize and facilitate the transport of multiple DNAzymes by complementary binding to a 

nucleic acid target. This is similar to the biobarcode assay, except that the signal does not 

come from DNA tags but from the catalytic turnover of organic dyes by the DNAzymes. 

The peroxidase-mimicking DNAzyme and the “8–17” self-cleaving DNAzyme have been 

conjugated to AuNPs for the development of biosensor applications.56, 65–67 In this assay 

format, a solid phase functionalized with a capture moiety is used to isolate the target prior 

to the addition of the DNAzyme-functionalized AuNP (Scheme 7). Both Fu et al. and 

Niazov et al. use peroxidase-mimicking DNAzymes to detect nucleic acid biomarkers. Fu et 

al. used a magnetic microparticle solid phase and detected synthetic Chlamydia DNA down 

to 50 fM.66 Using a gold chip solid phase, Niazov et al. detected synthetic DNA down to 
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100 pM.67 Another DNAzyme assay has been developed that takes advantage of the 

quenching properties of AuNPs for target-induced fluorescence emission.67 Upon binding to 

the Pb(II) ion, self-cleavage of the fluorophore-modified “8–17” DNAzyme allows the 

fluorophore to be released from the AuNP. The limit of Pb(II) detection using this format 

was determined to be 5 nM.

Many aptamers and DNAzymes modified with redox reporters have been functionalized to 

gold electrodes to make electrochemical biosensors.68 The properties of aptamers and 

DNAzymes must be carefully considered to develop functional electron transfer agents. One 

characteristic of aptamers and DNAzymes is that they undergo substantial structural changes 

upon target binding or catalysis. Functional nucleic acids associated with redox reagents, 

such as methylene blue or [Ru(NH3)6]3+, have been designed to take advantage of these 

structural changes. Upon binding a target biomarker, the redox reagents approach the 

surface of the electrode and transfer electrons (Scheme 8). Using this approach, Xiao et al. 

used a methylene blue-modified “8–17” DNAzyme to detect Pb(II). While bound to its 

nucleic acid substrate, the double-stranded “8–17” DNAzyme is rigid and the methylene 

blue is held away from the electrode surface. Upon binding the Pb(II) cofactor, the substrate 

strand is cleaved and released and the DNAzyme becomes flexible, allowing the methylene 

blue redox reagent to approach the electrode surface and transfer electrons. With this format, 

Pb(II) was detected at 300 nM concentration.69 Another characteristic of aptamers and 

DNAzymes is that they are highly negatively charged and can be saturated with a relatively 

high concentration of redox reagents. Upon binding positively charged proteins, the redox 

reagents are displaced and electron transfer can be detected. Using this technique, Li et al. 

use an anti-thrombin aptamer conjugated to AuNPs on a gold electrode to detect the 

positively charged thrombin protein in serum. Upon binding thrombin, the [Ru(NH3)6]3+ 

redox reporter was displaced and electron transfer was detected at concentrations of 

thrombin as low as 1 pM.70

Synthesis

Synthesis considerations of aptamer- and DNAzyme-functionalized gold surfaces are similar 

in many respects to other nucleic acid-functionalized AuNP probes. The nucleic acids are 

conjugated to the surface via the gold-thiol interaction. Loading optimization is important as 

overcrowding on the surface could inhibit the ability for aptamers to bind a target or 

DNAzymes to catalyze substrate turnover. As with other methods for functionalizing AuNPs 

to gold surfaces, a second, nonfunctional ligand could be mixed with the functional nucleic 

acid to prevent overcrowding. For example, as described above, a 3′ thiol-modified 

oligothymine can be used to laterally space the aptamers and DNAzymes to prevent 

structural constraints that would result from overcrowding.22 Additionally, since most 

aptamers and DNAzymes that are used to functionalize gold surfaces are selected in an 

environment free of gold, the nucleotide structure may be different on the gold surface. For 

example, adenine, cytosine and guanine nucleobases have a higher affinity for the gold 

surface than thymine and are generally excluded in the last ~10 bases of the 

oligonucleotide.71 If the structure of the aptamer or DNAzyme is dependent on adenine, 

cytosine and guanine bases near the 5′ end of the DNA molecule, the structure and/or 

function of the nucleic acid may be compromised.

Adams et al. Page 16

Langmuir. Author manuscript; available in PMC 2014 October 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



A substantial amount of research has been devoted to establishing synthesis parameters for 

proper electron transfer from aptamers and DNAzymes to an electrode surface. White et al. 

demonstrated that a higher aptamer packing density on the surface of the electrode increases 

the signal that results from electron transfer but decreases the overall gain of the sensor. The 

group also found that thicker self-assembled monolayers on the electrode surface increased 

the gain (Figure 6) but decreased the resulting current through the electrode.68 Moreover, 

the length of redox reagent-modified ssDNA can be optimized to maximize signal in the 

target recognition state. Uzawa et al. have recently reported that the rate of electron transfer 

from the redox reagent on the end of a ssDNA bound to an electrode scales inversely with 

the length of the DNA molecule and is independent of the packing density of the DNA 

molecule.72 These data indicates that by optimizing the length of the functional nucleic acid 

and the thickness of the self-assembled monolayer on the electrode, sensor performance can 

be greatly increased.

Characterization

The same standards of characterization for nucleic acid-functionalized gold surfaces 

discussed earlier remain appropriate for aptamer- and DNAzyme-functionalized gold 

surfaces. Absorbance at 260 nm before and after functionalization should be used to 

quantify the number of functional nucleic acids per AuNP, or in the case of electrochemical 

sensors, the probe density on the electrode surface. For aptamer-functionalized AuNPs, an 

assay equivalent to a sandwich ELISA could be used, using the functionalized AuNP as a 

capture antibody analog, to quantify the functional nucleic acids attached. The results of the 

ELISA would indicate the number of functional probes on the gold surface. For DNAzyme-

functionalized gold surfaces, the number of functional probes could be calculated by 

comparing the enzymatic activity of the DNAzymes on the gold surface to a standard 

dilution series of DNAzymes free in solution. The surface density of functional DNA on 

electrochemical sensors is most commonly quantified by measuring the maximum peak 

current at the saturating concentration of redox reagent, and then solving for the DNA 

surface density based on the resulting charge. This method along with many other 

commonly used methods for quantifying surface coverage of DNA on electrodes is not 

described in this feature article as they are covered in great detail elsewhere.73

To validate the practical application of the aptamer- or DNAzyme-functionalized AuNP 

assays, a direct comparison could be made to their antibody- or enzyme-based analogs. This 

can only be accomplished if an analogous antibody or enzyme is available. To demonstrate 

the efficacy of an aptamer designed to recognize human vascular endothelial growth factor, 

Drolet et al. used a sandwich ELISA to directly compare the aptamer to a monoclonal 

antibody raised against the same target.74 The group reported that the performance of the 

aptamer was equivalent to the monoclonal antibody in sensitivity and specificity, and they 

concluded that it was an effective alternative to the monoclonal antibody for the ELISA 

format they used. This is a rare example of a comparative characterization to demonstrate 

the validity of an aptamer-based assay. Similar studies could be performed with the antibody 

and enzyme counterparts for the aptamer and DNAzyme-based AuNP and electrochemistry 

assays being developed.
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Outlook

The development of biological sensors from SELEX-designed functional nucleic acids holds 

great promise for the future of the field of molecular detection and diagnostics. A recent 

report demonstrated that an aptamer selected for its affinity for epidermal growth factor 

receptor (EGFR) could induce selective, receptor-mediated endocytosis of AuNPs into cell 

types that express EGFR but not into cells that do not express EGFR.75 The group 

established a precedent for selective AuNP delivery into endosomes and provided a means 

for selective drug delivery or in vivo imaging of specific cell types. Additionally, the 

integration of unnatural bases into random oligonucleotides is being investigated.76 In 

addition to the four natural DNA nucleobases, incorporation of the unnatural nucleobases 

would substantially increase the size, diversity and functional properties of the SELEX 

library and would open the window to a plethora of targets for aptamer and DNAzyme-

based sensors.

Aptamer and DNAzyme-based sensors are popular formats for the detection of biologically 

relevant molecules because of their simplicity, stability and sensitivity. Although the 

controlled AuNP aggregation format has become popular because of its simple design, it 

suffers from low sensitivity with limits of detection of small molecules or ions in the high 

nM to high μM range5, 60, 62–64 or down to 90 cells.61 AuNP assays that rely on DNAzyme 

dye turnover, conversely, increase the effective concentration of the probes and provide a 

more sensitive readout. This format, compared to controlled aggregation, has been shown to 

detect more biologically relevant molecules, such as DNA and telomerase, and has reached 

limits of detection of DNA targets or ions from low fM to low nM.65–67 However, because 

nucleic acid-functionalized AuNPs are sensitive to irreversible aggregation in the presence 

of many nontarget molecules or ions, false positives or false negatives can result if the 

composition of the assay buffer is not precisely controlled. Consequently, many of the 

studies using the nucleic acid-functionalized AuNPs for detection have limited use in 

biological applications where the complexity of the biological milieu can be confounding. 

The electrochemistry format sidesteps the aggregation problems, except in the cases in 

which AuNPs are used to amplify signal,77, 78 and also provides a modular platform that are 

easily functionalized to detect many different targets for a host of applications. Because 

electrochemical platforms are able to detect binding-induced conformational changes, they 

can be made reagentless and inexpensively. They can also enable real-time detection in 

complex biological samples.79 Electrochemistry, however, has not significantly improved 

the sensitivity of biomarker detection, reaching limits of detection of proteins and ions in the 

low pM to high nM range.69, 70, 77, 78

As described above, an effective aptamer and DNAzyme surface coverage is critical to the 

success or failure of the probe as a sensor and should be optimized for each assay.67, 68 Yet 

compared to other assays involving nucleic acid-functionalized AuNPs, aptamer- and 

DNAzyme-functionalized AuNPs are generally poorly characterized and the surface 

coverage of aptamers or DNAzymes per AuNP is not commonly reported. The techniques 

used to characterize the functional components of the assay should be employed and the 

results should be reported as standard practice. Only with such rigor can independent 

comparisons between assay systems be made.
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Conclusion

The unique properties of gold allow it to be used as an effective platform for the 

development of sensors for biomarker detection. The platform concentrates biomarkers at 

the sensor surface and provides a functional interface for nucleic acid reporter molecule. 

This design allows the sensors to be used in a variety of conditions and expands the 

applications for which they can be used. The design flexibility of nucleic acid-functionalized 

gold probes also allows them to be easily integrated into a variety of device formats. 

Moreover, the diversity and sensitivity of detection readout permits the probes use in low 

resource settings where access to specialized laboratory equipment is not available. Because 

of the ease of preparation, probes can be developed for multiple targets, which would allow 

multiplexed detection of variety of biologically relevant disease biomarkers.

Progress in the field of nucleic acid-functionalized gold biosensor development is dependent 

on standardized design, synthesis and characterization practices and effectively reported 

methods. With a robust standard for probe development in place, the challenges of 

increasing the sensitivity and specificity of the detection assays in complex biological 

matrices could be more effectively addressed by the field.
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Figure 1. 
Fluorescence microscopy images of (A) respiratory syncytial virus (RSV)-infected HEp-2 

cells and (B) uninfected cells treated with hAuNPs. Red emission from hAuNPs is only 

observed in RSV-infected cells. Blue emission is from a nuclear counterstain. Intracellular 

uptake of hAuNPs in both (C) RSV-infected HEp-2 cells and (D) uninfected cells is 

demonstrated in immunohistochemical stained cells. Reprinted with permission from Ref. 

23.
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Figure 2. 
Efficiency of hairpin hybridization to target nucleic acid plotted against surface coverage of 

hairpins on the gold nanowire. Optimal surface coverage maximizes the hybridization 

efficiency of the hairpins. Reprinted with permission from Ref. 27.
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Figure 3. 
Characterization of antibody-based biobarcode AuNPs by monitoring mass change of an 

antigen-coated quartz crystal during the addition of antibody and DNA-functionalized 

AuNPs (black) or DNA-only-functionalized AuNPs (gray). (A) Mass change of quartz 

crystals while flowing infected cells, PBS wash, BSA block solution, a second PBS wash 

and biobarcode AuNPs over the quartz crystal. (B) Normalized mass change after the 

addition of each biobarcode AuNP. Antibody and DNA-functionalized AuNPs but not 

DNA-only-functionalized AuNPs bind the antigen-coated quartz crystal. Reprinted with 

permission from Ref. 44.
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Figure 4. 
Aptamer-induced AuNP aggregation in the presence of target cells detected by increased 

absorbance at 650 nm. (A) Schematic representation of the assay. (B) Absorbance spectra 

using various samples and controls. Strong absorbance at 650 nm demonstrates specific 

recognition of target cells. Reprinted with permission from Ref. 61.
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Figure 5. 
Self-cleaving DNAzyme-induced disruption of AuNP aggregation in the presence of ATP 

based detected by increased absorbance at 522 nm. (A) Shift in absorbance spectra with 

increasing concentration of ATP (right to left: 0, 0.6, 2.2, 4.4, 17.7, 44.2, 88.5, 132.7 M 

ATP). (B) Absorbance ratio (A522/A700) plotted against increasing concentrations of ATP. 

Quantifying ATP concentration from the absorbance ratio is possible because of their linear 

relationship. Reprinted with permission from Ref. 63.
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Figure 6. 
The effect of three thicknesses of self-assembled monolayers (SAMs) on signal gain. The 

signal gain from the two-, three- and six-carbon alkane thiol SAMs (C2, C3 and C6) plotted 

against the concentration of the target (cocaine). Signal gain is highest with the C6 SAM. 

Reprinted with permission from Ref. 68.
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Scheme 1. 
Molecular beacon is held in the closed (“off”) conformation by complementary base-pairing 

in the stem region. Hybridization of the loop region with the target nucleic acid disrupts the 

base-pairing of the stem region and the molecular beacon is held in the open (“on”) 

conformation.
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Scheme 2. 
DNA hairpin-functionalized gold surfaces for nucleic acid detection. (A) AuNPs or (B) gold 

wires quench the fluorophore-modified hairpin DNA. Upon binding target nucleic acid, the 

hairpin DNA opens and the fluorescence is detected.
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Scheme 3. 
Electrochemistry using methylene blue-functionalized electrodes for nucleic acid detection. 

The proximity of the methylene blue-modified hairpin DNA induces electron transfer with 

the electrode surface. Upon binding target nucleic acid, the hairpin DNA opens and the lack 

of electron transfer is detected by voltammetry.
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Scheme 4. 
Antibody-based biobarcode assay for antigen detection. (A) Capture antibody-functionalized 

magnetic microparticles (MMPs) or (B) well plates bind target antigen biomarker to separate 

it from the analyte solution. DNA tag and antibody-functionalized AuNPs bind and form a 

sandwich structure around the target antigen. The DNA tags are removed and detected by 

quantitative polymerase chain reaction (qPCR), a microarray assay, or fluorescence.
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Scheme 5. 
DNA-based biobarcode assay for nucleic acid detection. (A) Capture DNA-functionalized 

magnetic microparticles (MMPs) or (B) well plates hybridize to the target nucleic acid 

biomarker to separate it from the analyte solution. DNA tag-functionalized AuNPs hybridize 

to the target nucleic acid. The DNA tags are removed and detected by quantitative 

polymerase chain reaction (qPCR), a microarray assay, or fluorescence.
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Scheme 6. 
Aptamer and DNAzyme-dependent controlled AuNP aggregation for biomarker detection. 

(A) Aptamer-functionalized AuNPs bind target biomarker inducing the formation of AuNP 

aggregates. (B) Networks of DNA-functionalized AuNPs held together by complementary 

DNAzyme strands are disrupted upon binding DNAzyme cofactor biomarkers. The state of 

aggregation is detected by absorbance spectrophotometry or dynamic light scattering (DLS).
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Scheme 7. 
DNA capture DNAzyme assay for nucleic acid detection. (A) Capture DNA-functionalized 

magnetic microparticles (MMPs) or (B) gold chips hybridize to the target nucleic acid 

biomarker to separate it from the analyte solution. DNAzyme and DNA tag-functionalized 

AuNPs hybridize to the target nucleic acid. The DNAzyme substrate is added and the 

product is detected by absorbance spectrophotometry or luminescence.

Adams et al. Page 34

Langmuir. Author manuscript; available in PMC 2014 October 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Scheme 8. 
Electrochemistry with aptamer- and DNAzyme-functionalized electrodes for biomarker 

detection. (A) Aptamer-functionalized electrodes are saturated with a redox reagent. Upon 

binding the target biomarker, the redox is displaced from the aptamer inducing electron 

transfer with the electrode surface. (B) Methylene blue-modified DNAzymes functionalized 

to electrodes bind the biomarker cofactor and cleave the complementary strand, allowing the 

methylene blue on the flexible single-stranded DNAzyme to transfer electrons with the 

electrode surface. Electron transfer is detected using voltammetry.
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